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Summary

This is a user manual of BGS GISGroundwater that produces the depth to groundwater beneath
the land surface. BGS GISGroundwater uses standard GIS datasets as inputs and implements
data preparation, numerical modelling, post-processing and the visualisation of the modelled
results all within the GIS environment. It allows non-modellers, such as scientists and students,
to easily and efficiently build up groundwater flow models in ArcMap using GIS layers. For
example, only few hours are needed to construct a numerical regional groundwater flow model
using it with great flexibility. Therefore it is useful for carrying out preliminary groundwater
flow modelling or evaluating hydrogeological conceptual models, before carrying out detailed
costly groundwater modelling using one of traditional groundwater flow models.

This manual firstly introduces BGS GISGroundwater, and then explains its installation process
and interface. The step-by-step tutorial materials are also provided to guide users to learn
quickly how to use this tool.
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1 What is BGS GISGroundwater

BGS GISGroundwater allows users to develop preliminary regional groundwater models
quickly and visualise the modelled piezometric surfaces in the ArcMap. It represents variably
unconfined, confined and heterogeneous aquifers, distributed recharge, river-aquifer interaction
and groundwater abstraction; and these datasets can be flexibly entered into model using one of
multiple options, such as a constant value, GIS raster layer, and automatically extracting river
information using river shapefile and Digital Elevation Model (DEM) layer. BGS
GISGroundwater allows end-users, who can use ArcMap, to easily and efficiently construct
groundwater flow models to simulate the groundwater flow and produce the long term
elevations of water table (groundwater levels) in porous medium.

BGS GISGroundwater solves the governing two-dimensional groundwater flow equation of the
form:

E(Txa_h}ri T on =Q*+Qf-R Equation 1
ox\ “ox) oyl Yoy

where h is the groundwater head [L], T, and T are the aquifer transmissivity in the x and y

direction respectively [L*T %], Q" is groundwater abstraction rate [L® T™], Q®is leakage to/from
rivers [L® T™], and R is the amount of groundwater recharge [L* T].

Wang et al. (2010) provided technical details of the tool.
1.1 ADVANTAGES OF BGS GISGROUNDWATER

e It is a seamless GIS groundwater flow model, which can be deemed as one of GIS
spatial analysis functions

e All groundwater modelling processes of data preparation, running model and post-
processing including visualisation of modelled groundwater levels can be carried out
in the GIS environment

e It uses the standard GIS data formats; this means that there is no extra work for data
exchanging and no extra costs for purchasing coupling interface programs

e Itisavaluable tool for hydrogeologists or non-groundwater modellers to quickly build
up preliminary groundwater flow models or evaluate hydrogeological conceptual
models before constructing detailed and costly groundwater flow models.

1.2 DATA REQUIREMENTS

Table 1 lists the datasets and their formats required by BGS GISGroundwater. The extent of
modelling area is defined by an aquifer layer in the format of GIS raster, and the optional non-
aquifer layer can be used when modelling an aquifer overlain by an aquitard; the aquifer
permeability can be entered into the model using transmissivity or hydraulic conductivity in
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conjunction with the GIS layers representing aquifer top and bottom; groundwater recharge
with or without spatial distribution can be used in building up a groundwater flow model; the
river data required can be a GIS raster layer or a shapefile that needs a DEM layer to derive
river stage values; the fixed head boundary condition, such as lake, is represented in the model
using the same format as the river dataset; abstraction data are optional and can be entered into
the code in a GIS raster layer or a shapefile. Table 1 shows the different options by which input

datasets can be input to the model.

Table 1. The formats options of the BGS GISGroundwater input datasets

Input datasets

Format options

_ Option 1 Aquifer layer A GIS raster layer
Modelling extent Option 2 Extents of aquifer and non-aquifer A GIS raster layer
. Option 1 A GIS raster layer
Aquifer Top Option 2 A single value
Option 1 Aquifer Bottom Opt!on 1 A GIS raster layer
. . Option 2 A single value
Aquifer permeability .
Hydraulic conductivity Opt!on 1 A GIS raster layer
Option 2 A single value
. L Option 1 A GIS raster layer
Option 2 Transmissivity Option 2 A single value
Groundwater recharge Option 1 Spatially distributed values A GIS raster layer
9 Option 2 Non-spatial distribution A single value
Having a raster layer containing
Rivers / leaking points/ | Option 1 |nf0rmat|0nri(\)/2rrlsvtzr Ié)canon and A GIS raster layer
/ fixed heads g
Option 2 | Having vector data and DEM data. | A shapefile and DEM
) Having a raster layer representing
Abstraction (optional) | OPion 1 abstraction locations and rates A GIS raster layer
Option 2 Having abstraction vector data A shapefile
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2 How to install BGS GISGroundwater

BGS GISGroundwater (‘BGSGISGroundwater.esriAddIn’) and its tutorial files (‘BGS-
GISGroundwater-tutorial-files.zip”) can be downloaded using the following link:

http://www.bgs.ac.uk/GISGroundwater

An ArcMap 10.0 environment is needed to install and run BGS GISGroundwater. There are
two ways to install BGS GISGroundwater, i.e., running Add-In directly, or installing through
ArcMap 10.0 Add-In Manager:

Option 1: Running Add-In
e Locate the BGS GISGroundwater Add-In file and double click it to install.

Option 2: Through Add-In Manager

Run ArcMap 10.0 and open a new blank map.

Go to Customize -> Add-In Manager (Figure 1).

In Add-In Manager select Customize (Figure 2).

Select “Add from file...” (Figure 3 and 4).

Confirm Add-In file installation by clicking “Install Add-In” (Figure 5) and

OK in the next window (Figure 6).

e The available toolbars should be shown in the following window. Check the
box next to BGS Groundwater Flow Model tools (Figure 7).

e Close the window.

DB% % (.\l:” A E]%EI EW !?; 3D Analyst~ | Laye
File Edit View Bookmarks Insert Selection Geoprecessing w =
Toolbars 3 —_| ; @ E Mg
0% o g Extensions... |
Table Of Contents 1 x I Add-In Manager... |
8SGE| H Customnize Mode...
= layers Style Manager...

ArcMap Optiens...

Figure 1. Loading the Add-In: step 1
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-
e . s
Add-ns | Options

) MapCenter
Shared Add-Ins Created by: o
MapCenter Date: 121672009
Created by: ESRI Wersion: 13

Digital Signature: Authenticated
Creates a view into ArcGIS Online

Creates a view into AnciGlS Online

_ BGS_GDI_Tools
=1 Created by: British Geological Surv
by g By | Types:
BG5S Geoscience Data Index Tools Commands

| Delete this Add-In |

Toinstall Add-Ins and configure the user interface with Add-In
components, use the customize dialog.

Customize. .. l [ Close l

Launch the Customize dialc

Figure 2. Loading the Add-In: step 2

|
N )

Toolbars | cml ml

Toolbars:

3D Analyst -
Advanced Editing H

Animation

ArcScan

BGS GDI Tools

BGS Groundwater Flow Model tools
COGO

Context Menus

Data Driven Pages

Data Frame Tools
Distributed Geodatabase
Draw

Edit Vertices

Figure 3. Loading the Add-In: step 3
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| @) Untitled - ArcMap - Arcinfo. =&

IDB@8+ABx 00 - EERDEON D we[ RawiES5k- @@
i File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help N

e CIRALIQRATMQ@ N« - IINOFEIABITE,
BLARE BB @HIE - ER6E,

Table Of Contents B x

Eaosi T

= layers Customize
Lay Lookin: | ArcGISGroundwater_addin_for AcGIS1 = @ (0 E-
Toolb: ‘ommands i
achars i Opiions| T Mame = Date modified Type
Toobars: el (¥ FlowModeiAddin. c<riAddin 04/00/2012 1100 ESRI Addl
3D Analyst - New... Recent Places
Advanced Editing
Animation ‘ Rename... -j
ArcScan
B6GS GDI Tools \ Delete C=Lop
BGS Groundwater Flow Model tools
060 Reset... Q
Context Menus Libraries
Data Driven Pages
Data Frame Tools h&u
Distributed Geodatabase |
Draw Computer
Edit Vertices -
i
File name FlowModel Addin.esriAddin -
Add from fle...
Files of type Componert Libraies {"dllesnAddin"tb) ]

Figure 4. Loading the Add-In: step 4

.
Esri ArcGIS Add-In Installation Utility [

Please confirmm Add-In file installation.

Active content, such as Macroz and Add-In files, can
contain vinuses or other security hazards. Do not install this
content unless you trust the source of this file.

+

MName: BGS Arc-Groundwater

Wersion: 1.0

Authar: British Geological Survey (BGS)

Description: Afinite dfference seamless G1S groundwater flow model for
ArcGIS.

Digital Signature/s
This Add-In file is not digitially signed.

Signed By: | ~ |

Signed date: Show Certificate |
[] Source is trusted
[ ] Signature is valid

| Install Add-in | [ Cancel |

Figure 5. Loading the Add-In: step 5

10
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CEC

Add-In Controls.Run Flow Maodel
Add-In Cortrols. Madel Inputs
BGS Groundwater Flow Maodel tools

Figure 6. Loading the Add-In: step 6

i N
N T

Toolbars | Cm‘nmandsl Dpﬁonsl

Toolbars:
30 Analyst - [ MNew. .. ]

[] Advanced Editing
[] Animation | Rename... |

[] ArcScan
[7] BGS GDI Tools | Delete |
BGS Groundwater Flow Model tools

[7] COGO [ Reset.. |
[] Comtext Menus

[ ] Data Driven Pages

[] Data Frame Tools

[] Distributed Geodatabase

[] Draw

[] Edit vertices -

| Keyboard... || Add from fle... |  Close

Figure 7. Loading the Add-In: step 7

BGS GISGroundwater Add-In is now installed. The BGS GISGroundwater interface can be

opened by clicking on a slightly transparent blue cube * = in the ArcMap toolbar menu. If the
BGS GISGroundwater icon is not shown, it can be added to the toolbar by going to Customize -
> Toolbars -> BGS Groundwater Flow Model tools (Figure 8).

11
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9 it - v - | | 5+ |
IORdalLdax>2c&- [ - |ZIEEET Advaneed Editing

File Edit View Bookmarks Insert Selection Geoprocessing | Customize | Windows Hel Animation
| Toolbars b| ArcSean B d = |5~
— ! Extensions.. BGS GDI Tools
R S ) fon ] | [Re] (23] | e M : : s & _
B o S D Iﬁ." Add-InM BGS Groundwater Flow Model tools
Table Of Contents Tx n Kanager... o0
Q.. = Customize Mode...
g @ ‘g d Style M Data Driven Pages
= € Manager...
= Layers Data Frame Tools
ArcMap Options..,
e e Distributed Geodatabase
Draw
Edit Vertices
Editor
Effects

Feature Cache
Feature Construction
GPS

Geocoding

Figure 8. Enabling the tool via the toolbar menu

It is advisable that all relevant GIS layers are loaded into an ArcMap project before the BGS
GISGroundwater tool is used. The layers can be added using the plus button in the ArcMap
toolbar (Figure 9).

@) Untitled - ArcMap - Ardinfo

-~ TS 202020 eSS =
DBH% A |‘Ex "y I:Iﬁ IE]EEEI 35“ l?‘_' 3D Analyst = Layer‘.l—

File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help

u g
Layer:l LI,-]’»' E @l@.@ﬂo H R R
& 20§ R [ | R | S \E |:| & .—'
Table Of Contents 1x
EECXE
= Layers

Lookin: |5 Sample1-Analytical-GIS W@ E S

E| Aquifer.shp

“=|River.shp

Name: aquifer_grd

Show of type: | patasets and Layers

Figure 9. Interface of adding a GIS layer into an ArcGIS project

12
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3Workflow for building a model

Figure 10 shows the procedures of constructing a groundwater flow model using BGS
GISGroundwater:

1) Define spatial extent and cell size at the first step by choosing an aquifer extent layer —
an existing GIS layer representing the modelling area; and

2) Specify the input data within each subsequent tab of the tool, either by defining numeric
values or by selecting GIS layers.

It is worth noting that the modelling nodes are located at the centres of GIS grids; therefore the
actual modelling area is smaller (half cell size) than the aquifer extent layer. Other mandatory
inputs include recharge, initial groundwater level, aquifer permeability and river. It is required
that the extents of all GIS raster layers used in the construction a model to be equal or larger
than that of the aquifer extent layer. It is permissible that the layer extent is larger than the
aquifer extent, as it will be automatically clipped to the right size; but it can never be smaller.
Additionally, it is important to make sure that the cell size of all the GIS layers is the same as
the cell size of the aquifer layer.

4 2

It is required that the extents of all GIS raster layers used in the construction of
a model to be equal or larger than that of the aquifer layer. It is permissible that
the layer extent is larger than the aquifer extent, as it will be automatically
clipped to the right size; but it can never be smaller. Additionally, it is important
to make sure that the cell size of all the grids is the same as the cell size of the

aquifer layer.
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[Run BGS GISGroundwater from ArcMap]

A 4

[ Define spatial extent and cell size using an existing GIS layer

A 4 A 4

[ Optional: define } [Provide recharge and]
—>

non-aquifer areas initial groundwater level

A 4

-

Define aquifer permeability

Hydraulic conductivity and

Transmissivit ] . .
[ Y OR Aquifer top and bottom elevation

- J

A 4

\ 4
L Optional: define pumping
[ Define river ] [ from groundwater

\ 4 A 4

[ Run model ]
\ 4
[ View result in ArcMap ]
. Yes
Modify the
model?
No
[ Close the interface ]

Figure 10. The workflow of using BGS GISGroundwater
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4 The BGS GISGroundwater interface

The interface can be opened by clicking on the BGS GISGroundwater tool icon * = . It has
several sections, in which model inputs are either entered directly as numeric values or loaded
from raster layers. Each section has two parts. The left one is used to specify model input data
and the right one provides help information.

41 ABOUT

This section provides information on the tool, the steps for constructing a groundwater flow
model, and contact details (Figure 11).

1 BGS GISGroundwater e e

About

Aquifer Extent

Wells | Settings

Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers

About

BGS GISGroundwater (version 1.0) for ArcGIS® is an add-in
for ESRI's ArcMapTM software (version 10.0) that can be used
to simulate steady groundwater flow in aquifers
(underground water-bearing permeable rocks).

For the best experience, it is recommended that this interface
is run after creating a GIS project and adding the appropriate
input layers, though this isn't a requirement.

BGS GISGroundwater [T

[1] Define the extent of the aquifer to model.

[2] Specify the input data within each subsequent tab of the
tool, either by defining numeric values or by selecting GIS
layers.

Version 1.0

Further information about BGS GISGroundwater and a user
manual are available on the BGS website:
http:/fwww.bgs.ac.uk/GISGroundwater.html

If you have any questions about BGS GISGroundwater please
email GI5Groundwater@hbgs.ac.uk

Figure 11. “‘About’ tab

4.2 AQUIFER EXTENT

In this section aquifer and optionally non-aquifer raster layers are selected. The area of the
aquifer and the cell size of the model grid are defined by a raster layer defining the aquifer
extent. An optional non-aquifer layer can be used to define sub-regions of the aquifer that are
impermeable. The ‘Model Cell Size’, ‘LEFT’, ‘TOP’, ‘RIGHT’, and ‘BOTTOM’ (Figure 12)
are updated automatically when the aquifer extent layer is chosen from the drop-down box. The
calculation might take a few moments. The unit for both layers is metre. The ‘Information” box
shows successful or error messages when preparing data for groundwater flow modelling; and
it is necessary to check these messages before moving to the next section.

It is necessary to check the ‘Information’ box each time before moving to the next
section.
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L

BGS GISGroundwater

— .

About éAquifer Extent || Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottomn

Rivers | Wells |Settmgs

Define Aquifer Extent and Cell Size (m)

Aquifer Raster: Mo raster layers found

TOP

Model Cell Size: LEFT RIGHT

BOTTCM

Non-Aquifer Raster: |Ne raster layers found

Information:

Please define the aquifer extent before proceeding

- &

)

Aquifer Extent

The area of the aquifer and the cell size of the model grid are
defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow.

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments.

If required, select a raster that represents the arez of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Infermation’ box.

Note:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size, However,
they must not be smaller, The cell size will be automatically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by
the user.

RUN

Figure 12. ‘Aquifer Extent’ tab

43 RECHARGE AND INITIAL GROUNDWATER LEVEL

Uniform or spatially distributed groundwater recharge is specified here. Groundwater recharge
(m/day) can be entered into the model either as a single value across the whole aquifer or as a
raster layer of spatially varying values. The radio buttons of “Layer values” and “Constant
Value” change accordingly. A single value for the initial groundwater level is specified across
the whole aquifer with the unit of metres (Figure 13).

BGS GISGroundwater

(=] ]

About | Aquifer Extent  Recharge and Initial Level

Hydraulic Properties

Aquifer Top/Bottom

Rivers | Wells |Settmgs

Recharge Layer:  |No raster layers found

Constant Value:

Information:

Please define the aquifer extent before proceeding

Constant Value:

Information:

Please enter a value for initial head

Layer Values

&

Constant Value

Recharge and Initial Level

Uniferm or spatially distributed groundwater recharge (e.g.
infiltration of rainfall) rates are specified here. Recharge rates
must be input in m/day, either as a single value across the
whole aquifer, or as a raster layer of spatially varying values.
Positive values represent infiltration downwards to the water
table. The Tnformation’ box will inform you if the recharge
data have been entered successfully.

A single value for the initial groundwater level is specified
across the whole aquifer. This must be in metres,

L

Figure 13. ‘Recharge and Initial Groundwater Level’ tab

44 HYDRAULIC PROPERTIES

Either transmissivity, T (m?/day) or hydraulic conductivity, K (m/day) can be used here to
describe the hydraulic properties of the aquifer. Transmissivity can be input either as a constant
value, or as a raster layer of spatially varying values. Alternatively, the transmissivity can be
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calculated by inputting the hydraulic conductivity along with the elevation of the top and
bottom of the aquifer. Hydraulic conductivity can be input either as a constant value, or as a
raster layer of spatially varying values. The top and bottom elevations of the aquifer are entered
on the next tab (Figure 14).

-
BGS GISGroundwater " = ﬂ

About | Aquifer Extent | Recharge and Initial Level Rivers

Hydraulic Properties | Aquifer Top/Bottom

Wells | Settings

Hydraulic Properties

@ Provide Transmissivity (T) Either of two parameters can be used to describe the ease

Calculate T using hydraul ductivity () fer top, and fer bott with which water can flow horizontally through the aquifer:
EeulE e, using hydraulic conductiviy L, aquiter top, and aquiter bottom (i) transmissivity, T, or (i) hydraulic conductivity, K, (see the
Glossary of Terms in the user manual). First select the

method to use by clicking on one of the two options
T Raster Layer: No raster layers found

O provided.

Constant T Value: Layer Values Constant Value Transmissivity (m*2/day) can be input either as a constant
walue, or as a raster layer of spatially varying values. The

Information: ‘Infermation’ box will show if this has been performed

Please define the aquifer extent before proceeding successiully.

Alternatively, the transmissivity can be calculated by
inputting the hydraulic conductivity, K (m/day), along with
the elevation of the top and bottomn of the aquifer. Again, the
hydraulic conductivity can be input either as a constant
wvalue, or as a raster layer of spatially varying values, In this
case, the top and bottom elevations of the aquifer need to be

K Raster Layer: | No raster layers found O input on the next tab, The Information’ bowx will show if this
has been performed successfully,

Constant K Value: Layer Values Constant Value

Information:

Please define the aquifer extent before proceeding

RUN

(& =

Figure 14. ‘Hydraulic Properties’ tab

45 AQUIFER TOP/BOTTOM

This section of the tool will only be active if the option to calculate transmissivity was selected
on the previous tab. In this case the aquifer top and bottom elevations need to be provided to
calculate the aquifer thickness, which will then be used to calculate the transmissivity. The top
and bottom elevations can be input either as constant values or as raster layers of spatially
varying values; both need to be provided in metres (Figure 15).

-
BGS GISGroundwater = gg

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties éAquwfer Top/Bottom Rivers | Wells | Settings Aqu]fer Top/Bottom
This section of the tool will only be active if the option to
Raster Layer: Mo raster layers found O calculate transmissivity was selected on the previous tab.
The aquifer thickness, used to calculate the transmissivity, is
Constant Value: Layer Values Constant Value

determined by the program based on the aquifer top and
bottom elevations (m).

Information: . }
These can be input either as constant values or as raster
Please define the aquifer extent before proceeding layers of spatially varying values. Please check if these entries
are successful in the ‘Information’ box,

Raster Layer: No raster layers found

O

Cons falue: . "
Constant Value: Layer Values Constant Value

Information:

Please define the aquifer extent before proceeding

S — =

Figure 15. ‘Aquifer Top/Bottom’ tab
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46 RIVERS

Rivers and other surface water features are represented by a grid, which can be defined either
by a raster layer containing water surface elevation data, or a shapefile that specifies the
locations of the surface water features and a DEM raster layer that specifies the associated
water levels (Figure 16). Leaking points or fixed head boundary conditions can be represented
as ‘rivers’ to provide the information on elevations of the specific locations (See tutorial 1 in

section 5.1, and tutorial 2 in section 5.2).

BGS GISGroundwater

(=] ]

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom

Rivers

Wells | Settings

@ Provide River Grid Extract River From DEM

River Grid: Mo raster layers found
DEM: No raster layers found
River Shapefile: Mo layers found
Information:

Please define the aquifer extent before proceeding

Q

Q

Q

Rivers

Rivers and other surface water features, such as lakes, are
represented by fixing the groundwater level at user defined
locations. They can be defined in two ways:

(i) as a raster layer containing water surface elevation data
where the features exist.

(ii) using a shapefile to define the locations of the surface
water features, and a Digital Elevation Model (DEM) raster
layer to define the associated levels,

If the second option is used, the river information will be
automatically extracted and passed to the model. Please
check the message in the Information’ box befere moving to
the next section of the interface,

S —

Figure 16. ‘Rivers’ tab

4.7 WELLS

The inclusion of rates of pumping from wells is optional. They can be input either as a raster
layer, which contains pumping rates at specific locations, or can be extracted from a shapefile.
If a point shapefile is used, its attribute table must contain a field that holds the pumping rates

at the points (Figure 17).

BGS GISGroundwater

(=] ]

Select the field which holds the pumping rate: Im?_-'day)

Information (Note: This application will SUM the values if there are multiple values in a grid cell):

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bettom | Rivers EWEHS Settings
() Provide Pumping Raster Extract Pumping From Shapefile
Raster Layer: Mo raster layers found s
Shapefile Layer Mo layers found O

Wells

The inclusion of rates of pumping (m”3/day) from wells is
optional. They can be input as a raster layer or can be
extracted from a shapefile. Select the method to use by
clicking on one of the two options at the top of the form.
Either specify the appropriate raster layer, or select a shapefile
containing the point locations of the wells. I using a point
shapefile, subsequently select the field which helds the
pumping rate for each well.

The 'Information’ box will show if this was performed
successfully,

RUN

S —

Figure 17. “Wells’ tab
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4.8 SETTINGS

This tab allows the user to specify values for the parameters that determine when and how fast
the model reaches a solution. The default values are provided but they can be overwritten by
users (Figure 18).

-

Information:

Use the default values specified, or overwrite with your own.

-
BGS GISGroundwater B>
- -
About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers Settings L Sett|ng S
Model Settings This tab allows the user to specify values for the parameters
that det h d how fast, th del h
Mumber of Transmissivity Recalculation Cycles 100 e ermine when, and how fast, the model reaches 2
solution,
Solver Convergence Criterion (m3/day) 0.00001 Sehver convergence criterion (m®~3/day):
PSOR Solver Factor L7 The selution algorithm will step when it has produced a

solution in which the error in the flow balance at each cell is
less than this value. There are ne limits to the value you
specify here but the smaller this number the longer the
model will take to run. The default value here is 0.00001.

PSOR solver factor:

This must be between 1 and 2. The default value is 1.7,

For further information about the methed that is used to
solve for groundwater levels, point successive over-relaxation
(PSOR), see the user manual.

MNumber of transmissivity recalculation cycles:

This is used when the part of aquifer is specified as being

uncenfined. For cenfined aquifers it will automatically set to
1. There are no limits to the value you specify here, but the

(&

Figure 18. “Settings’ tab

The interface could be hidden behind the ArcMap window sometimes; and it can

be found through the taskbar.
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5 Tutorials for BGS GISGroundwater

5.1 TUTORIAL1

Tutorial 1 shows how to use an analytical solution for a benchmark problem. After this you
should be able to construct a simple groundwater flow model using GIS raster layers
representing aquifer extent and river, and constant values for recharge, initial head and
transmissivity.

5.1.1 Problem description

An aquifer (200m by 200m) has a homogenous hydraulic transmissivity value of 20 m*/day; a
25m fixed piezometric head (a measurement of liquid pressure above a geodetic datum.)
boundary is specified at the western side of the aquifer, and no-flow boundaries are specified at
its north, east, and south sides. The groundwater recharge for the aquifer has a constant value
0.001 m/day (Figure 19). This problem can be solved using BGS GISGroundwater by
discretising the aquifer domain into a raster of 10m square cells.

[ No-flow
T (U\IE, Recharge: 1mm day™
g y v v
e
c 8 P
S | g A Tl
N |5 g 25m
>
a
e
< Z
X
l No-flow | «— 200 m —|

L l— 200m  —»| I

X z

Figure 19. The sketch map of the problem in tutorial 1.

5.1.2 Data and parameters required
Data requirement:

Aquifer extent (a GIS raster layer with the spatial resolution of 10m by 10m)
Recharge (a constant value of 0.001 m/day)

Initial piezometric head (a constant value of 25m)

Transmissivity (a constant value of 20 m?/day)

A GIS raster layer representing a constant river level of 25m.

The GIS datasets or GIS project file “Samplel_ArcMAP10.0.mxd” needed for this tutorial
can be found under the folder of “Samplel_Analytical GIS”. The tutorial materials can be
downloaded from the BGS GISGroundwater link provided in section 2 and then extracted to
a local drive.
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/Modelling nodes are located at the centres of GIS grids. In the aquifer extent\
section of this tutorial, the “LEFT” (-5m) and “BOTTOM” (-5m) are the left
corner of the aquifer GIS layer, while the “TOP” (205m) and “RIGHT” (205m)
are the top right corner of this aquifer layer. Therefore, the centres of the lower
left grid and the top right grid of the aquifer are (Om, Om) and (200m, 200m)
respectively, representing an aquifer of 200m by 200m. j

5.1.3 Using BGS GISGroundwater

e Before opening the interface, load aquifer and river grid layers into the
project using the plus button in the ArcMap toolbar (Figure 20).

@ Untitied - ArcMap - Arclnfo T N

O = Bx o [ G E B Jpa| x? = i 3D Analyst~ Layer:@aqui'
File Edit View Bookmarks Inset Selection Geoprocessing Customize Windows Help g
Layer:l@aqulfer,grd Llﬁé t[ﬂ]h - @‘l @. wi“] Q 96 G
Table Of Contents
5 = Layers
) =ouifer_ord]
o

Name: river_grd

Show of type:  [patasets and Layers

Figure 20. Loading layers to ArcMap project — Tutorial 1

Since ArcMap 10.0 has difficulties in handling very long file path names, it is a
good practice to extract tutorial files to the root of one of your local drives to
keep the file path names short, such as: “E:\BGS-GISGroundwater-tutorial-

files\Samplel Analytical _GIS”.

Once the raster layers are loaded, the BGS GISGroundwater interface can be opened by
clicking on the BGS GISGroundwater icon * « in the toolbar.

e Under ‘Aquifer Extent’ click on the drop-down menu next to ‘Aquifer
Raster” and select ‘aquifer_grd’. If no raster layers appear in the list, click on

the refresh button to the right of the drop-down menu (Figure 21).
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Wait until the model cell size and the modelling extent are calculated and
proceed to the next tab

It is necessary to check the ‘Information’ box each time before moving to the next

section.

Under ‘Recharge and Initial Level’ select constant value option for the
recharge and input 0.001. Input 25 for the initial head (Figure 22).

Under ‘Hydraulic Properties’ select ‘Provide Transmissivity’ option; note
that ‘Define K’ subsection is no longer active. Select constant value option
for transmissivity and enter 20 (Figure 23).

Since transmissivity is provided by a user ‘Aquifer Top/Bottom’ section is
not active.

Under ‘Rivers’ select ‘Provide River Grid’ option. Click on the drop-down
menu and select ‘river_grd’ (Figure 24).

Under “Settings’ input solver convergence criterion, PSOR solver factor, and
the number of transmissivity recalculation cycles. The default values can be
used if considered appropriate. Press ‘Run’ button to run the model (Figure
25).

Two raster layers are produced: ‘GWHEADS’ and ‘“MODELAREA’, which
are added to the ArcMap project and plotted automatically. ‘MODELAREA’
raster define the modelling extend, and *‘GWHEADS’ raster contains steady
state groundwater levels simulated by the model (Figure 26).

BGS GISGroundwater

= |

About | Aquifer Bxtent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom

Rivers

Wells | Settings Aquifer Extent

Define Aquifer Extent and Cell Size (m)

The area of the aquifer and the cell size of the model grid are

Aquifer Raster: laquifer_grd -
TOP

205
Model Cell Size: LEFT RIGHT

10 -5 205
BOTTOM

Define Mon-Aquifer (m) OPTIOMAL

Mon-Aquifer Raster: Mo raster layers found

Information:

defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow,

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments.

If required, select a raster that represents the area of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Infermation’ box.

MNote:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size. However,
they must not be smaller. The cell size will be automatically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by

the user.

Figure 21. Aquifer Extent, Tutorial 1
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Constant Value:  0.001 () Layer Values @ Constant Value

Information:

MNow using Constant Values,

Define Initial level (m)

Constant Value: ;_5|

Information:

Initial head value entered.

| Rt e ———— s o =
About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Seﬂings| Recha rge and Initial Level
Define Recharge (m/dzy) Uniform or spatially distributed groundwater recharge (e.g.
Recharge Layer Mo raster layers found - infiltration of rainfall) rates are specified here. Recharge rates

must be input in m/day, either as a single value across the
whole aquifer, or as a raster layer of spatially varying values.
Positive values represent infiltration downwards to the water
table. The Tnformation’ box will inform you if the recharge
data have been entered successfully.

A single value for the initial groundwater level is specified
across the whole aquifer. This must be in metres,

Figure 22. Recharge and Initial Level, Tutorial 1

-
1, BGS GISGroundwater e — _ — - L=l

About | Aquifer Extent Hydraulic Properties Rivers

Recharge and Initial Level

Aquifer Top/Bottom

Wells | Settings |

) Provide Transmissivity (T)

() Calculate T using hydraulic conductivity (K), aguifer top, and aquifer bottom

Define T (m?/ day)

T Raster Layen: Mo raster layers found

'

() LayerValues @ Constant Value

Constant T Value: Zﬂl

N Informaticn:
I Mow using Constant values,
i
|
Define K (m/day)
i

K Raster Layer: |N0 raster layers found

][]

Constant Value

Constant K Value: | Layer Values

Information:

Hydraulic Properties

Either of two parameters can be used to describe the ease
with which water can flow horizentally threugh the aquifer:
(i) transmissivity, T, or (i) hydraulic conductivity, K, (see the
Glossary of Terms in the user manual). First select the
methed to use by clicking on one of the two options
provided.

Transmissivity (m*2/day) can be input either as a constant
walue, or as a raster layer of spatially varying values. The
‘Informatien’ box will show if this has been performed
successfully,

Alternatively, the transmissivity can be calculated by
inputting the hydraulic conductivity, K (m/day), along with
the elevation of the top and bottom of the aguifer, Again, the
hydraulic cenductivity can be input either as a censtant
wvalue, or as a raster layer of spatially varying values. In this
case, the top and bottom elevations of the aquifer need to be
input on the next tab. The ‘Information’ box will show if this
has been performed successfully,

Figure 23. Using BGS GISGroundwater interface — Hydraulic Properties, Tutorial 1
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e e ——————————— e

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Toproﬂom| Rivers | Wells | Seﬂings| Rivers
Provide River Grid ) Extract River From DEM Rivers and other surface water features, such as lakes, are
X K represented by fixing the groundwater level at user defined
Define River locations. They can be defined in twe ways:

Provide River Grid
(i) as a raster layer containing water surface elevation data

River Grid: - where the features exist,

(i) using a shapefile to define the locations of the surface
Extract River From DEM {m) water features, and a Digital Elevation Model (DEM) raster
layer to define the associated levels.

DEM: |N0 raster layers found N | ‘O| If the second option is used, the river information will be
o automatically extracted and passed to the model. Please

X = check the message in the Information’ box before moving to
River Shapefile: |N° layers found '| ‘O| the next section of the interface,

Information:

Input has correct extent and cell size.

Figure 24. Rivers, Tutorial 1

-
1, BGS GISGroundwater ‘ — - - — . L=L=
About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottem | Rivers | Wells | Settings L Settings
Model Settings This tab allows the user to specify values for the parameters
that determi h d how fast, th del h
Mumber of Transmissivity Recalculation Cycles 100 ? CerermIne when, and how ast, the model reaches a
solution.
Sclver Convergence Criterion [m3/day) 0.00001 Solver convergence criterion (m*3/day):
PSOR Solver Factor 1.7 The selution algorithm will step when it has produced a
solution in which the error in the flow balance at each cell is
| Information: less than this value. There are ne limits to the value you
I ' specify here but the smaller this number the longer the
N Ny - model will take to run. The default value here is 0,.00001.
i Use the default values specified, or overwrite with your own.
I PSOR solver factor:
|
This must be between 1 and 2. The default valueis 1.7
i
For further information about the method that is used to
solve for groundwater levels, point successive over-relaxation
N (PSOR), see the user manual.
|
| MNumber of transmissivity recalculation cycles:
| This is used when the part of aguifer is specified as being
| unconfined. For confined aquifers it will autornatically set to
| 1. There are no limits to the value you specify here, but the
Il
i

Figure 25. Settings, Tutorial 1

24



OR/12/063

Q) Untitied - ArcMap - Arcnfe I W T T | = |
File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help
Dedstoaxnc e | EEDE0RT o
CRCRLN" T -0k [@] CIRARIT R
Tah\e[}f{lontents R x = m
2¢8 8 2
- &
o & Layers B
= B GWHEADS
Value
I High: 26 @
S
=
“Low:25 =
&
Value
High:1
Low:1
B B river. _grd

m

s
E B aquifer_grd
mo

[Ee|en « [} | v

-13.823 -9.539 Unknown Units

Figure 26. Groundwater levels produced by BGS GISGroundwater — Tutorial 1

After the simulation, the tool interface keeps open allowing users to change
parameters and generate new results by re-running the model.

The problem in the tutorial 1 can also be solved using an analytical solution in the x direction.
The analytical solution for this example can be expressed as:

2
H =H0+RH—RX— Equation 2

T 2T
where H is the GWL (L); H, is the fixed head (L); R is groundwater recharge (L TY: Lis
the length of aquifer (L) in the x direction; T is the transmissivity (L2 TY: x is location in the
x direction (L).
Substituting by H, =25 m, R=0.001 m/day, T = 20 m?/day, the results of Equation 2 should
be the same as that simulated using GISGroundwater.
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5.2 TUTORIAL 2

Tutorial 2 demonstrates how to construct a groundwater flow model for an aquifer with
irregular boundary and the fixed groundwater head in the middle of the aquifer. After this you
should be able to use a GIS point shapefile to represent fixed heads.

5.2.1 Problem description

An unconfined aquifer with an irregular shape has the extent of 10km by 10km. The aquifer has
a homogenous hydraulic transmissivity value of 500 m%day; the recharge across the aquifer is
0.001 m/day; the aquifer has a 20m fixed head at its centre; there is no flow along the outside
boundaries; this means that the aquifer centre is the only groundwater flow outlet for this
system. The groundwater flow in this problem can be simulated using BGS GISGroundwater
by discretising the aquifer domain by square grids (1km by 1km).

5.2.2 Data and parameters required
Data requirement:

Aquifer extent (a GIS raster layer with the spatial resolution of 1km by 1km)
Recharge (a constant value of 0.001 m/day)

Initial head (a constant value of 40m)

Transmissivity (a constant value of 500 m%/day)

A GIS shapefile containing a river point with a water level of 20m

The GIS datasets or GIS project file “Sample2_ArcMAP10.0.mxd” needed for this tutorial
can be found under the folder of “Sample2_IrreqularShape GIS”. The tutorial materials
can be downloaded from the BGS GISGroundwater link provided in section 2 and then
extracted to a local drive.

5.2.3 Using BGS GISGroundwater

e Before opening the interface, load the aquifer grid layer and the point
shapefile representing the surface water feature into the project using the
plus button in the ArcMap toolbar (Figure 27).

(@) Untitled - ArcMap - Arcinfo

DBEs + 5@ ] L EEE O P32 o | DAnaystr| Loyes]
File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help =
La)rer:| J = M@
oo & B
Table Of Contents 1 x
0GE| Add Data ()
= layers Look in: |ESampIeZ_IrreqularShape_GIS " & q},| == '| ﬂ| Elv &

" Fixed_head.shp

Show of type:

Datasets and Layers v| ‘ Cancel |

Figure 27. Loading layers to ArcMap project — Tutorial 2
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The river point shapefile needs to be converted to a GIS raster layer and then entered as a river
grid in the *River’ section of the interface. The conversion can be done using 'Point to Raster'
tool from the ArcMap toolbox (Figure 28). In the tool’s window select ‘Fixed_head’ layer from
‘Input Feature’ drop-down menu. To choose field holding elevation data select ‘Fixed_head’
from “Value field’” drop-down menu. To make sure the output layer has the same cell size of the
aquifer grid, select “aquiferl’ from ‘Cellsize’ drop-down menu (Figure 28).

K N
":% Point to Raster = = &
J

Input Features
[ Fixed_head =]
Value field

Fixed_head -
Qutput Raster Dataset

E:\GIS-Groundwater-example-GIS\Sample2_IrreqularShape_GIS‘fixed_head
Cell assignment type (optional)

MOST_FREQUENT -
Priority field (optional)

MNONE -
Cellsize {optional)

E:\GIS-Groundwater-example-GIS\sample2_Irregularshape_GIS\agquifer1

I 0K, I [ Cancel J lEnvironments... J I Show Help ==

Figure 28. ArcMap ‘Point to Raster’ tool window

Since the extent of the river grid has to be the same as the extent of the aquifer grid, it is
necessary to use the ‘Environments’ option (Figure 28) to define the extent of the output layer.

From the drop-down menu under “Processing Extent’ select ‘Same as layer aquiferl’ (Figure
29), and then click OK button.
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¥ Output Coordinates

# Processing Extent
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|Default

Default

Union of Inputs
Intersection of Inputs
As Specified Below
Same az Display

Same as layer Fixed _head T

e
0.
m

Snap Raster
| =l
¥ XY Resolution and Tolerance
¥ M Values
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[ QK. ] [ Cancel l [ Show Help == ]

Figure 29. ArcMap ‘Point to Raster’ tool window — changing “Processing Extent’

Click on the folder icon next to ‘Output Raster Dataset' in Figure 28, specify the name of the
new raster layer and save it in the project folder. Make sure to select different name for the
raster layer than the name of the point shapefile.

ZZ” The names of any layers used by the tool, either raster layer or shapefile
must not be repeated! This will result in an error.

Once all the layers are loaded, the BGS GISGroundwater interface can be opened by clicking
on the BGS GISGroundwater icon in the toolbar.

e Under ‘Aquifer Extent’ click on the drop-down menu next to ‘Aquifer
Raster’ and select ‘aquiferl’. If no raster layers appear in the list, click on

the refresh button to the right of the drop-down menu (Figure 30).

e Wait until the model cell size and the modelling extent are calculated and
proceed to the next tab.

It is necessary to check the ‘Information’ box each time before moving to the next
section.

e Under ‘Recharge and Initial Level’ (Figure 31), select constant value option
for the recharge and input 0.001. Input 40 for the initial head.

e Under ‘Hydraulic Properties’ (Figure 32), select ‘Provide Transmissivity’
option. Note that ‘Define K’ subsection is no longer active. Select constant
value option for transmissivity and enter 500.
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e Since transmissivity is provided by a user ‘Aquifer Top/Bottom’ tab is not

active.

e Under ‘Rivers’ select ‘Provide River Grid” option. Click on the drop-down
menu and select the river grid that was created when preparing the datasets

at the beginning of this tutorial (Figure 33).

e Under “Settings’ input solver convergence criterion, PSOR solver factor, and
the number of transmissivity recalculation cycles. The default values can be
used or try different settings. Press ‘Run’ button to run the model (Figure

34).

Two raster layers are produced: ‘GWHEADS’ and ‘“MODELAREA’, which are added to the
ArcMap project and plotted automatically. ‘“MODELAREA’ raster define the modelling extend,
and ‘GWHEADS’ raster contains steady state groundwater levels simulated by the model

(Figure 35).

After the simulation, the tool interface keeps open allowing users to change
parameters and generate new results by re-running the model.

BGS GISGroundwater

= o |

Define Men-Aquifer (m) OPTIONAL

Mon-Aquifer Raster:  Please select from the below...

Information:

About | Aquifer Bxtent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Settings
Define Aquifer Extent and Cell Size (m)
Aquifer Raster: m -
TQP
354000
Model Cell Size: LEFT RIGHT
1000 457000 468000
BOTTCM
343000

Aquifer Extent

The area of the aquifer and the cell size of the model grid are
defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow.

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments,

If required, select a raster that represents the area of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Infermation’ box,

Mote:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size. However,
they must not be smaller. The cell size will be automatically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by

the user.

Figure 30. Aquifer Extent, Tutorial 2
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-

Wells | Settings |

1, BGS GISGroundwater . m— ‘ — . E=HEET

About | Aquifer Extent| Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottomn | Rivers
Define Recharge (m/day)
Recharge Layer  Please select from the below... -
Constant Value: 0,001 Layer Values @ Constant Value
o Information:
I Mow using Censtant Values,
Il
I
i
I Define Initial level (m)
Censtant Value: 40|
||
| Information:
I
! Initial head value entered.
i
|
Il
i

Recharge and Initial Level

Uniform or spatially distributed groundwater recharge (e.g.
infiltration of rainfall) rates are specified here. Recharge rates
must be input in m/day, either as a single value across the
whole aquifer, or as a raster layer of spatially varying values,
Positive values represent infiltration downwards to the water
table. The Information’ box will inform you if the recharge
data have been entered successfully.

A single value for the initial groundwater level is specified
across the whole aquifer. This must be in metres,

Figure 31. Recharge and Initial Level, Tutorial 2

-

Wells | Settings |

="10=
1, BGS GISGroundwater . —— _ — .

v

-] (]

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers
Provide Transmissivity (T)

(@ Calculate T using hydraulic conductivity (K}, aquifer top, and aquifer bottom

Define T (m?/ day)

T Raster Layer: Please select from the below...
| Constant T Value: 500] (@) Layer Values
I Information:
I Now using Constant values,
Il
| |
i

Define K (m/day)
I K Raster Layer: |P|Ease select from the below...
I
| Constant K Value: | @ LayerValues () Constant Value
| I -

nformation:

||
| |
Il
i

Hydraulic Properties

Either of two parameters can be used to describe the ease
with which water can flow horizontally through the aquifer
(i) transmissivity, T, or (i) hydraulic conductivity, K, (see the
Glossary of Terms in the user manual). First select the
method to use by clicking on one of the two options
provided.

Transmissivity (m*2/day] can be input either as a constant
wvalue, or as a raster layer of spatially varying values. The
‘Information’ box will show if this has been performed
successfully,

Alternatively, the transmissivity can be calculated by
inputting the hydraulic conductivity, K (m/day), along with
the elevation of the top and bottomn of the aquifer. Again, the
hydraulic conductivity can be input either as a constant
walue, or as a raster layer of spatially varying values. In this
case, the top and bottomn elevations of the aquifer need to be
input on the next tab. The Information’ box will show if this
has been performed successfully.

Figure 32. Hydraulic Properties, Tutorial 2
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1, BGS GISGroundwater _ —m(wl=h
About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Toproﬂom| Rivers | Wells | Seﬂings| Rivers
@ Provide River Grid ) Extract River From DEM Rivers and other surface water features, such as lakes, are

X K represented by fixing the groundwater level at user defined
Define River locations. They can be defined in twe ways:
Provide River Grid

(i) as a raster layer containing water surface elevation data

River Grid: - where the features exist,
| (ii) using a shapefile to define the locations of the surface
Extract River From DEM {m) water features, and a Digital Elevation Model (DEM) raster
layer to define the associated levels.
DEM: |P\ease select from the below... N | ‘O| If the second option is used, the river information will be
o automatically extracted and passed to the model. Please
— check the message in the Information’ box before moving to
River Shapefile: |P\ease select from the below... v| ‘O| the next section of the interface.
Information:

Input has correct extent and cell size.

Figure 33. Rivers, Tutorial 2

-

1, BGS GISGroundwater = — _ — - M=ll=

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottem | Rivers | Wells |5€tt”'195 L Settings
Model Settings This tab allows the user to specify values for the parameters
Mumber of Transmissivity Recalculation Cycles 1007 I;:?ltjttii::t:rmine when, and how fast, the mode reaches a
Sclver Convergence Criterion (m3/day) 0.00001 Solver convergence criterion (m*3/day):
PSCR Solver Factor 17 The selution algorithm will step when it has produced a

solution in which the error in the flow balance at each cell is
Information: less t.han this value, There are no limits to the value you
I specify here but the smaller this number the longer the
model will take to run. The default value here is 0,.00001.

i Use the default values specified, or overwrite with your own.

I PSOR solver factor:

|
This must be between 1 and 2. The default valueis 1.7
For further information about the method that is used to

I solve for groundwater levels, point successive over-relaxation
(PSOR), see the user manual.

|

I MNumber of transmissivity recalculation cycles:

This is used when the part of aguifer is specified as being
| unconfined. For confined aquifers it will autornatically set to
1. There are no limits to the value you specify here, but the

Figure 34. Settings, Tutorial 2
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Figure 35. Groundwater levels produced by BGS GISGroundwater — Tutorial 2
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53 TUTORIAL 3

This tutorial shows how to add more complexities into a groundwater flow model using a
problem closer to reality. You will learn how to introduce distributed recharge into a
groundwater flow model, and use hydraulic conductivity and aquifer geometry to calculate
permeability, and how to represent pumping boreholes using a GIS point shapefile.

5.3.1 Problem description

An oval shape unconfined aquifer has spatial distributed recharge and hydraulic conductivity.
Recharge decreases from (0.002 m/day) to (0.00125 m/day), while the hydraulic conductivity
increases from 12.5 m/day to 15 m/day from west to east. The top and bottom elevations of this
aquifer are Om and 35m respectively. There are three pumping boreholes (ranges from 50 -
8000 m*/day) in the area. There is no flow at the oval boundary of the aquifer; and groundwater
flows out of the system through a river network, which has decreasing water levels eastwards.

5.3.2 Data and parameters required
Data requirement:

Aquifer extent (a GIS raster layer with the spatial resolution of 200m by 100m)
Recharge (a GIS raster layer with the same spatial resolution as the aquifer extent)
Initial head (a constant value of 40m)

Hydraulic conductivity (a GIS raster layer)

Aquifer top and bottom elevations (constant values)

River network (A GIS raster layer containing water level information)

Pumping boreholes (A GIS shapefile contains the information on borehole locations and
pumping rates).

The GIS datasets or GIS project file “Sample3_ArcMAP10.0.mxd” needed for this tutorial
can be found under the folder of “Sample3_OvaleAquifer_GIS”. The tutorial materials can
be downloaded from the BGS GISGroundwater link provided in section 2 and then extracted
to a local drive.

5.3.3 Using BGS GISGroundwater

e Before opening the interface, load aquifer (‘aquifer_grd’), river
(‘river_grd.img’), recharge (‘recharge_grd.img’) and hydraulic conductivity
(‘K_GRD?) raster grids, and abstraction point shapefile (‘Abstraction.shp’),
using the plus button in the ArcMap toolbar (Figure 36).

Once the raster layers are loaded, the BGS GISGroundwater interface can be opened by
clicking on the BGS GISGroundwater icon in the toolbar.

e Under ‘Aquifer Extent’ click on the drop-down menu next to ‘Aquifer
Raster’ and select ‘aquifer_grd’. If no raster layers appear in the list, click on

the refresh button |£l| to the right of the drop-down menu (Figure 37).

e Wait until the model cell size and the modelling extent are calculated and
proceed to the next tab.

It is necessary to check the ‘Information’ box each time before moving to the next
section.
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Under ‘Recharge and Initial Level’, select layer values option for the
recharge, click on the drop-down menu and select ‘recharge_grid’. Input 40
for the initial head (Figure 38).

Under ‘Hydraulic Properties’, select ‘Calculate T using hydraulic
conductivity (K), aquifer top, and aquifer bottom’ option.; note that ‘Define
T’ subsection is no longer active. Select layer values option for hydraulic
conductivity, click on the drop-down menu and select ‘K_GRD.img’ (Figure
39).

Under *Aquifer Top/Bottom’ select constant value option for both elevations
and enter 35 for the top of and O for the bottom of the aquifer (Figure 40).

Under ‘Rivers’ select ‘Provide River Grid’ option, click on the drop-down
menu and select ‘river_grd.img’ (Figure 41).

Under “Wells’ select ‘Extract Pumping From Shapefile” option, click on the
drop-down menu and select ‘Abstraction’ shapefile. Select the field holding
pumping rate information (Figure 42).

Under “Settings’ input solver convergence criterion, PSOR solver factor, and
the number of transmissivity recalculation cycles. The default values can be
used or try different settings. Press ‘Run’ button to run the model (Figure
43).

Two raster layers are produced: ‘GWHEADS’ and ‘MODELAREA’, which are added to the
ArcMap project and plotted automatically. “MODELAREA’ raster define the modelling extend,
and ‘GWHEADS’ raster contains steady state groundwater levels simulated by the model

(Figure 44).

After the simulation, the tool interface keeps open allowing users to change
parameters and generate new results by re-running the model.
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Figure 36. Loading layers to ArcMap project — Tutorial 3

BGS GISGroundwater

Rivers

About | Aquifer Extent

Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom

Wells | Settings |

Define Aquifer Extent and Cell Size (m)
Aquifer Raster: -

TOP

353550
RIGHT

Model Cell Size: LEFT
I 100 | ‘ 457450 | 477550
|
i BOTTOM

343450

Il Define Mon-Aquifer (m) OPTIOMAL

MNon-Aquifer Raster:  Please select from the below...

Informaticn:

Aquifer Extent

The area of the aquifer and the cell size of the model grid are
defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow.

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments.

If required, select a raster that represents the area of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Infermation’ box,

Mote:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size. However,
they must not be smaller. The cell size will be automnatically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by
the user.

Figure 37. Aquifer Extent, Tutorial 3
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1 BGS GISGroundwater

Recharge and Initial Level

The Recharge grid has invalid extent. You MUST provide a grid whose extents are greater than or equal to the
selected aquifer grid.

Define Initial level (m)

Constant Value: ml

Information:

Initial head value entered.

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Seﬂings|
Define Recharge (m/day]
Recharge Layer  recharge_grd h
0 Constant Value: Layer Values () Constant Value
f
Information:

Uniform or spatially distributed groundwater recharge (e.g.
infiltration of rainfall) rates are specified here. Recharge rates
must be input in m/day, either as a single value across the
whele aquifer, or as a raster layer of spatially varying values.
Positive values represent infiltration downwards to the water
table. The Tnformation’ box will inform you if the recharge
data have been entered successfully.

A single value for the initial groundwater level is specified
across the whole aquifer. This must be in metres,

Figure 38. Recharge and Initial Level, Tutorial 3

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Seﬂings|
7 Provide Transmissivity [T)
@ Calculate T using hydraulic conductivity (K), aguifer top, and aquifer bottom
Define T (m?/ day)
T Raster Layen: ‘Please select from the below... - | |O‘

ConstantTVaIue:| @ Layer Values Constant Value

N Information:
|
i
Define K (m/day)
i K Raster Layer: .
| |
N Constant K Value: Layer Values (%) Constant Value
| .
Information:

Input has correct extent and cell size.

-
i, BGS GISGroundwater = — _ — . L=l=

Hydraulic Properties

Either of two parameters can be used to describe the ease
with which water can flow horizentally threugh the aquifer:
(i) transmissivity, T, or (i) hydraulic conductivity, K, (see the
Glossary of Terms in the user manual). First select the
method to use by clicking on one of the two options
provided.

Transmissivity (m*2/day) can be input either as a constant
walue, or as a raster layer of spatially varying values. The
‘Informatien’ box will show if this has been performed
successfully.

Alternatively, the transmissivity can be calculated by
inputting the hydraulic conductivity, K (m/day), along with
the elevation of the top and bottomn of the aquifer. Again, the
hydraulic conductivity can be input either as a constant
wvalue, or as a raster layer of spatially varying values. In this
case, the top and bottom elevations of the aquifer need to be
input on the next tab. The ‘Information’ box will show if this
has been performed successfully,

Figure 39. Hydraulic Properties, Tutorial 3
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Apout | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties ‘ Aquifer Top/Bottom | Rivers | Wells | Seﬂings| Aqu'lfer To p/BOttom
Define Aquifer Top Elevation (m) This section of the tool will only be active if the option to
Raster Layen Please select from the below... - calculate transmissivity was selected on the previous tab.
. The aquifer thickness, used to calculate the transmissivity, is
Censtant Value: 35 @ LayerValues determined by the program based on the aquifer top and
bottem elevations (m).
Informaticn: . }

These can be input either as constant values or as raster
| MNow using Constant values, layers of spatially varying values. Please check if these entries
i are successful in the Information’ box.

I
I
i
| Define Aquifer Bottom Elevation (m)
Raster Layer: Please select frem the below.. -
Il
i Constant Value: ) Layer Values @ Constant Value
N Informaticn:
i Now using Constant values,
i
|
Il
||

Figure 40. Aquifer Top/Bottom, Tutorial 3
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About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Agquifer Toproﬂom| Rivers | Wells |Seﬂings| RiVef'S
@ Provide River Grid © Extract River From DEM Rivers and other.s.urface water features, such as lakes, are
X K represented by fixing the groundwater level at user defined
Define River locations. They can be defined in two ways:
Provide River Grid
(i) as a raster layer containing water surface elevation data
River Grid: where the features exist,
(i) using a shapefile to define the locations of the surface
I Extract River From DEM (m) water features, and a Digital Elevation Model (DEM) raster
I layer to define the associated levels,
i DEM: |P\ease select from the below.. N | ‘G| If the second option is used, the river information will be
i o automatically extracted and passed to the model. Please
N = check the message in the Information’ box before moving to
River Shapefile: |P\ease select from the below... v| ‘O| the next section of the interface.
i
Il
i .
| Information:
| Input has correct extent and cell size,
||
| |
Il
i

Figure 41. Rivers, Tutorial 3
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About

Aquifer Extent

Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers ‘ Wells ‘ Seﬂings| We"s

Extract Pumping From Shapefile The inclusion of rates of pumping (m”3/day) from wells is
optional. They can be input as a raster layer or can be
extracted from a shapefile, Select the method to use by
clicking on one of the two options at the top of the form.,
Either specify the appropriate raster layer, or select a shapefile
centaining the point locations of the wells, If using a point
shapefile, subsequently select the field which helds the
pumping rate for each well.

() Provide Pumping Raster

Provide Pumping Raster

Raster Layer: Please select from the below... v| |G‘

The 'Information’ box will show if this was performed

Extract Pumping From Shapefile successfully.

I Shapefile Layer: Abstraction -

Select the field which holds the pumping rate: [m!fday)

Information (Note: This application will SUM the values if there are multiple values in a grid cell):

||
I Successfully prepared these data (pumping data) for the model
Il

Figure 42. Wells, Tutorial 3
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About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Settings Setﬁngs
Model 3ettings This tab allows the user to specify values for the parameters
that determi h d how fast, th del h
Nurber of Transmissivity Recalculation Cycles 100 SOTUtio:rmmew e, and howfast, the model reaches 2
Solver Convergence Criterion (m3/day) 0.00001 Sohver convergence criterion (m*3/day):
PSOR Solver Factor 17 The solution algorithm will stop when it has produced a

solution in which the error in the flow balance at each cell is
Information: less t.han this value. There are no limits to the value you
i specify here but the smaller this number the longer the
model will take to run. The default value here is 0.00001.

I Use the default values specified, or overwrite with your own,

i PSOR solver factor:

i
This must be between 1 and 2. The default value is 1.7,

i
For further information about the method that is used to

I solve for groundwater levels, point successive over-relaxation
(PSOR), see the user manual.

|

| Mumber of transmissivity recalculation cycles:

This is used when the part of aquifer is specified as being
i unconfined. For confined aquifers it will automatically set to
1. There are no limits to the value you specify here, but the

Figure 43. Settings, Tutorial 3
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Figure 44. Groundwater levels produced by BGS GISGroundwater — Tutorial 3
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54 TUTORIAL 4

This tutorial is an application of the tool to simulate groundwater flow in the Chalk, Thames
Basin, UK. You will learn how to model groundwater flow in an aquifer that is partial overlain
by low permeability formations (Non-aquifer represented using a GIS raster layer). This system
consists of unconfined and confined aquifers; low permeable formations stop recharge reaching
the aquifer beneath and make rivers disconnected from the aquifer. This tutorial also covers the
usage of a river shapefile in constructing a groundwater flow model.

5.4.1 Problem description

The Chalk aquifer (a fractured microporous limestone) is isolated from other major aquifers by
low permeability horizons within the Gault and Upper Greensand Formations in the Thames
Basin, UK. It is, therefore, proper to model the groundwater flow in the Chalk separately. The
Chalk is partially overlain by low permeability Palaeogene deposits; and the system consists of
unconfined and confined aquifers. The groundwater system within the Chalk outcrops is
unconfined whist the part underneath the Palaeogene deposits could be unconfined or confined
depending on the groundwater heads and the top elevation of the Chalk. The Palaeogene
deposits disconnect rivers from the Chalk (Figure 45). The spatial distributed recharge ranges
from 3.14 x 10° — 0.0024 m/day; and the low permeability Palacogene deposits stops recharge
reaching water table. Three abstraction boreholes in the area are included in the model. Their
pumping rates range from 3,550 m*/day to 60,000 m*/day.

Recharge Recharge
é é é é Abstraction é é é
boreholes
River i \

Palaeogene deposits

Distributed

Transmissivit

Impermeable rocks

Figure 45. The sketch map of the conceptual hydrogeological model for tutorial 4

5.4.2 Data and parameters required
Data requirement:

e The Chalk aquifer layer (a GIS raster layer with the spatial resolution of 1km by 1km,
representing the extent of the Chalk)

e Non-aquifer layer (A GIS raster layer representing the extent of the Palaeogene

deposits)

Recharge (a GIS raster layer with the same spatial resolution as the aquifer extent)

Initial head (a constant value of 100m)

Hydraulic conductivity (a GIS raster layer)

Aquifer top and bottom elevations (constant values)

River network (A GIS shape file without water level information)

DEM (A GIS raster layer containing water level data)
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e Pumping boreholes (A GIS shapefile contains the information on borehole locations and
pumping rates).

The GIS datasets or GIS project file “Sample4_ArcMAP10.0.mxd” needed for this tutorial
can be found under the folder of “Sample4_Chalk_TB_GIS”. The tutorial materials can be
downloaded from the BGS GISGroundwater link provided in section 2 and then extracted to
a local drive.

5.4.3 Using BGS GISGroundwater

e Before opening the interface, load all the required layers using the plus
button in the ArcMap toolbar, i.e.: aquifer grid (‘chalk_grd’), aquifer top
grid (‘chalk_top_grd.img’), aquifer bottom grid (‘chalk_bottom_grd.img’),
hydraulic conductivity raster layer (‘k _grd’), recharge raster layer
(‘Recharge_grd.m.img’), DEM raster layer (‘DEM_1k Large TB.img’),
non-aquifer  grid  (‘non-aquifer.img’),  river  network  shapefile
(‘TB_all_rivers.shp’), and point shapefile representing locations of the
pumping wells (‘Abstraction_Borehole.shp’) (Figure 46).

- ArcMap
D E‘ h%i = I Lf l;]@[l 530 &7 = 3D Analyst~ | Laye
File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help =
Layer ] Henpiaame

@K AreaMenu = SelectMenu~ OtherMenu= -i- + @E @

Table Of Contents 1 x| - ~
Add Data [

R =

=] Layers| Lookin: [ Sampled_Chalk TB_GIS final  ~| 45 &y L@ | EE | 24| EU O @

".*| Abstraction_Boreholeshp
i chalk_bottom_grd.img

i chalk_grd

i chalk_top_grd.img
ADEM_1 k_Large_TB.img
Ak_grd

inon-aquifer.img

i Recharge_grd.m.img

= TB_all_rivers.shp

Name: TB_all_rivers.shp

Show of type: | Datasets and Layers ‘] l Cancel ]

Figure 46. Loading layers to ArcMap project — Tutorial 4

Once the raster layers are loaded, the BGS GISGroundwater interface can be opened by
clicking on the BGS GISGroundwater icon in the toolbar.

e Under ‘Aquifer Extent’, click on the drop-down menu next to ‘Aquifer
Raster’ and select ‘chalk_grd’. If no raster layers appear in the list, click on

the refresh button to the right of the drop-down menu (Figure 47).

41



OR/12/063

e Wait until the model cell size and the modelling extent are calculated and
proceed to the next tab

It is necessary to check the ‘Information’ box each time before moving to the next
section.

Once the modelling extent and the cell size are calculated click on the drop-
down menu next to ‘Define Non-Aquifer’ and select ‘non-aquifer.img’
(Figure 48).

e Under ‘Recharge and Initial Level’, select layer values option for the
recharge, click on the drop-down menu and select ‘Recharge_grd.m.img’;
input 100 for the initial head (Figure 49).

e Under ‘Hydraulic Properties’, select ‘Calculate T wusing hydraulic
conductivity (K), aquifer top, and aquifer bottom’ option.; note that ‘Define
T’ subsection is no longer active. Select layer values option for hydraulic
conductivity, click on the drop-down menu and select ‘k_grd” (Figure 50).

e Under *‘Aquifer Top/Bottom’, select layer values option for both elevations.
Click on the first drop-down menu and select ‘chalk_top_grd.img’. Click on
the second drop-down menu and select “‘chalk_bottom_grd.img’ (Figure 51).

River raster grid can be generated using the river network shapefile and the DEM raster layer
supplied. If ArcMap package comes with the Spatial Analyst licence, the river grid will be
created automatically by BGS GISGroundwater tool.

e In ‘Rivers’ select ‘Extract River From DEM’ option. Select
‘DEM_1k_Large TB.img’ layer from the drop-down menu next to ‘DEM’
and wait until it is processed, then select “TB_all_rivers’ shapefile from the
drop-down menu next to ‘River Shapefile’ (Figure 52).

Note that if the cell size of the Digital Elevation Model raster layer does not match the cell
size of the aquifer grid, it needs to be resampled to match the cell size of the aquifer layer
before it is loaded to BGS GISGroundwater.

If a Spatial Analyst license for ArcGIS™ does not exist, the steps in the Appendix 1 can be
followed to manually create a river grid using a free GIS SAGA. Then in ‘Rivers’, select
‘Provide River Grid’ option, click on the drop-down menu and select the river grid that you
have created.

e Under “Wells’ select ‘Extract Pumping From Shapefile’ option, click on the
drop-down menu and select ‘Abstraction’ shapefile. Select the field holding
pumping rate information (Figure 53).

e Under “Settings’ input solver convergence criterion, PSOR solver factor, and
the number of transmissivity recalculation cycles. The default values can be
used or try different settings. Press ‘Run’ button to run the model (Figure
54).

Two raster layers are produced: ‘GWHEADS’ and ‘“MODELAREA’, which are added to the
ArcMap project and plotted automatically (Figure 55). ‘MODELAREA’ raster define the
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modelling extend, and *‘GWHEADS’ raster contains steady state groundwater levels simulated

by the model.

After the simulation, the tool interface keeps open allowing users to change
parameters and generate new results by re-running the model.

BGS GISGroundwater

(o] ]

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom

Rivers

Wells | Settings

Define Aquifer Extent and Cell Size (m)

Aquifer Raster: (SB[
TOP

260500

1000 383500
BOTTOM
123500

Define Mon-Aquifer (m) OPTIOMAL

Non-Aquifer Raster:  Please select from the below...

Information:

Model Cell Size: LEFT RIGHT

v.

612500

Aquifer Extent

The area of the aquifer and the cell size of the model grid are
defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow,

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments,

If required, select a raster that represents the area of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Information’ box.

MNote:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size. However,
they must not be smaller, The cell size will be autematically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by
the user.

L

Figure 47. Aquifer Extent, Tutorial 4 (1)

BGS GISGroundwater

e —

Recharge and Initial Level

About | Aquifer Extent

Hydraulic Properties | Aquifer Top/Bottom

Rivers

Wells | Settings

Define Aquifer Extent and Cell Size (m)

Agquifer Raster:  chalk_grd

TOP
260500

1000 380500
BOTTOM
123500

Define Non-Aquifer (m) OPTIOMNAL

Model Cell Size: LEFT RIGHT

i

612500

MNon-Aquifer Raster: m

Informaticn:

Input has correct extent and cell size.

Aquifer Extent

The area of the aquifer and the cell size of the model grid are
defined by a raster layer defining the aquifer extent. An
optional non-aquifer layer can be used to define sub-regions
of the aquifer that are impermeable to groundwater flow.

The aquifer extent is calculated automatically when the
appropriate layer is chosen from the drop-down menu. The
calculation might take a few moments.

If required, select a raster that represents the area of non-
aquifer using the second drop-down menu, after the model
extent has been calculated. A message confirming the
successful preparation of the layer will appear in the
‘Infermation’ box, !

Note:

Please ensure that all subsequently input raster layers
completely cover the aquifer extent layer. The other input
raster layers can be larger than the aquifer extent raster as
they are automatically clipped to the right size. However,
they must not be smaller. The cell size will be automnatically
adjusted to match the cell size of the aquifer extent layer,
except for the DEM raster, which needs to be processed by
the user.

Figure 48. Aquifer Extent, Tutorial 4 (2)
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Wells | Settings |

Recharge and Initial Level

Uniform or spatially distributed groundwater recharge (e.g.
infiltration of rainfall) rates are specified here. Recharge rates
must be input in m/day, either as a single value across the
whole aquifer, or as a raster layer of spatially varying values,
Positive values represent infiltration downwards to the water
table. The Information’ box will inform you if the recharge
data have been entered successfully.

A single value for the initial groundwater level is specified
across the whole aquifer. This must be in metres,

About | Aquifer Extent| Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottomn | Rivers
Define Recharge (m/day)
Recharge Layer: -
Constant Value: Layer Values () Constant Value
I
Il
I Information:
|| Input has correct extent and cell size.
|
'
| Define Initial level (m)
Constant Value: g
Il
i Information:
I
I
i
|

Figure 49. Recharge and Initial Level, Tutorial 4

o I T T T |

About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers

Wells | Settings |

Hydraulic Properties

Provide Transmissivity (T)

Calculate T using hydraulic cenductivity (K], aquifer top, and aquifer bottom
Define T (m?/ day)

-] ([©]

|| T Raster Layer: ‘Please select from the below...
Il
! Constant T Value: | (@ Layer Values Constant Value
I Information:
I
||
Define K (m/day)
i K Raster Layer: ([0 -
i
| Constant K Value: Layer Values onstant Value
Information:
Il
| The tool has successfully prepared the hydraulic conductivity data for the model

Either of two parameters can be used to describe the ease
with which water can flow horizentally threugh the aquifer:
(i) transmissivity, T, or (i) hydraulic conductivity, K, (see the
Glossary of Terms in the user manual). First select the
methed to use by clicking on one of the two options
provided.

Transmissivity (m*2/day) can be input either as a constant
walue, or as a raster layer of spatially varying values. The
‘Informatien’ box will show if this has been performed
successfully,

Alternatively, the transmissivity can be calculated by
inputting the hydraulic conductivity, K (m/day), along with
the elevation of the top and bottom of the aguifer. Again, the
hydraulic cenductivity can be input either as a censtant
wvalue, or as a raster layer of spatially varying values. In this
case, the top and bottom elevations of the aquifer need to be
input on the next tab. The ‘Information’ box will show if this
has been performed successfully,

Figure 50. Hydraulic Properties, Tutorial 4
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e IS T T T,
About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties ‘ Agquifer Top/Bottorn | Rivers | Wells | Se‘l‘lings| Aquifer To p/Bottom
Define Aquifer Top Elevation (m) This section of the tool will only be active if the option to
Raster Layen chalk_top_grd.img - calculate transmissivity was selected on the previous tab.
The aquifer thickness, used to calculate the transmissivity, is

Constant Value: @ Layer Values @) Constant Value determined by the program based on the aquifer top and
I bottem elevations (m).
Il Informaticn: . }

These can be input either as constant values or as raster

i Input has correct extent and cell size. layers of spatially varying values. Please check if these entries
i are successful in the Information’ box.
'
||
| Define Aquifer Bottom Elevation (m)

Raster Layer: chalk_bottom_grd.img -
Il
I Constant Value: Layer Values () Censtant Value
I Informaticn:

Input has correct extent and cell size.

'
||
i

Figure 51. Aquifer Top/Bottom, Tutorial 4
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About | Aquifer Extent Wells | Sﬂﬂi“'95| Rivers

Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers

- . - - Rivers and other surface water features, such as lakes, are
Provide River Grid Extract River From DEM . g
© Provide River Gri fact River from represented by fixing the groundwater level at user defined

Define River locations. They can be defined in twe ways:
Provide River Grid
(i) as a raster layer containing water surface elevation data

| River Grid: Please select from the below... - | [8) where the features exist.
i
(ii} using a shapefile to define the locations of the surface

I Extract River From DEM (m) water features, and a Digital Elevation Model (DEM) raster
i layer to define the associated levels.

DEM: DEM_1k_Large TB.img - If the second option is used, the river information will be
I automatically extracted and passed to the model, Please
| . 5 - check the message in the Information’ box before moving to
I River Shapefile: TB_all_rivers - the next section of the interface.
Il
N .
I Information:

The tool has successfully prepared the river data for the model
I
||
i

Figure 52. Rivers, Tutorial 4 (2)
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_
|, BGS GISGroundwater ‘

About | Aquifer Extent

Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers ‘WEHS ‘Seﬂings|

() Provide Pumping Raster

Extract Pumping From Shapefile

Provide Pumping Raster

Raster Layer: Please select from the below... v| |O‘

Extract Pumping From Shapefile

I Shapefile Layer: Abstraction_Borehole -

| Select the field which holds the pumping rate: [m!fday)

Information (Note: This application will SUM the values if there are multiple values in a grid cell):

Successfully prepared these data (pumping data) for the model

Wells

The inclusion of rates of pumping (m”3/day) from wells is
optional. They can be input as a raster layer or can be
extracted from a shapefile, Select the method to use by
clicking on one of the two options at the top of the form.,
Either specify the appropriate raster layer, or select a shapefile
centaining the point locations of the wells, If using a point
shapefile, subsequently select the field which helds the
pumping rate for each well.

The 'Information’ box will show if this was performed
successfully.

Figure 53. Wells, Tutorial 4
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About | Aquifer Extent | Recharge and Initial Level | Hydraulic Properties | Aquifer Top/Bottom | Rivers | Wells | Settings
Model Settings

Nurber of Transmissivity Recalculation Cycles 100

Solver Convergence Criterion (m3/day) 0.00001
|| PSOR Solver Factor 17
Il
! Information:

Use the default values specified, or overwrite with your own,

Il
I
i
||
i
I

Settings

This tab allows the user to specify values for the parameters
that determine when, and how fast, the model reaches a
solution,

Solver convergence criterion (m*3/day):

The solution algorithm will stop when it has produced a
solution in which the error in the flow balance at each cell is
less than this value. There are no limits to the value you
specify here but the smaller this number the longer the
model will take to run. The default value here is 0.00001.

PSOR solver factor:

This must be between 1 and 2. The default value is 1.7,

For further information about the method that is used to
solve for groundwater levels, point successive over-relaxation
(PSOR), see the user manual.

Mumber of transmissivity recalculation cycles:

This is used when the part of aquifer is specified as being

unconfined. For confined aquifers it will autornatically set to
1. There are no limits to the value you specify here, but the

Figure 54. Settings, Tutorial 4
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Figure 55. Groundwater levels produced by BGS GISGroundwater — Tutorial 4
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Appendix 1: Extracting water levels using a free GIS

This section describes how to extract water level information from DEM data using free GISs
when users do not have a Spatial Analyst licence for ArcGIS™. Otherwise, this can be
automatically finished by BGS GISGroundwater (Tutorial 4).

In tutorial 4, a river grid is not provided but it can be generated using the river network
shapefile (‘TB_all_rivers.shp’) and the DEM data (‘DEM_1k Large_TB.img’) supplied.
SAGA GIS software (System for Automated Geoscientific Analyses), which can be
downloaded free of charge from http://www.saga-gis.org/ website, is used in this section.

e Open the river shapefile attribute table (Figure 56) and add a new field of
type short integer (Figure 57 and 58).

B Copy

X Remove

|E Open Attribute Table

Joins and Relates 3

5 Zoom To Layer

Visible Scale Range 3
Use Symbol Levels

Selection 2
Label Features

Edit Features 3

s Convert Features to Graphics...
Convert Symbology to Representation...
Data 2
€. Save As Layer File...
W Create Layer Package...

[ Properties...

Figure 56. Opening river shapefile attribute table — App. 1
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Table B |
EREEL L RS
B Find & Replace.. I

B Select By Attributes...

B Switch Selection
[ Select Al

| Add Field...
Turn All Fields On

Show Field Aliases

Arrange Tables »

Restore Default Colurnn Widths
Restore Default Field Order

Joins and Relates »
Related Tables »

E

Create Graph...
Add Table to Layout
Reload Cache

Print...

Gk

Reports »
Export...

I Appearance...

Figure 57. Adding new field in the attribute table — App. 1 (1)

Table

B % %5 @ x
Rivers

|
=]

Shape * | LENGTH| 1D
Paolyline 965.096 | 162
Palyline 2119635 (170
Polyline 1174.292 | 177
Polyline 261164 | 177
Polyline 615.908 | 178
Polyline 657115 | 300
Palyline 1750724 | 3N
Palyline 1215.005 | 305
Palyline 2156478 | 306
5 | Polyiine 850,681 | 590
10 | Palyiine 715236 | 550
11 | Palyiine 2130.666 | 550
12 | Palyline 915.241 | 591
616
617
74
74
7H
TH
TH
73
737
737
737
738
0

Add Field

Elevation|

Type: [Short Integer

0o =N &b — |2

Field Propeties

[ Precision

13 | Palyline 221 641
14 | Polyline 546.353
15 | Polyline 29184
16 | Polyline 1138 534
17 | Polyline 15.811
18 | Polyiine 113964
15 | Polyiine 250,958
20 | Polyline 635.451
21 | Polyline 887936
22 | Polyline 67.723
23 | Polyline 826.954
24 | Polyline 1565038

T =, o710 070

Figure 58. Adding new field in the attribute table — App. 1 (2)

o Highlight the newly created field and open “Field Calculator’ (Figure 59).
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. W
ERAR AL ] VRENE

Rivers
FID | Shape * | LENGTH| ID [ Hevation

0 | Polyline 965.096 = Sort Ascending
1| Polyline 2119635 = Sort Descending
2 | Polyline 1174 252 )
3 | Polyline 261164 Advanced Sorting...
4 Pohfl?ne 615508 Summarize...
5 | Polyline 657119 o
& | Pohdine 1750.724 Statistics...
7 | Polyline 1215.005 -
7 | Polyine J15E478 Field Calculataor...

10 Foline | 715236 ,
11 [Poline | 2130666 Tum Field Off
12 [Folyine | 919241
13 [Folyine | 221641

Freeze/Unfreeze Column

162
170
177
177
178
300
Bl
305
306
9 | Polyline 850.681 | 590 Calculate Geometry...
580
580
591
616
617
714
714
734

14 | Pohyline 946.353 X Delete Field
15 | Polyline 291.84 )
16 | Pohdine 1138 994 |':f Properties...
17 | Palyiine 15.811 i}

18 | Polyline 113.964 | 734 i}

15 | Polyiine 250.958 [ 734 i}

20 | Polyline 695451 | 737 i}

21 | Polyline 887.936 [ 737 i}

22 | Polyline 67723 [ 737 i}

71 | Prhdina o736 404 | 737 n

Figure 59. Opening Field Calculator — App. 1

e Using the calculator set values in the “‘Elevation’ field equal to 1 (Figure 60

and 61).
Table
Rivers
= — Parser
FID | Shape * | LENGTH| ID f Hevation @ VB Saript ) Python
0 | Polyine 965.056 | 162
1 | Polyline 2115635 [ 170 Fields: Type: Functions:
2 | Polyline 1174.292 (177 R
3 [Poiine__ | 261.164[ 177 FID @numper (A5 L)
2 [ Polyline §15.908 | 178 Shape
5 | Polyline 697.115 | 300 LENGTH
6 | Polyline 1760.724 | 31 jin]
7 | Polyine 1215.005 | 305 Elevation
8 | Polyline 2156.478 | 306
5 | Polyline 850,681 | 550
10 | Polyline 715.236 | 530
11 | Polyline 2130.666 | 530
12 | Polyline 919.241 | 591

13 | Polyline 221641 | 616
14 | Polyline 946.353 | 617

| Show Codeblodk E] B E]

15 | Polyline 291.84 | 714 Elevation =
16 | Polyline 1138.994 | 714 1
17 | Polyline 15.811 | 734

18 | Polyling 113.964 | 734
13 | Polyling 250.958 | 734
20 | Polyling 695.451 | 737
21 | Polyline 887.936 | 737
22 | Polyline 67.723 | 737
23 | Polyling 826.994 | 737
24 | Polyline 1565.038 | 738
25 | Polyling 928.879 | 738

26 | Polyline 58.818 | 738 e
27 | Polyline 32202 | 738
28 | Polyling 80.002 | 738 [ Clear ] [ Load... ] [ Save... ] [ Help ]

29 | Polyline 857.242 | 738
AN | Pobdine: /1043 1 73R
L]

0 M -E 0 out of 116 Lok ]

Sooooooooooooooooooooooooooooola

Figure 60. Using Field Calculator to set new values — App. 1 (1)
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G- Bk OdE x

FID | Shape - | LENGTH ID [ Hevation
T |Pobine | 965.096 | 162 i
1[Pohine | 2119.635 | 170 i
2 [Poine | 1174292 | 177 i
3 |Poline | 261162 |177 i
4 [Poline | 619908 |178 i
5 [Pohine | 697.119 | 300 i
& [Pohine | 1750724 | 201 i
7 [Poline | 1215.005 | 305 i
8 [Poline | 2156478 | 306 i
9 [Poline | 850681 |590 i
10 [Poline | 715236 | 590 i
11 [Poline | 2120.666 | 590 1
12 [Poline | 919241 |591 i
13 [Poline | 221641 | 616 i
14 [Poline | 946.353 | 617 i
15 | Poline 29184 | 714 i
16 [Poline | 1138.994 | 714 1
17 | Poyline 15,811 | 734 i
18 [Poline | 113964 | 734 i
19 [Poline | 250958 | 734 i
20 [Pohine | 695451 | 737 i
21 |Poliine | 887936 | 737 i
77 [ Polyiine 57723 | 737 i
73 [Poline | 826994 | 737 i
24 [Polyine | 1565.0%8 | 738 i
25 [Pohine | 928.879 | 738 i
% | Polyiine 58.818 | 738 i
77 [ Polyine 2202 | 738 i
28 [ Polyiine 30,002 | 738 i
29 [Pohine | 857242 | 738 i
N | Pahdine A1nd3 738 1

T 0 r m E (0 out of 11628 Selected)

Figure 61. Using Field Calculator to set new values — App. 1 (2)

e Use ‘Polyline to Raster’ tool from ArcMap toolbox to convert river shapefile
to a grid (Figure 62).

i
“_ Polyline to h_@ﬂu
&~

Input Features
ITE_aII_rivers ;I @
Value field

Elevation v
QOutput Raster Dataset

E:\GI5-Groundwater-example-GIS\sample4_Chalk_TB_GIS_final\river_grid @
Cell assignment type (optional)

MAXIMUM_LEMGTH -
Priarity field {optional)

MONE -
Cellsize (optional)

E:\GI5-Groundwater-example-GIS\sample4_Chalk_TB_GIS_final\chalk_ard @

-

[ oK. ” Cancel ] [Environrnents...] [ Show Help »> l

Figure 62. Using ‘Polyline to Raster’ tool from ArcMap toolbox — App. 1
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Select the field holding elevation data and the cellsize that matches the
cellsize of the aquifer grid (Figure 62). From ‘Input Feature’ drop-down
menu select ‘TB_all_rivers’, from “Value field’ drop-down menu select
‘Elevation’ and from ‘Cellsize’ drop-down menu select ‘chalk_grd’. Click
on folder icon next to “‘Output Raster Dataset', specify the name of the raster
layer and save it in the project folder.

Convert river grid to ASCII file using ‘Raster to ASCII’ tool from ArcMap
toolbox (Figure 63).

Convert DEM raster to ASCII file using ‘Raster to ASCII’ tool from
ArcMap toolbox (Figure 64).

E:\GIS-Groundwater-example-GIS\Sample4_Chalk_TB_GIS_finalriver_agrd.ASC

# Raster to ASCII = | B |t S
Input raster 1
|ri\rer_gril:| ﬂ
Cutput ASCII raster file -

=

[ oK I I Cancel J lEnvirnnments... I I Show Help == J

Figure 63. Using ‘Raster to ASCII’ tool from ArcMap toolbox — App. 1 (1)
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neoss I i

-

Input raster
| DEM Lk _Large TB.img -]
OCutput ASCII raster file

E:VGIS-Groundwater-example-GIS\sample4_Chalk_TB_GIS_finalidem.ASC

&) @

-

| ok || cancel | |Envionments... || showhep > |

Figure 64. Using ‘Raster to ASCII’ tool from ArcMap toolbox — App. 1 (2)

Once the river grid and DEM ASCI| files are created they can be processed in SAGA to extract

elevations from DEM.

e Open SAGA and load river and DEM data by clicking on ‘Modules’ and
selecting ‘Import/Export — Grids’ and ‘Import ESRI Arc/Info Grid” (Figure

65, 66, 67, 68 and 69).
LECHINENSS W

" File Modules Window 7

Q Grid - Spline Interpolation -
Q Grid - Tools

Q Grid - Visualisation

Q Imagery - Classification

Q Imagery - Fast Region Growing Algorithm
Q Imagery - OpenCV

Q Imagery - Segmentation

Q Imagery - Tools

Q Imagery - ViGra

- Import GPS Data

Q Import/Export - DXF

-4 Import/Export - ESRI EO0

-4 Import/Export - GDAL/OGR

-4 Impart/Export - GRIE Files

Q Import/Export - Grids

Q Import/Export - Images

Q Import/Export - LAS

-4 Impart/Expart - CDBC/OTL
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Figure 65. Loading grids to SAGA — App. 1 (1)
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Figure 66. Loading ESRI Arc/Info grid to SAGA — App. 1 (2)
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Figure 67. Loading ESRI Arc/Info grid to SAGA - App. 1 (3)
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Figure 68. Loading river grid to SAGA - App. 1 (4)
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Figure 69. Loading DEM to SAGA - App. 1 (5)

The loaded grids are now in the ‘Data’ section of the SAGA interface. Note that they are in two
different grid systems (Figure 70).
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Figure 70. Comparing grid systems of the grids in SAGA — App. 1 (1)

Before producing the river grid with elevations extracted from DEM, the grid systems of both
layers need to be changed to match the grid system of the aquifer (the cell size and the extents
need to be the same).

e Load the aquifer grid asc file into SAGA (first convert the aquifer grid raster
layer to asc file using ArcMap “Raster to ASCII’ tool) (Figure 71).

O e .
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L fH 01 chalk_ag
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il 01. dem

Figure 71. Comparing grid systems of the ASCI|I files in SAGA — App. 1 (2)

e To change the grid systems of river and dem layers go to ‘Modules->Grid-
Tools->Resampling’ (Figure 72 and 73).
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Figure 72. Accessing ‘Resampling’ tool from SAGA toolbox — App. 1 (1)
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Figure 73. Accessing ‘Resampling’ tool from SAGA toolbox — App. 1 (2)

o Select the grid system of the river layer (1000, 219x 133y...) (Figure 74).
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Figure 74. Selecting river grid system in the ‘Resampling’ tool — App. 1

¢ In the second window of the resampling tool select the aquifer grid system
(1000, 223x 137y...) (Figure 75).
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Figure 75. Selecting aquifer grid system in the ‘Resampling’ tool — App. 1

¢ In the third window select Nearest Neighbor interpolation method (Figure
76).
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Figure 76. Selecting interpolation method in the ‘Resampling’ tool — App. 1

ka;

Cancel

[=}
=

Defaults

Note that the river grid system changed and is now the same as the aquifer grid system (Figure
77).

58



OR/12/063

g« A ——

File Modules Window 7

& | ([EOoOe) 2

Workspace »

i Data

Bﬁ Grids
=18 1000; 219x 133y; 392549.808431x 126904, 138156y
! 01. river_grd
=-JB8 1000; 223x 137y; 390000 124000y

©LE 01 chalk_ag

.. 02, river_grd

=18 1000; 232x 140y; 388500, 546876% 122500.33y
! 01. dem

Figure 77. Comparing grid systems of the ASCI|1 files in SAGA — App. 1 (3)

e Repeat the steps described above to change the grid systems of the DEM
layer (Figure 78).

@seon
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Figure 78. Comparing grid systems of the ASCI|I files in SAGA — App. 1 (4)

e Once the grid systems of the three layers (aquifer, chalk and dem) are the
same, the river elevations can be extracted from DEM by going to ‘Modules-
>Grid-Calculus->Grid- Calculator’ (Figure 79).
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Figure 79. Accessing ‘Grid Calculator’ from SAGA toolbox — App. 1

| »

m

e In “Grid Calculator’ select the adopted grid system from ‘Grid system’ drop-
down menu (Figure 80).
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Figure 80. Selecting grid system in the ‘Grid Calculator’ — App. 1

e Select both grids (rivers and DEM) from “Grids’ drop-down menu (Figure
81).
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Figure 81. Selecting river and dem grids in the ‘Grid Calculator’ — App. 1

Okay

e Inthe ‘Formula’ cell enter *a*b’ (Figure 82).
g
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Figure 82. Entering formula in the *‘Grid Calculator’ — App. 1

Note that a new raster layer called ‘Calculation [a*b]’ was created in the ‘Data’ section of the
SAGA interface (Figure 83).
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Figure 83. Viewing the newly created river network layer — App. 1

e To export the newly created layer to ArcMap go to ‘Modules-
>Import/Export — Grids->Export ESRI Arc/Info Grid’ (Figure 84).
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Figure 84. Exporting layers from SAGA - App. 1

e Select grid system from the drop-down menu (Figure 85).
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Figure 85. Exporting layers from SAGA (selecting a grid system) — App. 1

e Under ‘Grid’ select “‘Calculation [a*b]’ (Figure 86).
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Figure 86. Exporting layers from SAGA (selecting a layer) — App. 1

o Select ASCII file format (Figure 87).
gue [T S [

File Modules Map Window 7

‘# | [EEOe) ¢ :@@ggm\{mm

Workspace x| ———
Export ESRI Ar/Info Grid —t i
-4 Import/Export - GRIB Files
-4 Import/Export - Grids E Data Objects
-y Export ESRI Arc/Info Grid B e
x :xz Sz:jf:r“ é:i B Grid system 1000; 207 107y; 404970x 130799y
- Export True Color Bitmap > Grid 02. Calculation [a™b] I
'l)} Export WRF Geogrid Binary Format B Options |
-*gs Tmpart Binary Raw Data File
A ot E52 v G < :
-Mge Import Erdas LAN/GIS Geo-Reference binary
- Mgz Import Grid from Table ASCIL Predision Defadlis
-~ Import Grid from XYZ ASCIL Decimal Separator point {.)

- % Import MOLA Grid (MEGDR)
-%gs. Import SRTM30 DEM
- Mg Import Surfer Grid
- Mg Import USGS SRTM Grid
*)} Import WRF Geogrid Binary Format
‘ Import/Export - Images
‘ Import/Export - LAS
@ Tmport/Export - QDBC/OTL
‘ Import/Export - Shapes Ll
- . —.

4 m 3
A4 Modles | S Deta | I Vs |

63



OR/12/063

Figure 87. Exporting layers from SAGA (selecting a file format) — App. 1

e Save the file in the project folder (Figure 88 and 89).
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Figure 88. Exporting layers from SAGA (saving a file) — App. 1 (1)
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Figure 89. Exporting layers from SAGA (saving a file) — App. 1 (2)

e In ArcMap use ‘ASCII to Raster’ tool to convert the newly created asc file to
river raster. Remember to change the ‘Output data type’ to float (Figure 90).
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6 Glossary

Aquifer An underground geological formation, such as rock and sand and gravel, is
sufficiently porous and permeable to yield a significant quantity of water to a borehole, well or
spring. The aquifer may be unconfined beneath a standing water table, or confined by an
impermeable or weakly permeable horizon.

Confined Aquifer An aquifer whose upper and lower boundaries are low permeability layers
which confine the groundwater under greater than atmospheric pressure. These aquifers are
sometimes called artesian aquifers, the term first being used where the pressure surface was
above ground level resulting in overflow under artesian pressure.

Head The height above a datum plane (such as sea level) of the column of water that can be
supported by the hydraulic pressure at a given point in a ground water system. For a well, the
hydraulic head is equal to the distance between the water level in the well and the datum plane.

Hydraulic conductivity For an isotropic porous medium and homogenous fluid, the volume of
water that moves in unit time under a unit hydraulic gradient through a unit area measured at
right angles to the direction of flow. Commonly, though imprecisely taken to be synonymous
with permeability.

Hydraulic gradient Slope of the water table or potentiometric surface. The change in static
head per unit of distance in a given direction. If not specified, the direction generally is
understood to be that of the maximum rate of decrease in head.

Recharge The quantity of water per unit of time that is added to a groundwater reservoir from
spatially distributed sources such as the direct infiltration of rainfall or leakage from an
adjacent formation or from a watercourse crossing the aquifer.

Transmissivity A measure of the capability of the entire thickness of an aquifer to transmit
water. It is the integral of the hydraulic conductivity of an aquifer over its saturated thickness.

Unconfined Aquifer A partially saturated aquifer which contains a water table which is free to
fluctuate vertically under atmospheric pressure in response to discharge or recharge.

Water Table The top surface of an unconfined aquifer at which the pressure is equal to that of
the atmosphere. The static water level in a well in an unconfined aquifer.

Well A bored, drilled or driven shaft, or a dug hole whose depth is greater than the largest
surface dimension and whose purpose is to reach underground water supplies to inject, extract
or monitor water.
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