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1 Model Philosophy

1.1 What isIGWNET?

IGWNETIS a groundwater flow and mass transport model. It consists of two parts, the mathematical model
and a graphical user interface (GUI). The model is a computer program that solves numerically the
equations that describe groundwater flow and mass transpdhie GUI is a usénendly interface that
facilitates putting the information that the model needs into computeadable form. It also organizes

the input and output information in a format that is amenable to presentation in a graphical format.

1.2 Logical Structure aGwNET

The models presented to the user through a series of windows. The windows, in turn haveisalows

that include list boxes and dregiown lists. List boxes are passive in the sense that they provide a series
of options that are always visible. Drolown lists are activated and become visible only when a selection
is made in a list box.

In the Appendix the complete logical structure of te®+NETInterface is laid out. The goal is to allow you

to find any of the named buttons without having to search through the GUI structure to find them. It
would be helpful if you turn now to the Appendix and scan the contents so you know what you can find
and where you can find it when you need it. We will shortly, via an example, learn how these GUI elements
work individually and work together.

ThelGwNETMOdel is essentially two integrated models, one to solve the groundwater flow eqsatiah

one to solve the mass (contaminant) transpequations To solve the mass transport moggbu require
as(known)input the velocity of the groundwater. To obtain the velocity of the groundwater, you need
GKS Ke@RNIdzZ AO KSIR RA&AGONROdzAAZ2Y 06 GSNI £ SOSE St
geological materials through which the water is flowing and liead distribution, one can obtain the
velocity of the dissolved species (such as salt or organic contaminants). So, there are three separate steps
MU a2t @S GKS 3ANRBdzyRgl GSNI Tt 2¢ S laddorihe gisédivedtsgebidsK & R
velocity and 3) introduce the velocity into the mass transport equation and solve for the concentration.

As noted, one objective of the GUI is used to translate known model information from a visual format such
as a map into a series of numbers that are readable by a computer. A second GUI responsibility is to
translate the numbers generated by the computeode! into a visual format understandable to the user.

In addition the GUI can visualize computer commands such as printing, file saving, and file selection.



2 Access tdGWNET

IGWNETIlives on the cloud. You accassvNETthrough a series of steps executed via your browser (e.g.
Firefox Chrome, Edge, Safari, gtdNavigate tohttps://www.magnet4waternet/ or magnet4water.net
ba! Db9¢ Q& Kw&hictiis shdbvo iRiguielSThe important informatiofiinks reside in the ribbon

at the top. It gives you the chance to sigroimcreate an accounfYou need t@reate an account ansign

in to runIGWNETmModel so that your settings, files, etc. can be saved and securely accessed wGavihe
NETweb server.

In Figure2, you see the SIGN UP button. Now click Create Account. You need to fill out the form that is
now provided(Figure3). Note theAcceptbox at the bottom and the Sign Up buttoReturn now to the
magnet4water home pagégurel).] 2 S NJ G KS OdzNBE 2 NJ 2 S NI WiahdiGatd 2 NIV C
Platform from the set of optiosi In the newweb-page,Of A O] 2y GKS Wdp20F5SR A dzy K
it (seeFigured). The resulting window is shoviigureb.

This is where you want to be to begin building your model. You have completed steps 1 and Quickhe
Helpershown inFigure5. You have a world map and will generally use this to provide the background map
of the area you wish to model. Howevere will see that it also has other uses.



@ HOME | PLATFORM | NETWORK | CURRICULUM | CASE STUDIES | VISUALIZATION | MANUALS | SUPPORT | CAREER | SIGN UP

IVIAGNET

Multiscale, Adaptive Global NETwork for Water

THE GLOBAL WATER MODELING PLATFORM

cloud-based, data-enabled, hierarchical, real-time interactive, accessible anywhere & anytime
enabling simulation of groundwater & watershed dynamics anywhere in the world

[
|

-

PR

Figurel: Initial window for enteringGWwNET(magnet4dwatemet homepage).

HOME PLATFORM ‘ NETWORK _CURRICULUM. . .CASE STUD| ' suer CAREER “SIGN UP

n Pl g —

MAGNET Account

* Create Account
« Edit Account

sbal modeling platform is built directly on Google or Mic
sed to develop MAGNET models. (Note that the Tutorials
sed MAGNET. Documentation for Bing Maps based is c¢

Figure2: Accessing the link to create a MAGNET account.



User Naime \ \ \ \ | |

NOTE:: At least 3 characters are required. The first character must be a letter; the second and third must be a letter or a number

Enter User Name

Email

Enter Email

Password (at least 4 characters are required)

Enter Password

Repeat Password

Repeat Password

User Type
Please select one that best describes you:

Affiliation
Please select one that best describes your affiliation: | ]

GuestPassword (can be shared by multiple users)

Enter Password for Guests

Additional Information

Enter other information

¥ Use email notification for comment/message alert

By creating an account you agree to our Terms & Privacy. [ Accept

Cancel Sign Up

Figure3: Registration form. If you would like to receive notices about updates to MAGNET and new
features being added, please use your permanent email forigign
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Figure4: Platform subpage for accessing thewNETmModeling platform.
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@ Ready ...

Search East Lansing, MI, USA Map Type TERRAIN Zoom Level 2 Geolayer Name: Geolndex: |1

X

Magnet Quick Helper

Sign Up for a MAGNET Account and Login to Ly ] ,
instantly map the prevailing regional groundwater b 7 ;
flow patterns in your area using BIGDATA

The Steps Are:
1. New user? Click

Login (under
Utilities) to sign

Greenland "%

up
o Iceland
Help ) 2. Login to your
account
oly Canada
HSA Inc
3. Draw a study
. area "box" on
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DomainAttr->$ Atl
iby
va4.0 4 Click SIMULATE s
Updated o )

March 2020 v Venezuela

Colombia

i e rapue ve \
Tenzania Guinea Brazil
Pery

nibia

Madagascar
Botswana <

Figure5: Introductory window for model creation.

3 Setting upa Basid-lowModel

The philosophy ofmodeling withiIGWNETisto very quickly set up and simulate a basic modeilizing a
complete set of default input values/datasets, default simulation settings, etso that you can
AYYSRAIFIGSte 3SG I aSyasS -RyfF @aSdziatomiar L0y azNByER G 0KF
GKS Ffteed ¢KS o0l aAi-bvelpredcton of How@&tarns lthat a0 N&ipfoved By
representing more details, adding more data, or changing the conceptual model based on the objectives
at hand and the experience of the modele

The following sections explain the sequence of steps needed to set up, simulate, and visualize/analyze a

basic model iInGWNET Subsequent sections explain how incrementally add more and more details to the
basic model.
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3.1 LateralBoundaries of the Model

Observe irFigure5 the four green buttons on the left sidef the modelingenvironment Each of these
yields a list box upon clickingigure6 showsthe contents of each List box. In setting up our model, we
will normally begin with the top button in the lefhost dropdown list. The DrawDomain button will be
used to do just that, draw the domain or area of interest of our mgdeeFigure?) .

Since we first need to draw the domaire click on this button on obtain the followirigur options. The

first will allow us todraw a rectangular domain very efficientljhis is the easiest choice and the one we

will use. The DomainPoly option is an important alternative. It allows us to draw any polygonal area as the
domain for our model. The next two, DM from a txt File and DM from a shapefile allow us to bring in
information about our domairin a computer filewhen it is known, rather than actually deang the
domain with the mouse.

Since the map showhigure5 is at a very small scale we need to enlarge the scale to identify the area of
AYOUSNBAaG F2N 2dzNJ Y2RStE o [SiQa aSS K2¢g ¢S Y20Q0S |
hand is visible over the map, double clicking and moving the hand mbeesap. If you use the ctrl key

and scroll, the map changssale. If you left click the window while moving the hand will move the map.
We will first move the map to the general area we want to use for our model and then magnify the model
to focus on the primary area of interest. We get the map showrigure8.

SIMULATE Analysis SaveModel
Dravbonaik ParticleTK X-Section LoadModel
DOManATT Forward Calibration HideOverlay
Backward ResetModel
Wells Pause Utilities
Lines
Zones Help
Layer
SaveShape

Figure6: Tools for primary modeling activities.
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DomainRect
Dorr
DomainPoly

W\ DM from a txt
Fil

L ile

7t DM from a

1 shapefile

L

Help
SAV e

Figure7: The rectangular drawing tool.

Next we click on Conceptual Model Tools and then Draw Domain and finally on Domain Rect agishown
Figure9. When you move the mouse over the map area, you will see your mouse turn into a large plus
sign. Place the mouse on a corner of the domain you want to create, say, for example the uppandeft
corner (northwest corner). Click the mouse and then mowe itouse to the location of the proposed
rectangle that is furthest from the point you just created. In our case that could be the lowsdraett
corner (southeast corner). When you click you mquke rectangle will be created. Note that there are
four corner points on the rectangle that will allow you to adjust the size and shape of the rectatsgle.

note that you cannot click too quickly; the clicks need to be done slowly, with a second or two in between
so thatiIGWNET(as a wekbased platform) has enough time to react.

The next time you click anywhere inside the model domain you wilvgetow shown inFigurel0. Click

OK to continue. You will be rewarded widimother prompt (Figurel1l) related to displaying display
distances between vertices in the map display the next time you adjust the domain shape/size by dragging
one of the verticesAgain click OK. If you do this an undo button will appear next to it to reset the location
G2 GKS LINBOA2dza LR AAGA 2 YCRNEESY 20ROt K EKS MBSaKG AS

A second way to finalize the domain size and shapedbdkthe Conceptual Model Tools button and then

click theSaveShape buttor third way islick onOther Tools and then on Utilities and finally on Geometry
Locked.Both the 29 and 39 approach avoid the message prompts described in the previous paragraph.

If you want to change your rectangle entirely go back to the DomainRect button and click it. The rectangle
@2dz 2dzall ONBIFGSR gAff RAAFLIISEFNI YR @&2dz adl NI ¢
button in this program.
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Figure9: Rectangular area selected for model.

The polygon to be edited is a domain rectangle, 'OK' to continue.

OK H Cancel

FigurelO: Response to selection of area of model.

16



Show distance when editing, 'OK’ to continue.

[ ]Prevent this page from creating additional dialogs

Cancel

Figurell: Second response window for definition of model boundaries.

Along thef 6 SNIX f YR 0620G02Y 02dzyRFNASa | NBE O2yaARSNH
different story ¢ more on that below). In other words, there is nanlof groundwater across these
boundaries. Unless the boundary is aligned with a groundwater divide (which is hard to idaentify

which changes in response to changes to recharge or pumping, for example), there may actually be some
flow across the model boundaries. Therefore, the basic flow model we are developing may not be very
accurate near the boundaries. But we can mtdeemodel large enough so that the area of interest is far

from the boundary so the impacts of the flow conditions can be elimated/minimized. Later we will

learn how to use the basic model to provide boundary conditions (flow information) for a smaller, nested
submodel with more details (see section 5).

3.2 AquiferAttributes

Now that we have specified the bountes of our model (but not our boundary conditions) we can define
the geometry and the hydraulic properties of the aquifer. This is done by accessing the Domain Attribute
menu by clicking the Conceptual Model Tdmlgton and then clicking DomainAttr (séggurel?2). When

you click DomainAttr the button it changes color and you the Domain Attributes menu openrBigsee
13).
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Here you see tabulated the various properties of the groundwater system that you can define. Default
values are provided. Thesan bechanged to meet the needs of your aquifer system. Some are familiar,
such as hydraulic conductivity and storage coeffigehat pertain to the groundwater flow calculation

and others are needed for the mass transport capability such as dispersivity, diffusion coeféioi@nt
biochemical information. Also included is information on flow into the system within its boundaries
including recharge from rainfall recharge. Notice that at the top of this window there is a layer designation.
It states that this information is pertent to layer 1 which is a Geolayer, or layer that is defined to
accommodate geological properti@swWNETcan accommodate multiple vertical kg see section 7)it

is also possible to define layers within a geolayer that are used to increase the simulation accuracy in the
vertical direction(again, see section 7)

Notice that there are question marks at the end of each data entry definition, for example next to the Top
Elevation heading. If you click one of these question marks you will open a new window that give an
explanation of the meaning of the. designatedrterin this case Top Elevation.

Figurel2: Accessing the Domain Attributes window through the DomainAttr button.
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Aquifer Attributes

pewbons Layer No.1 Name: Layerl |Geolayer ~| [_|Domain As an Inactive Zone [v] User Inputf

o Wells | ] Top Elevation rd v Bottom Elevation
. Lines _| ©DEM Resolution By Grid | © Bottom Elevation: 60.96 |m - |
Zones | © Constant: 0 [[m v]
Laver n | L) Import ‘ O Constant O Thickness @© Min DEM Minus
L. multiplier to meter 1.0 | O Dala Conter
_SaveShape | minus/o  |[m - O Import
: 2 2 multiplier to meter 0.304)
B; Hydraulic Conductivity [ igaET [m ]
@ Cond: 22.86| m/day | ‘
:‘smuum O Data Center Driftk2 - Dispersivity & Diffusion Coefficients | ?
Hehars g multiplier to m/day 0.3048 | _ E&Bfg?&r:.'xg . i ]
e ] Kxx/Kyy: 1.0 | [] Kxx/Kzz: 100 | Transverse : 0 m -
Backward ) Vertical : 0 m
Sadkvard § ; > BN
Pause Storge Cooflcsae “= ' [ IMolecular Diffusion:
————— £ |SpecificYield:{0.1 D*xx: 0 'm2/day >
Specific Storage: 0.00001 1/m - D'yy:0  |m2/day -
.- | Effective Porosity: 0.3 ] . D*zz:0  |m2/day -
AnalEis l Rain Recharge Biochemical Properties ?
: || @Recharge: 15.000( inch/year r CRetardation——————
Calibration | - | © Data Center ® Retardation factor 1.0 | )
EA [ ] Import O Partitioning-Kd 0 1/ppm ~ |
: multiplier to m/day 0.000069! re—

Soil Particle Density: 265000/ g/m3 |

Surface Drainage Discharge ? - [IFirst order Decay

T S - ® Decay Coefficient [0 1/day ~
| | Surface Drain Leakancy : 1.0 [1/day | |

OHalfLife0  [day -]

Yo

SaveModel

LoadModel

LB

1g
HideOverlayl Multiplying Factor S
st ) I ivity'1.0 | *
—J i L] Conductivity 1.0 | e
ltilites | | []  Recharge 1.0 Cancel
9

Figurel3: Aquifer attributes selection window.

3.2.1 Aquifer Elevations

Top Elevation

An exampleHelp pagefor Aquifer Top Elevatiors provided m Figurel4. It is worth noting that in the
Aquifer Top Elevation description is mentioned the fact that, while the top elevation of the model can be
provided as a single number, it is also possible to define it as a surface, that is to say that different values
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are provided in different areal locations. The database for this is designated as a Digital Elevation Model
or DEM and provides a better representation of reality. This is used in this test da@seiETuses data

that is processed and stored at different resolutions. The code automatically extracts the appropriate DEM
based on the grid size of the model. This is done by défault

In addition to the DEM from the MAGNET Data Server, users can add spa#dhlyple data layers to
represent the aquifer top elevation by importing a raster format file.

Bottom Elevation

The bottom of the elevation can be represented in several different ways. The default treatment is the
simplest: a constant elevation for the entire aquifer bottom surface, which is calculated as a prescribed
value below the minimum DEM elevation withinettmodel domain. The bottom elevation can also be
calculated by prescribed a constant aquifer thickness, following the variable land surface; or, the user can
use spatiallyvariable thickness/elevations available from the MAGNET Data Server, or by irgpbdin

own raster file.The models presented in this document apply the default treatment: constant elevation
calculated from minimum DEM minus 60.96m (200ft).

1 The data network page on magnet4wateet gives a current listing with details of all ldgta inputs offered on MAGNET.
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Aquifer Attributes

loo

Layer No. 1 Name: Layerl LGeoLayer;] | |Domain As an Inactive Zone [v| User Input Data

I

Magnet Real-time Helper

® DEM Resolution By Grid _~ |

(O Constant: 0 im_ |
L) import
multiplier to meter :II
minus |0 m |

Real-time MAGNET Help

Aquifer Top Elevation

O Data Center | Drift K2 |

L] Import
multiplier to m/day |0.3048

What is it?

The top boundary of surficial/unconfined aquifers follow the
land surface, which can now be represented with detailed
Digital Elevation Models (DEMs). Accurate, detailed
representation of the land surface improves model structure
| and calculations related to aquifer top surface (e.g., aquifer

Storage Coafficients | thickness, groundwater level elevation computed as land
| surface minus measured distance to water level in a

Specific Yield: 0.1 L
Specific Storage: 0.00001 | 1/m  ~ |
Effective Porosity: 0.3 |

monitoring well, etc.).

How to use it:

Rain Recharge ﬂ A: DEM as Top Surface

® Recharge: 15.000([inch/year - |
O Data Center
L] import

multiplier to m/day |0.000069!

| For unconfined aquifers at a real-world site, use the DEM

| option. there are multiple DEM resolutions. Outside the

| United States, there is only one resolution: 90m from
ASTER Global DEM (very soon, 30m resolution will be

~

v

Figureldy | St LJ LJ 3S GKI
3.22 Aquifer Properties

Hydraulic Conductivity

0 FLIWISFENB ¢6KSy @2dz
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The simplest treatment fodefining the hydraulic conductivit{K) of the aquifer is to assign a single,
effective value, which is what is presented here (22.86 m/d or 75 ft/dBy).other options are also
available. It is possible tapload a raster file with spatiallyarying Kpr you can use spatialyariable K
data available from the MAGNET Data Center SeZ@ne features (polygonsanbe addedwithin the
model to represent local heterogeneities with a local K value different from the domain K. With zones,
you canmalsousescatter points for spatial interpolation of K, or you can generate a random K field defined
by a group of statistical parameter&dding zones and defining their attributes is covered more in the
Sections 5 and 6.



Porosity

To calculate the seepage veloogtyr the velocity at which the groundwater is movigg@orosity must be
prescribed to account for the actual open space available for the fBydefault, a single value is used
across the domaird(3 or 30%)but like K, you can use zones to represent Ibedérogeneitielocalized
effective valueor interpolation ofscatter points)

Storage

For transient simulations of groundwater systertige elasticity of the aquifer needs to be defined. The
elasticity is not due to the elasticity of the individual grains that make up the aquifer, but rather reflects
primarily the rearrangement of the individual grains as the fluid pressure in the aghiferges. There is

also an elastic effect due to the elasticity of water (water expands a little with a decrease in pressure), but
it is minor relative to the impact of grain rearrangementiGuNET we represent this elasticity in terms

of aquiferstorage (specific yield or specific storage). By default, a specific yield of 0.1 and a specific storage
of 105> m? is applied through the model domain; but again, you can use zones to represent local
heterogeneities (localized effective values or interpolation of scatter points).

3.2.3AquiferSources and Sinks

The basic modalsing default settings can be describeddmaquifer water balance where recharge (input

of water) is countered by surface seepage to gaining water bdthes of water) Other sources rosinks

(for example, extraction and injection wells, losing streams or rivers, etc.) can be added to the model
incrementally.

Rechargdérom Rainfall

Groundwater recharge is the entry of water into the saturated zone at the wiatde surface. IIGWNET
recharge is treated as model input opecified flux [L/T] that is constant in time. (Thv&rying recharge
can be assigned using zone featuré®re,a single valu€l5 in./yr.) isapplied through the model domain
(default setting) but youcould alsouse the spatiallyariable recharge raster available from tlgvNET
dataserveror your ownraster fileof recharge.

SurfaceDrainage to Rivers, Lakes, and Wetlands / Springs

IGWNETG F dzG 2 YI GAOI tf&é¢ OF LJWidzNBa GKS SFFSOoita 27F Yl
wetlands) that control prevailing flow patterns under natural conditiofgis is done through intelligent
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use of the aforementioned Higlesolution Digital Elevation Models (DEMs) that provide aquifer top
AYF2NXYIEGAZ2Y SadaSyidalrffte aSOSNEGKSNBE 2y SIENIKD

The default treatment iINGWNETIs to calculate, during the simulation process, instances where the
groundwater head exceeds the land surface elevatiom, where gaining rivers / lakes / wetlands are
found, allowing groundwater to leave the aquifer as a sink of water (i.e., groundwater is lost as surface
seepage). This approach captures gpatiallydistributed aquifer drainage effectsf groundwater to
gainingsurface water bodiegfoundwaterfed lakes, streams, wetlands, and springs) as part of the robust
solution process, as the surface water stages (elevations) are embedded in theedadition DEM
datasets usd for assigning the aquifer top elevations.

The ease with which water can drain from the aquifer to the surface is controlled by a parameter called
Surface Drain Leakancy, a factor representing the hydraulic conductivity per unit thickness of the land
surface.The leakancy can be adjusted or finmed to better reproduce the observed surface water
network, e.g., if the leakance is too low, the flooded area will be large, and vice Vi@dreanput field for

this parameter is provided in the Aquifer Attributes tab of the Domain Attributes menuRspgel3).

LF¥ &2dz 6A&K (G2 addzNy 2FFé¢ OGNBFGAYy3I GKS SyYyiuGANB f
bodies using conceptual features (zones and ligesee Section 5.3), you can set the Surface Drain
Leakancy to zero.

[ 2aAY3 &dzNFI OS 41 SN 62RASa 606KSNB (GKS 3ANRdzyRg I
represented in this default treatment, but MAGNET users can add zone or line features to the anodel
lakes or streams to allow twavay exchange of water and/or stages that vary with tin@MNETalso
includes an Import Shapefile tool to adtanystreams/rivers, lakes and wetland featuresthis way, or
userscanautomatically extract surface water featurflakes and streams) from the MAGNET Data Center
and add them as conceptual features to the model.

4  Simulation

4.1 Running the Model

The information provided in the Aquifer Attributes window is adequate to run a model, provided that
boundary conditions are provided around the perimeter of the model.previously mentionedpf the

initial, basicmodel such as we have so far, the boundary conditions are assumed to be no flow. Any sub
model or child of the parent model (the one we are working with now) will assume fixed hydraulic head
boundary conditions that correspond to the computed head vabl#ained using the parent model along

the child model boundarysee subsection 5.1The head values that are calculated to be higher than the
land surface are assumed to be seepage locations the model. For the case of ast&adyime
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independent) model we have specified the minimum amount of information needed for simulation
(solution of the groundwater flow equations).

To simulate the behavior of the abodefined model we simply press the SIMULATE BUTTON which is
revealed by clicking otne Simulation Tools button revealedkigurel5. The result of this action is
presentedin Figurel6. You must now use the information you provided earlier when you signed up to
fill in this window. Once this muccessfullgompleted, you click Logand a confirmation prompt will
appear Figurel?). Amessageegardingresetting the model and anothehe projection system to be
used for simulation and mapping will appe@ext (Figurel8) andyou click OKo each to proceedThen
your submission for simulatiobegins. At the top of the window you will see the progress of your
simulation. One such messageshown inFigurel9.

SIMULATE
Particle Tk

Figurel5: Accessing the SIMULATE button.

X

You need to login first before you can implement this operation:

User Name

Password

Enter Password

| [ | Guest Account (shares the same username as the master account)
i Forget Password?

Newusa’?ﬂe&s'gnuprm

Figurel6: Login for running the model.
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validation is done!

Figurel?: Information window confirming validation complete.

www.magnetdwater.com says

PRJ foundiMAD_1983_NSRS2007_Michigan_GeoRef_Meters
CLick O to accept this PRJ or Cancel to use the default PRI,

Figurel8Y t NP YLJG NBIFNRAYy3I LINRP2SOGA2y aeadSy 42 oS
proceed.

Running on IGW server...: Extracting LandUse raster ...from IGW server.

r9,-71.730299 ‘gMap Type | TERRAIN v [Zoom Level|10 v | GeolLaye

Figurel9: Information window indicating model is running on server, with other updates.

4.2 Presentation of Results

4.2.1 Plan View Map Display

When the calculations are complete the solution is presented as a contour plot ssblows inFigure

20. The continuous lines are the hydraulic head contours. The arrows are the macroscopic fluid
velocities which show the direction and magnitude of the groundwater velocity. The length of the arrow
is proportional to the magnitude of the velocity.
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[ SG§Qa &4SS ¢ ke model U@ prdwiddsRegal that, g default, all lateral boundaries are
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the model through surface seepage where the head is greater than the land swsé&aS®¢tion 31). The
convergence of groundwater flow to major surface bodies is obvious.

The other factorat work in the observed solution is the aquifer thickneBe ability of water to flow
horizontally in the subsurface is directly proportional to the thickness of the aquifer. The product of
thickness times hydraulic conductivity is called the transmissivity. So, where the elevation of the ground
(water-table surrogée) is highest, the transmissivity is the highest because that is where the aquifer is the
thickest(recall that in this basic model, the hydraulic conductivity is constanén though in reality K is

very variable- and the bottom elevation is a constant but the land surface is spatially varighileje

5 NDeQa g (Stta dza OGKFG ANRdzyRolFGSNI FE26 Aa LI
coefficient is the hydraulic conductivity (in this case the transmissivity), we would expect the smallest
gradient where the transmissivityand therefore the aquifer thickness, is largest. This is reflected in the
lower gradient around topographic highs (located nda tenter of the model)Of course, if we utilized

a spatiallyvariable bottom aquifer surface and/or a spatiallgriable hydraulic conductivity inputhe

output (and our interpretations) becomes more complicated.
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Figure20: Computed and interpolated hydraulic head contours gnoundwater velocities.

4.2 2 Flow Pathlines

The simulated head and velocity distributions can be used to visualize groundwater pathlines. A pathline
is the trajectory that individual fluid particles follow in a steedgte flow field. We will next calculate
pathlines for mathematical particles thate will locate in our modelGwNETwiIll allow you to introduce

these particles in a number of ways, e.g. placing them as individual points, within a polygon or around a
pumping well.

Given our existing flow model, the first step in computing and plotting path lines is to click on Simulation
Tools and then ParticleTK (deigure21). You can add particles along a drawn line, or inside of a rectangle

or polygon added to the map displaWe will add a particle line along a head contour near the center of
GKS Y2RSt 6KSNB Ft2¢ Aad RADSNHANYNHIGS /LR alirasS év
your model and you can trace the line segment along which to place your particles. The trace will be made
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up of connected dots whose positions can be edited with drelgs. Eaclmew clickin the map display
will produce a dot. The end result appearg-igure22.

Thenre-submit the model for simulation, accefite projection system, and click on OK and you be asked
whether you want forward or backward trackifigigure23). Backward tracking traces a path from where
the particles you have defined came from in the past. Forward tracking in contrast defines where they will
go in the future. We wish to do forward tracking, so click OK.

As the model calculates the time evolution of the particld®e window that contains the figure is
continually updated so it is possible to observe the changes over time of the groundwater hydraulic head
and the movement of the particlesI he resultafter many simulation years is showigure24. Note that

some of the pathlines are longer than others. These represent longer distances traveled by some particles
compared to others ovethe simulation period The longer pathlines are found in areas where contours

are closely spaced together, indicating larger head gradients and larger resulting groundwater flow
velocities.

| SIMULATE I

ParticlsLme
F

1

ParticleRact
Ba
ParticlaZone

o[zl

— RazatParticle
DeletzParticle
Help

Figure21: Accessing the Particle placement tools.
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Figure22: Particle line added to the model.

www.magnetdwater.com says

There are particles in your model, Click "OK to do forward tracking,

"‘Cancel' to do backward tracking.

Figure23: Prompt to determine whether forward or backward particle tracking will be used.
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Figure24: Simulated groundwater pathlines

4.2 3 Crosssections

You may have noticed that when the simulation results are returned to the map display, there is a yellow
line stretchingacross the center of the model in the(westeast) direction.This is a crossection that is
automatically created when the model is solved. In fagtyNETautomatically creates a number of charts

and diagrams useful for analysis of the model results.

To access the crosection results and other analyses, click the Analysis Tools button, click Analysis, then
choose Display Charts from the list of options (Begire25). Four plots will appear as shownFigure26:

a crosssection diagram; a crossection plot; a water balance chart; and a three dimensional surface plot
of the water table The crosssection diagranshows the aquifer top and bottom elevations, the water
table elevation, and flow velocities (vectors). The cremstion plot shows in a graphical format the top
elevation, the water table solution (smooth red line) and the bottom of the aquifer eleva@iher
options are available for plotting (e.g., hydraulic conductivity along the @esson).

30



At any time, you can draw a new cressction within the model domairfo do this we need to return to

the analysis tools and select from them th&¥ction button. When you click on theSéction button the
cursor will become large plus sign. Locate the plus sign at the beginning of the line you plan to use to
represent where on the contoured map you wish to have your cross section difiven youcomplete
drawingthe lineg 2 dz Ol y Of AThik recibptes@hs §rdssetti@n@iagram and plot fahe new
crosssection.

b23S GKS OKS@ONRYya o0WHHQ odzilizyov 2y GKS € 26SNI f S
additional information regarding the content of the plot and how to modify it. As an example the chevron
for the 3D Surface Plot yields the window shmin Figure27. Here, for the first time we see reference to

a mesh. The mesh is the assemblage of blocks that together make up the fabric of the computer model.
The more blocks, the more precise and accurate is the model. Each block spawns one equation so the
number ofequations being solved in this model is the sum of all the blocks in the model.

| Stevd
! Land

Display Charts
XS
! Nodal Values
Calit

Post Analysis

Help

Figure25: Buttons to access to show the cressction and other chart analyses.
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4.2.4 \Water Balance

Figure27. Demonstration of pop up window generated when clicking the chevron.

A water balance (or water budget) like the one showifrigure26 reveals the amount of water moving

into and out of the system (recall that, in the basic model, aquifer recharge is balanced by surface
seepage). A water balance is automatically created for the model domain every time a model is submitted
for simulatian. Positive fluxes represent sources of water to the zone/domain, while negative fluxes
represent sinks of water

If you click the chevron of the Water Balance chart, you will see that water balance analyses can be
conducted not only for the model domain, but also for any zone added to the model domain (see Flow
Properties tab of the Zone Attributes menu) or a sirggid cell of the model. You will also see that default
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units are cubic feet per second (CFS), but users can change the units to gallons per minute (GPM) or cubic
meters per day (m3/day) by usingthe dr2 6y Y Sydz ySEG (2 W yAlQod Iy

A X 4 oA

0KS WwS5NI 6Q odziti2zy Adpdakedt SOGSR 60SF2NB (GKS OKIFN

4.2.5 3D Surface Plot

The 3D surface plot shown ngure26 and 27 can be used to visualize model parameters and simulation
results across the model domain. There are several options available for altering the appears of the plot,
e.g., hiding the model mesh (grid lines), applying aslcale for the parameter sga, etc.

UsethedropR2 6y YSydz YySEG G2 W{dNFI OSQ (2 OKIy3aS (KS
parameters that can be chosen include hydraulic conductivity, aquifer thickness, and transmissivity.
Model outputs that can be chosen include head (defaditg x, y- or zdirection velocity fields, or the
simulated concentration distribution if you are modeling flow and transport. The color map used in the
RAaALIX e OFry |fa2 o0S OK2aSy FTNRBY (GKS fAaldodton! Fis
to update the 3D Surface plot.

L¥ Ydzf ALK S f1&8SNB SEA&G Ay GKS Y2RSt 0as8S8S { S0
to change geological and/or computational layers, respectively. The layer being displayed in the chart can
0S dzLJRFGSR o0& daZERYSH[ HXKSNWs 286N ddzdi2ya | OF At of

5 Modeling More Details

Now that we have learned how to set up, simulate and visualize/analyze a®GasieTmodel, our focus
now will be to add more details.

5.1 Changinghe Number of ModeNodes(Model Grid)

It may be helpful at this point to explain how one changes the number of nodes in a model. Given the
model area is fixed (so far it has been a rectangle) the size of the rectangles used to represent the
discretized aquifer is dependent entirely on the nuenlof nodes (rectangles) used. The more nodes, the
better the solution and the more computational work required to obtain a solution. So, a key question is:
how do you change the number of nodes or rectangles? The secret lies in the following figureswhich
obtained by clicking on Conceptual Model and then Domain Attr. The resulting figgted28) has a tab

at the top called Simulation Settings. At the top leftled Simulation Settings mens shown the number

34



of nodes in the x(westeast) direction, namely Grid NX. Here you can change the number from 40 to one
that you prefer. The number of grid cells in the(gorth-south) direction is automatically calculated from

NX and the shape of the model domain (gifjthe model domain is longer in thedyrection than the x
direction, NY > NX).

Achieving more accuracy, or resolving some groundwater system dyngniccsexample, the quick
changes in hydraulic head in the vicinity of a pumping guedtjuire more model resolution (more nodes),

so you will want to increase NX to, say, 80 or 100e (fiaximum number of grid cells in X direction for

the student version of MAGNWT is NX_max = 150. The total number of grid cells in both the X and Y
directions for thestudent version ofiIGWNETIS NYNY_max = 100 * 100 = 10000.) However, it is good
practice to use the default number of grid cells (NX=40) to understand the big picture and experiment
with different aquifer representations before increasing the number of grid cells.

An alternative to increasing the number of cells in the model is to make use of nredbedode] which

can be interactively added and simulated in different, smaller areas of interest. This useful approach is
discussed in the next subsection.
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Figure28: Simulation settings tab of Domain Attributes menu, where the number of grid cells in the x

direction can be assigned (default: NX=40).
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5.2 Defining a Nested Model

The model that we have defined above is called a basic "parent” model. By default, the boundary
conditions on these models are assumed to be no flow and the model results are often not very accurate
near the boundaries. However, knowing that the parent mlbds more accurate away from the
02dzy R NASasx ¢S OFly dzaS aYlrft SNE ySaiSR aOKAf RE
of interest, using the flow information from the parent model to assign boundary conditions to the child
model. Theprocedure to do this is presented in this Section.

Begin by going to Zones and then Zone as shovigare29. Then construct a rectangular area such as
shown inFigure30. The ZoneRect drawing tool functions like the DomainRectdisolssedn Section 3,
ADPSPr &2dz dzaS Y2dzaS Ot A0l1a (2 RSTAYS GKS akl LIS
geometry; this action automatically launches the Zone Attributes menu shoWwigure30.

(NOTE: the submodel boundary is this example is relatively close to the left (western) boundary of the
parent model, which we typically try to avoid; however, in this case, the western boundary corresponds
with a large surface water body that a dominant surface seemakingthe model more accurate than in

the case of no surface water body corresponding with the boundary).

Ly GKS RSTFlLdzZ O Glo o6Ct26 tNRBLSNIe&o>s GKSNB Aa |
adzoaSOUGA2Yy ® /| KSO1 K G&NETIGR2UBE the ydRe &9 tha Srpulatid do@edhQ (i
However, before the zone will be recognized as the simulation domain, an important distinction must be
made in the Domain Attributes menu: go to Conceptual Model, then Domain Attributes, then access the
Simulation Settings and put a check mark in the box adjacent to Boundary Condition from Parent Model
(Figure31). To proceed with the nested submodel simulation, click SIMULATE.

(NOTE: It is also possible draw an entirely new model domain using the DrawDomain tools but still use
parent model results to assign boundary conditions in the new, smaller model, but the parent model will
0S afz2adé¢a LaAAy 3 | ésted/sBbmadsllallbwsNEe usiéro réldhlibeEegidhal
model domain).

A series of three windows are presented in succession as shown below &geig83, Figure34, and
Figure35, and you click OK to each. By clicking on the last of the three, the simulation begins.

The submodel solution is presentedFigure36. IftheneT f 26 02 dzy RF NAS&a AYLIZASR
GSNB | OUAPS Ay GKS aySaiSRé¢ Y2RSt> GKS O2yi2dz2NE
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model. But they are not because the nested model uses constant head boundaries derived from the
GLI NByid Y2RSt¢o

DrawDomain

DomainAtir
Ellent]

Hllenburg

Wells Center

Lines

el W

ZoneRect

i

ZonePoly DrawRect

Zone from a File

Ll

I’
- O

Zone from a shapefile fie

w

[

| Zone=DM
SIM

Paste
Par

E Hide Zones

Ba( ZoneAtir

2

i

P. Help

- gy

Figure29: Sequence of steps to access ability to draw nested model with a Zone feature
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Figure31: Assigning a Zone feature as the Submodel Domain for subsequent simulations.
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Parent madel is used to provide boundary condibons for this madel, continue?

ok ] oo

Figure3Y / 2y FANXIF GA2Y LINRPYLW: aa20AFiSR 6AGK

You are about to RESET the model,continue?

| Prevent this page from creating additional dialogs

‘ oK Cancel

Figure34: Prompt to confirm that you will move on to a new simulation.

PRJ found:NAD_ 1983 HARN_StatePlane_Vermont_FIPS_4400
Click OK to accept this PRJ or Cancel to use the default PRJ

' OK Cancel

Figure35: Prompt indicating the suggested projection (select OK to use the suggested projection; or
cancel to use your own projection identified in the Domain Attribute menu,
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Figure36: Solution to problem defined on "nested" model

5.3 Adding Surfacsvater Bodiesas Conceptual Features

Earlier in Section 3.2., we learned hawNETtreats the land surface as a drain to account for the aquifer
drainage effects of lakes, rivers/streams, and wetlands/springs. But we may want to treat the lakes
differently, for exampleas a source of water to the aquifeAn instance where this would be needed is
when a pumping well is withdrawing groundwater near a stream, inducing water to move from the stream,
into the aquifer system, and ultimately discharging to the well.
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We now are going tadd surface water bodieas conceptual featureis our submode] whichwill come
in two flavors lakesand similar quiescent bodies of wateand rivers and streams. Wiscussthem
individually.

5.3.1 Adding aTwo-Way Lake

To add a surface water body that has significant areal extent, thatdannot be approximated using a
single line, it is necessary to define the location and geometry of this suwfatax body. To do this click
on Conceptual Model Tools and then dones.Severabptions will be availabléseeFigure37).

DrawDomain

DomainAttr

Wells

Lines

ZoneRect

Li
ZonePoly

Save

| Zone from a File

Zone from a
shapefile

SIM Zone=DM

Parj Paste

(o]}
1 Hide Zones

Bac
ZoneAttr

<

— Help

Figure37: Window used to select zone.

Now click on ZonePalyhis will provide you with a plus sign as a cursor with which you can draw a polygon.
To draw the polygon, you click on a point on the model that is on the border of the area you wish to
designate as the surface water body. Next move a small distanog Hie perimeter of the surface water

body and click again. You have now created a polygon with two points. Not very interesting! Continue to
move around the surface water body in small increments, clicking at the end of each increment, until you
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return to the location at which you started. Click once again on the first point you generated. You have
completed the polygon. An example is showrrigure38. The area within the polygon is your lake.

To give the lake descriptive parametgérs Of A O1 W{ I S { K| LISeWifn to Concépal | {1 A
Model and then click Zoneandclick on Zone Attr to access the parameter input page. The drop down
menu Figure39) reveals that we have only one zone, so we click on that. This spawns a the following
messag€Figure40) to which we respond OK. Along the top oétindowthere are several options. This

is because this ribbon is used to provide input for six different situations. Each choice can be used to define
properties within your polygon. So, for example, if you wanted to define a different hydraulic conductivity
over a speific region than what occurs elsewhere in the model, you could draw a polygon to define the
area where you want the different hydraulic conductivity and then enter the value for that region. It will
replace the one originally assigned in that region witlur value.

However, we are interested in the properties of the lake we have defined. To make changes to the lake
we click Sources and Sinks Head Depen(fagtire41). In the upper lefthand corner of this figure we see

the notation Tweway Head Dependent. This is the panel we need, but what it means requires a little
explanation. We need to be able to have water either enter or leave the lake depending upon theerelati
elevation of the hydraulic head below the lake and the elevation of the lake surface. For example, if there
is a period of drought when the lake level is low so there is a hydraulic head in the aquifer below the lake
that is higher than the water levai the lake, we need to have water move from the groundwater system

to the lake. In other words, at the interface between the stream bottom and the aquifer there would be a
negative gradient from the aquifer to the lake. On the other hand, if there is @oinrainfall and the

river level is higher than that in the aquifer, we would expect water to flow from the river into the aquifer.
CKA& aAddzZ GA2Yy SKSNBE 41 0§SNI Ol v IS8R GIKSINE S5/S1L33\ R\ |
because water canitler enter or leave the lake depending upon hydrologic circumstances.

Returning to the upper lethand window we see that we have a Lake defined (window adjacent to Name).
The stage is the elevation of the water level in the lake relative to a reference elevation. It can be specified
as a number that is constant in time asgdace. If this is your choice you click the radio button next to
Const and specify a value. It is often convenient to check the option TopE for the stage where TopE is the
top elevation taken from the map (DEM). If you wanted to modify the choice fronDiEBI, you can
replace the value in the box adjacent to the TopE notation with a suitable value. For example if you wanted
to have the stage one meter lower than the elevation determined from the DEM, you would replace the
zerowithaonehy OS (GKS GFro6fS A& FAE{ftSR Ay>x Of AOlwan KS f
| SFRQ IyR (GKSy OfAO1 {I @So

One sees that there are two other options for how one treats the lake. These choices are variants on the

one we have selected and their specific attributes can be determined by clicking the ? at the end of each
descriptive title.
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Figure38: Polygon representation of a lake near Milton, Vermont.
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Number of zones= 1

Click inside or at a node
of an attribute zone or
select a zone from the list

Click 'AcceptEdit' to
close this window.

AttrZone &

AttrZone

Zone: #0||GMPolygon_0

Figure39: Selecting a zone for editing.

The zone to be edited: ID=9817 : Name=GMPolygon 0, 'OK' to continue.

Figure40: Prompt indicating the polygon feature to be edited if \aIN2 OS S R
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Figure41: Option selection for flow from or to a lake.

The next step is to simulate the behavior of our aquifer with the lake included. This is achieved by
clicking the SIMULATE button whereupon the sequence of messages shieigaraf2 and Figure43

are encountered. Check OK for each and your simulation will begin. Note that the progress of the
simulation appears at the top of the screen in the message window. In due course the computed head
solution for the entire model is produced and plotted. Tipesfic area of interest to us is shown as
Figure44.

The specifications provided effectively make the lake a local groundwater source, that is to say that

water flow is out the lake. Flow from the lake to the aquifer would occur if, for example, there was a
significant rainfall event that raised the watewvd in the lake relative to the hydraulic head in the

aquifer under and around the lakBlote that the contours to the right (east) are higher than those to

the left (west) in both figures. However, if you can imagine being in the cehtBedake you would be

2y | K@RN}dZ AO KSIR WKAffQ gAGK GKS Ke@RNIdzZ AO K
south. This observation supports the fact that water is moving from the lake into the aquifer. Had the

fl1 1S 0SSy NBOSAGAY3A ANRdzyRol GSNI FNRBY (GKS | IljdzA FS

Note that a new crossection (yellow line segments) was drawn in the submodel domain as shown in
Figure44. As described in Section 4.2, to draw a new esession at any time, go to Analysis Tools and
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then click XSection After you have finished drawing the cressction, go to Analysis Tools and click the
Analysis button. From the list of options, click Display Charts. The newsaassn results will be

shown in the Cross Section Diagram and Cross Section Plot (Jesffsggure45). Also note the updated
water balance (amount of water moving into and out of the system) now includes Lake terms to
represent flow to or from the lake (negative flux = groundwater lost to the lake; positive flux = lake
water added to the aquifer).

You are about to RESET the model,continue?

Figure42: Warning message in preparation for simulation.

PRJ found:NAD_1983 HARN_StatePlane_Vermont_FIPS_4400
ClLick OK to accept this PRJ or Cancel to use the default PRJ.

Figure43: Second warning message prior to simulation.
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Figure44: Calculated hydraulic head surface when groundwater is being recharged by the lake.
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Figure45: Submodel results, including plan view flow field and velocities; eston diagrams/plots,
and an updated water balance chart.

5.32 Adding aTwo-way Stream

Let us now further extend our modeling capabilities to accommodate a stream or river. The major
conceptual change is that we will now consider the surface water body to be a line rather tlaaeean

To begin the process click Conceptual Model Tools, then, ltheesDrawLine as shown iigure46. Once

you click DrawLine the large plus sign will appear on your model and you can trace the course of your river
(in this case, we will trace the upstream portion of the Lamoille Ri¥ég trace of the river will be made

up of connected dots as was the case with the lake boundary. Each click will produce a dot. The end result
appears as ifrigure47. Now click on SaveShape. The Line Attributes window will open as sEguie

48. You have some choices here as to how you describe the hydrodynamics of the river aquifer system.
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The simplest is to use the Prescribed Head option and a constant head value. To do this you click the radio
button for Constant and replace the zero value with the river elevation (head) that you wish to assign. A
variant on this is to allow for a variabierer stage along the rivers course. To do this you click the radio
button in front of Variable and then cli¢k BnBreQThis launches the menu shownkigure49. Here you

can specify the river stage as the land surface elevation less a specified value. This allows for the provision
of a river reach that has a sloping surface, which is the realistic option.

The prescribed flux allows for the specification of leakage into and out of the stream dirébiyhead
dependent flux option is similar to the treatment applied to the lake (see previous subsection), and it is
the treatment we will use now. Choose the radio button next to Two way and then click the >>more button
to open the Edit Polyline Attribes submenu (Figure50). Again, you can spegithe stage as the land
adzNF I OS StS@FriAz2y fSaa || aLISOAFASR O f dSo &S
? button to get complete details of this submenut the end of the input process click SAVE.

You may decide to modify the attributes of your river or to draw another segment. The procedure for the
case of changing river properties is presentedrigure51. You begin by clicking on Conceptual Model
Tools, than on Lines, then LineAttr. At this point you see the window presentédwa®/3. Note that the
option of Line Attr is no longer available, but has changed to AcceptEdit

Let us repeat the process for the downstream segment Lamoille River: trace the river section using the

DrawLine tool and treat it as a twway head dependent boundary condition as described above. The
resulting line feature is shown Figure53.
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Sav5 Line from a

shapefile

Paste
——— Hide Lines
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N Help

Figure46:. The sequence of click to initiate drawing the trace of the river on your model. The process
is to click Conceptual Model Tools, then Lines, then DrawLine.
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Figure47: Trace of river constructed through clicking the mouse at each dot location.

54



Line Attributes

Copy This Line  Delete This Line

O Non-specified Name: GMPline_0
Prescribed Head 7

O Constant 0 [m ~|[]  Transient
O Equalto Y (e.g. Water Table)
@ Variable >>more
O Head from T file
Import  Browse... No file selected.

Prescribed Flux 7
O Prescribed Flux |10 |\ m2/day |
l @® Per unitlength O Total O Per unit area
OJ Transient

Head Dependent Flux

O Two way >>more

[] Allow to apply recharge [ | Override
drain
O One way Dran ~| >>more

O Calculate and display flux acress the
polyline

Save | Cancel |

Figure48: Trace of river constructed through clicking the mouse at each dot location.
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Edit Polyline Attributes

Save and Exit Cancel and Exit
[v| Head = TopE minus [0 m -
Change All Head to this value 0.0  |m ~| Apply

VertexID|  Lon(degree) Lat(degree)  |Head(m)|
-73.02277920562145/44.44766491163762 "0
73.02277920562145/44 4574678812894 |0
-73.02895901519176 44.468249247367645”0
-73.0474984439027 ||44.47216925047431 6"0
-73.04818508941051(44.47706888411 9284"0
-73.05711148101207 |44.47412915329747 |0
-73.06260464507457(44.4790286223917 ”0
72 N7TNRAARQT1ARRDIAA ATOR1RRARRTRA lln ~

NG| W N -

~
v

Figure49: Input window for allowing for a variable stage along the length of a river.

Edit Polyline Attributes H
Save and Exit | Cancel and Exit |

Stage = TopE minus |0 |m -
(] Bed-Stage minms
Selcct a colum to change to this value |U.U | | Apply |

[VertesID|| Lon(degree) || Lat(degree) |[Stage(m)|[Leak(m/day) [BotE(m)|[Or
1 |[-73.03607683744296[44.66315479624214][0 5 30 s
2 |[-73.03384523054257|[44.66480461589259](0 |E 30

Figure50: Edit Polyline Attributes menu for twaay head dependent flux treatment of a line feature.

56



Figure51: Sequence of steps to make a modification of the river attributes.
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