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THE DEVELOPMENT OF RISK ANALYSIS AND
GROUNDWATER MANAGEMENT TECHNIQUES FOR
SOUTH AFRICAN AQUIFERS

EXECUTIVE SUMMARY
BACKGROUND AND MOTIVATION

As a result of limited water resources in South Africa, it is necessary to utilise
the available resources optimally. Groundwater forms an important component
of the country’s total resources with more than a 100 municipalities dependant
on groundwater (e.g. De Aar, Dewetsdorp and Kuruman). It is therefore vitally
important that the concerned municipalities manage their groundwater resources
in a sustainable manner. Development of groundwater management modeils
applicable to South African aquifer conditions, will therefore assist water
resource planners and managers to utilise their resource in a sustainable
manner

To address the need for the development of appropriate groundwater
management models for South Africa, the CSIR and the Institute for
Groundwater Studies at the University of the Orange Free State submitted a
joint proposal to the Water Research Commission to develop groundwater
management modeils for South African aquifer conditions. These models need
incorporated risk assessment techniques in order to provide a measure of the
uncertainties inherent In the results obtained with the simulation and
management modeis and the geohydrological parameters used in these models.

STATEMENT OF OBJECTIVES

The two primary objectives of the study, as stated in the original contract with
the Water Research Commission were .

. The development and implementation of user friendly groundwater
management models; and

. The identification and measurement of the risks associated with the
exploitation of groundwater resources in order to evaluate optimal
management policies

In order to achieve the first primary objective, the following secondary objectives
were addressed

. The development and implementation of an inverse-parameter program
which would enhance the current calibration methods of groundwater flow
and transport models;



The development and application of groundwater management models
addressing

(b) groundwater aliocation
(c) groundwater operations. and
(d) capacity expansion.

The development and application of a conjunctive ground- and surface
water planning model, and

The development and application of a groundwater quality management
moadel

To achieve the second primary objective the behaviour of the water levels of an
aquifer were studied under stochastic variation representing the uncertainty of
the physical properties of the aquifer and recharge (rainfall) values Forthis, the
following secondary objectives were listed

evaluation of existing risk analysis techniques for the management of
surface and surface and groundwater resources;

identification of the geohydrological variables applicable in risk analysis
assessments,

determination of the data requirements necessary 10 estimate the
geohydrological variables;

the selection and development of risk analysis methodology for
application in groundwater management,

evaluation of the importance and role of geohydrological variables in risk
analysis studies by using simulated data,

application of geostatistical techniques to calculate gechydrological
parameters for use in risk analysis studies,

sensitivity analysis of these geostatistically derived estimates, and

application of selected and developed methodologies and techniques in
a case study.

The techniques developed was tested on a South African aquifer (Grootfontein
aquifer in the Western Transvaal) in order to assess the performance of the
models and the different risk analysis techniques.
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The development of groundwater management models

The Institute for Groundwater Studies developed a groundwater
management module referred to as the AQUAMOD package This
package consist of the following components

AQUA-NET (GRID GENERATOR)

AQUA-NET is a triangular mesh generating program to use in the
numerical simulation of groundwater flow or poliution The program
generates a finite tnangular mesh between a finite set of user-defined
data points.

AQUA (FLOW PROGRAM)

AQUA solves the Galerkin finite element method in two dimensions for
groundwater flow Special features of AQUA include the ability to

specify

. vanable pumping rates;

. time-dependant recharge values as a percentage of monthly
rainfall. and

. a confined or water-table aquifer

AQUA-INV (INVERSE PROGRAM FOR FLOW)

AQUA-INV is an automated parameter identification program which uses

the flow program AQUA and the Marquardt optimisation aigorithm to

obtain parameter combinations such as transmissivity, storage, recharge

and inflow flux at boundary.

AQUAMAS (MASS TRANSPORT PROGRAM)

This program solves the convection diffusion equation in two dimensions
for mass transport problems

MASS-INV (INVERSE MASS TRANSPORT PROGRAM)

This program is the equivalent of the AQUA-INV program, and can be
used for the automated calibration of the mass transport problem

AQUA-MAN (MATHEMATICAL OPTIMISATION)

AQUA-MAN links the distributed parameter groundwater flow simulation
model, AQUA, with mathematical optimisation methods using a technique
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known as the response matrix approach
SVF (RECHARGE ESTIMATION)

This program estimates the groundwater recharge of an aquifer with the
aid of the Saturated Volume Fluctuation (SVF) method

AQFSTOC (ESTIMATION OF PERCENTILES)

AQUASTOC was written to simulate the storage in an aquifer based on
the recharge results as obtained with the SVF-method as well as the
storage value and the abstraction from the system Percentiles obtained
from the AQFSTOC program show probability estimates of confidence for
storage of the aquifer on a monthly basis.

The AQUAMOD groundwater management model was used in the
following applications

. Hydraulic management (maximise pumpage, minimise drawdown),

. Economic management (minimise pumping Costs),
. Allocation of water among categories of water users

Risk analysis in groundwater management

When assessing a proposed aquifer management plan, information on
the geohydrological parameters, the recharge rate and the proposed
extraction rate are required. The purpose of risk assessment is to
incorporate all the uncertainties in the available information into an
evaluation of an aquifer management proposal. The output would then
provide the planners with statistics enabling them to evaluate the long
term viability of a management plan

In order to obtain the risk statistics, a simulation approach was followed
allowing for many different but equally likely scenarios to be considered.
A Monte Carlo type of system which would involve an aquifer simulation
model using simulated values of storativity and transmissivity was
considered the most appropriate method of risk assessment.

Two methods for simulating the geohydrological parameters were
proposed. The first of these, the zonal simulator, involved dividing the
aquifer into a number of homogeneous zones and using the zonal means
and covariances between the zones. Simulations can be obtained for the
zones. The second involved the geostatistical method of turning bands
which simulates values on a fine grid. The inputs for this method are the
means and variograms of the geohydrological parameters.
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Risk is described in terms of nsk events such as system fallures and
extreme values and measured as the probability of one of these events
occurring. Risk events were defined in terms of the difference between
the simulated and base water levels in a number of boreholes falling
below a chosen tolerance level Tolerances were defined as a proportion
of effective depth. For this study the following tolerance values were
used

Tolerance 1 = vs (maximum water level - base water lavel)
Tolerance 2 = 4 (maximum water level - base water level)
Tolerance 3 = % (maximum water level - base water level)
Tolerance 4 = 35 (maximum water level - base water level)

The risk evaluation was achieved by repeatedly running the aquifer
simulation with different simulated values of the input parameters
(storativity, transmissivity and rainfall). The risk evaluation model
generates an immense number of intermediate results and one of the
main objectives of this project was 0 summarise these into a few
informative bits of information to be used by the decision maker

The statistics were calculated by accumulating the results generated by
the individual realizations and then summarising them into meaningful
measures. The statistics are presented as expected values. The
summary statistics included the minimum, maximum and average values
of water levels relative to the base of the aquifer. The risk statistics were
defined as the expected period (duration) and expected probability of a
failure.

Management of the Grootfontein Aquifer

For the case study reported in Section 3 the Grootfontein aquifer was
selected as it is a prime example of one of the best utilised aquifers in
South Africa. It supports two towns as well as a substantial agricultural
area under irrigation. The aquifer forms part of a Subterranean Water
Control Area and permits for the abstraction of 11 million cubic metres
per annum for irnigation and 4.5 million cubic metres per annum for the
towns have been issued.

Two different methods of generating the transmissivity and storativity
values required for the Monte Carlo study were compared. The first was
a zonal simulation method based on the subdivision of the aquifer into
zones and the second a geostatistical method generating values on a
fine grid. In both cases the simulators were calibrated from variograms
computed from the available data. For storativity there was no spatial
continuity and a nugget effect variogram was fitted. Calibration of the
zonal simulator could not be carried out via the method of inversion due
to lack of convergence of the inversion program. The rainfall simulator
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based on an algorithm developed by Zucchini and Adamson (1984) was
used to simulate rainfall values.

For the case study four tolerances were defined in terms of effective
depth. Five different nsk event were defined These events were In
terms of a percentage of boreholes falling below a particular tolerance
level. The values were found to remain fairly constant until 8 pumping
rate of 9.5 million cubic metres per year, or about 10% more than the
previous determined “safe” abstraction rate is reached Thereafter they
gecline steadily.

Risk statistics including period and probability of a failure occurring were
computed. For both the expected periods and expected probabilities the
results showed that the aquifer is unable to sustain an abstraction rate of
more than 9.5 million cubic metres per year for significant periods. Itis
concluded that both the summary and risk statistics performed as
predicted and are a suitable measure of evaluating a management plan.

The research dentified a restriction imposed by the aquifer modelling
software's inability to switch pumps on and off as water level vanes,
resulting in exaggerated negative results when over-exploitation takes
place. The implications of this are discussed fully in the report. This
issue needs to be carefully understood when using a aquifer simulation
model as part of a risk assessment.

CONCLUSION AND RECOMMENDATIONS

The management of an aquifer by means of a groundwater model, involves the
following

Development of a simulation model;

Estimation of the exploitation potential of the aquifer;
Defining of specific objectives or practical applications,
Setting constraints on variables,

Obtain optimised solution (optimization model).

The development and application of groundwater optimisation models for the
control of groundwater hydraulics and water quality, and the inverse problem of
parameter estimation, are the primary aspects of the groundwater management
package, AQUAMOD, developed during the present study. The computer
programs developed, can be used for :

constructing a finite element mesh,

automated calibration of the aquifer parameters (inverse problem),
obtaining an estimate of natural groundwater recharge;

risk evaluation by means of a groundwater balance,

optimisation and groundwater flow simulations; and
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. mass transpon solutions

The construction of a reliable flow model, and thus a management mode! for an
aquifer may be premature, uniess extensive monitoring of water levels and
abstraction rates were performed for a number of years

A non-achievement of the present project was the lack of a suitable practical
example on quadratic optimisation. The need for such an application may
become important in the near future, as more emphasis may be placed on the
energy required to operate pumps (this i1s because costs vary with pumping
rates and pumping lifts, and lifts depend on pumping rates)

From the risk analysis methodology developed for the long term assessment of
risk when using groundwater, the following conclusions can be drawn

. There are two sources of uncertainty when considering the use of
groundwater. Firstly the geological properties of the aquifer are only
known up o a degree of certainty an secondly the recharge is a function
of unpredictable rainfall This study has developed methods for
combining both these sources of uncertainty o provide an overall
assessment of risk.

. The aquifer modelling software plays a central role in the Monte Carlo
study used to make the risk assessment This software must be capable
of addressing a particular management pian if this plan is to be
assessed Thus, if one would like to simulate a process whereby a pump
iIs switched on and off according to water level the software must
accommodate this.

. A failure event needs to be defined. This can be done in a number of
ways and can be chosen to meet the specific needs of a particular study.
In the case study a failure was defined as the water level at a certain
number of nodes falling below a chosen tolerance. This definition was
found to work well in practice.

. After thorough investigation a definition of failure in terms of effective
depth was formulated. This enabled a number of risk statistics to be
considered of which probability of failure and period of failure were finally
selected.

. The concept of failure return time was found to be unsuitable for this type
of study.

. The methodology depends on the geohydrological modelling of the
aquifer, the stochastic representation of the rainfall process and the
recharge rate. As with any study the accuracy of these components will
determine the value of the final results. In the case of the aquifer two
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different geostatistical techniques were used. From the case study we
concluded that the method of zonal simulation was the most suitable In
the case of rainfall a simulator based on Fourer series representation of
transition probabilities as proposed by Zucchini and Adamson (1985) was
used.

. It was found that aithough the aquifer in a sense couid be equated to a
surface water network. the aims of surface water management differed
from the aims in this study When this work is extended to short term risk
assessment the methods used in surface water will become appropriate

for groundwater management.

. The proposed methods were successfully tested for the Grootfontein
aquifer and found to be practically applicable

. The computing time involved in the developed Monte Carlo based
methodology was found to be considerable, ruling out the routine
generation of the risk statisics. However, in practice the long term
viability will only be assessed during the planning stage. A logical
progression of the current work will be toward the short term risk
assessment as a routinely applied management tool. It is anticipated that
for such an application computing time will be kept to practical
proportions

. The overall objectives of the project relating to risk assessment,
especially in terms of longer term viability assessment, Section 2 were
successfully achieved and the scene is set to extend the methodology to
the application of short term nsk management.

The Grootfontein Case Study, presented as part of the present project in Volume
3, is a typical and well-illustrated example of what could be achieved as a result
of application of the AQUAMOD package and it is foreseen that many other case
studies in South Africa will be based on the methods used in this study.

Water balance calculations have conclusively indicated that the long term
recharge to the aquifer is in the order of 8 5 million cubic metres per year and
that the S value is within the range of 2,15% to 2,45%. With the present water
allocations amounting to about 15 million cubic metres per year it is clear that
permits should be cut back to ensure that the aquifer is not depleted in the near
future.

Forecasts of water level reactions using stochastic rainfall record sets and
different abstraction from the system indicate that the long term potential of the
aquifer i1s 8,5 million cubi= metres per annum. It can be inferred from the
simulations that it is likely that the water levels will recover due to a normal
rainfall pattern. Abstraction would have to be cut back to achieve this.

viil



A dynamic model was constructed to simulate the reaction of the aguifer by
using the results obtained with the water balance study. A good fit between the
actual and the simulated water levels was obtained which confirms that the
parameter value obtained from the water balance study 1s acceptable This
model can be used o predict groundwater flow dynamics in the aquifer at any
selected location of interast It is also possible to use the calibrated flow model
together with a response matrix technigue to manage drawdowns abstraction
elc . at any point of interest within the aquifer

The risk analysis methodology developed in the course of the project was tested
and successfully implemented in the case study of the Grootfontein aquifer The
methodology developed adequately describes the risks involved when managing
an aquifer under different management plans.

A mass transport model was coded as part of the present study, but due to the
complex nature of most of our geological formations, it was decided by the
Steering Committee that the work on water quality monitoring has to be scaled
down and that no case study must be evaluated. Due to the importance of water
quality modelling under South African conditions, this must receive attention in
the near future

The AQUAMOD package is based on a two-dimensional approach and
whenever a three-dimensional mode! may be required for an aquifer, the
techniques which were developed during this study, could be easily incorporated
Into a three-dimensional model.

The problem of Geohydrological Decision Analysis fell beyond the scope of the
present study, but should receive attention in the near future. In this regard, the
Bayesian updating and Kaiman filter techniques could provide a sound basis for
future research on decision analysis.

The case study reported in Section 3 conciuded that the methodology proposed
dd provide meaningful results. The most appropnate application of the nsk
analysis methodologies would be for long term viability studies undertaken
dunng the planning stages of a long term management plan. However, heavy
computing time requirements make it an unsuitable method for operational
management. Despite this the elements of the system could be incorporated in
a system suitable for day to day management of an aquifer. This extension s
recommended by the project team. It is envisaged that such a system would
enable a manager to make short term predictions of the effect a management
plan will have on an aquifer situation taking the current situation into account.
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FOREWORD

The overall purpose of this section of the project. as stated in the original contract with the Water
Research Commission. was

The development and implementation of user friendly groundwater management models
with special reference to:

(1) The development and implementation of an inverse-parameter program which will
enhance the current calibration methods of groundwater flow and transport models.

() The development and application of groundwater management models addressing:
(a)  groundwater allocation,
(b)  groundwater operation and
(<) capacity expansion.

(i)  The development and application of a conjunctive ground- and surface water planning
model.

{(iv)  The development and application of a groundwater quality management model.

The Steering Committee agreed that the principle of conjunctive use should receive attention
without becoming the focal point of the research. It was also decided that the emphasis of water
quality modelling should concentrate on blending solutions as opposed to the more complicated
mass transport models.

Water is a resource which requires effective management throughout the world. This is
parucularly true of South African conditions where there is an ever-increasing demand on the
limited water supply by the domestic, industnal, agricultural and rural sectors.

Many small and large towns in the more semi-arid regions of the country are either fully or
partially dependent on groundwater. Inaddition. large farming areas under imgation depend on
the availability of groundwater as their supply of water. The future economical development in
all semi-and environments in South Africa is closely linked to the availability of groundwater,
which. aithough often occurring in smaller quantities than surface water, nevertheless provides
the bulk of the water to rural areas. This is especially true during periods of prolonged droughts
when the groundwater supplies are often the only exploitable and reliable resource available for
survival of man and the environment.

The proper and optimal management of our groundwater resources therefore is very crucial and
involves the allocation of groundwater supplies and water quality to competing water demands
and uses. The motivation for the project becomes clear when a closer look is taken at the
following important questions in groundwater management for which answers are usually

»
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How much water is required” When” Where?

How much water 1s avatlable” When?” Where?

(M whar qualine?

Ar what cost”?

What are the associated risks’

How many boreholes are needed” At what positions?

At what rate must the borehoics be pumped 1o ensure no undesirable effccts’

Although simulation models provide the resource planner with important tools for managing an
aquifer. the predictive models do not identify the optimal groundwater development and
operational policies. Therefore optimization models are required. The development of these
models are discussed in Section 1 of the report.

In Chapter 1. an introduction 1s given regarding groundwater management models. Chapier 2
descnbes the approaches and general solutions in groundwater management and in Chapter 3 the
inverse problem for determining aquifer parameters is discussed. Chapter 4 is devoted to a
descniption of the different management models and a decision analysis framework is given.
Chapter 5 gives the computer program structure of the AQUAMOD package of programs
developed during this project. while a number of illustrative management examples are discussed
in Chapier 6. Section 1 of this combined report 1s concluded with Chapter 7 in which the
conclusions and recommendations are summanzed. Although the AQUAMOD model package
forms an integral part of Section | of the repon, the operational manual is the subject of a

separate WRC report.
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CHAPTER 1

INTRODUCTION
1.1 SCOPE OF INVESTIGATION

Water is a resource which requires effective management throughout the world. This is
particularly true of South African conditions where there is an ever increasing demand
on the limited water supply by the domestic, industrial and agncultural sectors. The
approach by the Department of Water Affairs with respect to the demand, supply and
quality management of water, is closely in line with international thinking as expressed
in the Mar del Plata recommendations and in the Third International Hydrological
Program of Unesco (DWA, 1986). Braune (1993) proposed an overall strategy for
groundwater management in South Africa in terms of utilization management and
groundwater protection.

From the earliest imes onwards, water has been an essential element to mankind. It is
essential to life, social development and economic progress. Once nomadic man
settled down, around 6 000 years ago, his restricted radius of action forced him to face
both the struggle against water (floods) and the struggle for water (for domestic and
urigation). In response, technological skills were developed: impressive hydraulic
engineering systems already existed in ancient times and testify that hydraulic
engineering belongs to man's earliest technological achievements. Examples are the
antique irmigation schemes in the Egyptian Nile Valley and Mesopotamia, khanats in
Iran and neighbouring countnes, the Marib Dam in Arabia and the Roman aqueducts
(Van der Gun, 1988),

Groundwater is a valuable resource and is especially important as a source of drinking-
water, providing 75 percent of drinking water supplies in Europe, more than 50
percent in the USA and 13 percent of all water used in 1980 in South Africa (DWA,
1986). Roughly, 280 small and large towns in South Africa are either fully or partially
dependent on groundwater. Approximately 5 million head of cattle, 26 million small
livestock and the imgation of more than 240 000 ha of land depend on the
underground water supplies. The future economical development in all semi-and
environments in South Africa, is closely linked to the availability of groundwater,
which although often occurning in smaller quantities than surface water, nevertheless
provides the bulk of the water to rural areas. This is especially true duning periods of
prolonged droughts when the groundwater supplies are often the only exploitable and
reliable resource available for survival of man, amimals and the environment
(Bredenkamp er al, 1993). The importance of integrated quality and quantity
management of our groundwater resources is widely recognized. The distinctive
character of groundwater creates a level of uncertainty in management that
significantly differs from, and in many ways exceeds, that encountered in surface water
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management. It is therefore crucial that groundwater management models are
developed for South Afncan aquifers

Important questions for which answers are usually required are - How much water 1s
required? When? Where? How much water is available” When? Where? Of what
quality? At what costs? What are the risks associated” How many boreholes are
needed? At what positions? At what rate must the boreholes be pumped to ensure no
undesired effects” It quickly becomes obvious that answerning even these basic
questions raises the complexity of data and aquifer management

The research in this report emanated from a project funded by the Water Research
Commission entitled:

' The development of nsk analysis and groundwater management techniques for
Southern African aquifers '

This project was subdivided into two sections The institution responsible for the
specific sections are as follow:

Section | : The development of groundwater management models (IGS)
Section 2 : Risk analysis in groundwater management (EMATEK, CSIR)

The objectives of the study under the terms of reference were the development and
implementation of management models, with special reference to:

(1) The development and implementation of an inverse-parameter program which will
enhance the current calibration methods of groundwater flow and transport models
(ii) The development and application of groundwater management models addressing:
(a) groundwater allocation,
(b) groundwater operation and
(c) capacity expansion.
(ii) The development and application of a conjunctive ground- and surface water
planning model.
(iv) The development and application of a groundwater quality management model

The Steering Commuttee (May 1992 meeting) agreed that the principle of conjunctive
use should receive attention without becoming the focal point of the research. It was
also decided, that the emphasis of water quality modelling should concentrate on
blending solutions as opposed to the more complicated mass transport models.

The estimation of natural groundwater recharge is regarded as one of the most
important steps in the management of an aquifer. Techniques developed for this
purpose during the project of Bredenkamp er al. (1993) on the estimation of natural
groundwater recharge, were used in this study and were incorporated into the aquifer
management package developed dunng this project.



1.2 PREVIOUS WORK

The project was initiated with a computenized literature search This data was used to
select a number of existing management modeis of which the source code is available
Program codes were subsequently requested from the respective authors

Optimization methods have been used in groundwater management for over 25 years,
with mixed success. Two types of management models have been developed duning
this time.

o Lumped parameter models have been used to study economic and policy
matters that invoive ground-water resources. They do not normally
consider the governing ground-water flow equations, but conceptualize
aquifers with simple water mass balances An example of such a model is
discussed by Khepar and Chaturvedi (1982).

o  Distributed parameter modeis combine aquifer simulation with optimization
methods and explicitly solve the partial differential equation that governs
groundwater flow. These models have been used successfully to manage
well fields, to evaluate efficient conjunctive use and to inspect the impacts
of water resource policies upon the hydrogeology and economics of
ground-water use.

The latter model will be discussed in some detail. According to Gorelick (1983),
groundwater management models can be mainly divided into two groups

o  Groundwater hydraulic management models.
o  Groundwater policy evaluation and allocation models.

The first category is aimed at managing groundwater stresses such as pumping and
recharge. Stresses and hydraulic heads are treated directly as management vaniables.

The second category involves models that can be used to inspect economic interactions
in water allocation, distribution, treatment and conjunctive use problems.

1.2.1 Groundwater Hydraulic Management Models

These models generally incorporate & simulation of a specific aquifer as constraints in
the management model, i ¢. management as well as aquifer simulation is accomplished
simultaneously.

Two methods exist for achieving this:



Embedding method

This method uses linear programmung formulanons that incorporate numencal
approximations of the ground-water equations as constraints. This means that either
the finite difference or finite element approxamations of the governing flow equations
are treated as part of the constraint set of the optimization model. This results in an
extremely large constraint matrix (eg | 000 nodes x 30 time steps with 30 000
decision vanables) The advantages and disadvantages of the technique can be
summarized as follows.

Advantage
o Yields complete information regarding the aquifer behaviour.
Disadvantages
0  Yields a large constraint matrix, which may lead 1o numenical difficulties
during the factorization of the banded matnces
o0  Yields redundant information, including redundant decision vanables and
constants.

This method has been mainly applied to steady state problems. However, the aquifer
management problems which have been solved successfully using such models have
been limited to 2 very small scale (Gorelick, 1983).

Two management models using the embedding technique were evaluated

o EMBED-PC by J. Jaime Gomez-Hemandex, C. Tiedeman & S M. Gorelick
(1990). This uses the finite difference mode! developed by Trescott er al
(1976) as the aquifer simulation model, while the mathematical
optimization is done by MINOS.

o A groundwater management model by W. Kinzelbach (1986). This model
is based on a simpie finite difference model, whereas the mathematical
optimization is done by a two-phase simplex algonthm.

No further effort was spent on this technique due to the fact that these models are
mainly applicable to steady state conditions, which rarely (if ever) occur in real life

Response matrix method

This technique uses an external finite difference or finite element aquifer simulation
model to develop unit responses. Each response describes the influence of a short
event (e.g. pump, recharge) upon the hydraulic heads at the points of interest, which
are generally the production and observation boreholes in the aquifer. In this case, an
assemblage of unit responses is included in the management model as constraints. This
yields a small system of equations, hence making large-scale problems more
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manageable. As in the case with the embedding method, this techmque has advantages
and disadvantages:

Advantages
o  Yields a small system of equations, such that additional constraints can be
added, while redundancy is eliminated

o Efficient utilization of computer ime

o Can handle large transient systems efficiently

o  Easier to use with linear, mixed integer and quadratic programming
techniques.

Disadvantage ,

o Yields incomplete information regarding the functioning of a specific
aquifer system. However, this aspect is difficult to confirm, since the
results are verified and calibrated against existing data.

Van der Heijde ef al. (1986) lists a summary of numerous ground-water management
models, which are indexed at the International Ground Water Modelling Center. Eight
models from this list were selected, coverning:

o  ground-water operation and allocation models,
0 conmjunctive use models

during a time-span of roughly 20 years. In most cases, only relevant publications were
received from the respective authors of the selected models. This is perhaps an
indication that although quite a number of management models were developed, only a
few can be successfully applied in practice. 1t should, however, also be mentioned that
a number of the selected models are quite old and have probably been replaced by
newer updated versions, e.g. AQMAN (1987) or GWMAN (1985).

The response matrix method is generally also known as an algebraic technological
function (ATF) as reported by Maddock (1972)

The ATF approach generates a unit response matrix by solving the simulation model
several times, each with unit pumpage at a single pumping node. Superposition is used
to determine total drawdowns. This yields a smaller optimization problem, but the
method has a limitation. It is only applicable to a confined aquifer or an unconfined
aquifer with relatively small drawdowns compared to the aquifer thickness A
drawdown correction method may be used with some acceptable accuracy for an
unconfined aquifer with larger drawdowns. Considerable work stemmed from this
approach including Maddock (1972, 1974), Maddock & Haimes (1975), Morel-
Seytoux (1975), Morel-Seytoux & Daly (1975), lllangasekare & Morel-Seytoux
(1982) and Willis (1984).

Another approach has been to combine the simulation model and optimization
implicitly in such a way that the simulation model functions as a separate module.
Gorelick er al (1984) applied this method to an aquifer reclamation design to
overcome the non-linearity incurred by the contaminant transport equations. However,
the hydraulic response was handled by the ATF method.
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In 1985, Wanakule & Mays developed a model (GWMAN) for determuning optimal
pumping and recharge for large-scale antesian and/or non-artesian aquifers. The model
methodology was closely related to the approach used by Gorelick et al. (1984). The
overall problem was viewed as one of discrete time optimal control, where vanables
describing the aquifer system were divided into system state (head) and control
(pumpage). By expressing head as an implicit function of pumpage, the model
constraints were conceptually efiminated, yielding a smaller reduced problem involving
only the pumpage vanables. Head bounds were incorporated into the objective using
an augmented Lagrangian algonthm The major contribution of their work was an
analytic scheme to compute the reduced gradient needed for optimization This
requires the solution of a set of linear difference equations backwards in time, and has
major speed and accuracy advantages over finite differencing The advantage of this
method is that it can overcome the non-linearity of an unconfined aquifer. The method
is, however, only applicable if a finite difference simulation model is used. The
mathematical optimization in this model was performed by a generalized reduced
gradient routine GRG2 developed by Lasdon ez al. (1978)

In 1987, Lefkoff & Gorelick developed an aquifer management model (AQMAN) that
combines groundwater flow simulation with mathematical optimization, in order to
develop and evaluate aquifer management strategies.

When AQMAN is used in conjunction with a mathematical programming code, the
oompuwpromndmnﬁesuwpmnpmgmmdmgesmagylhnuhmauw's
management objective, while maintaining groundwater hydraulic conditions within
desired limits. The objective may be linear or quadratic, and may involve the
minimization of pumping and recharge rates or of vaniable pumping costs. The
problem may contain constraints on groundwater heads, gradients and velocities to
simulate a complex, transient hydrologic system.

Linear superposition of solutions to the transient, two-dimensional groundwater flow
equation is used by the computer program in conjunction with the response matrix
method. A unit stress is applied at each decision well and transient responses at all
control locations are computed using a modified version of the U.S. Geological Survey
two-dimensional aquifer simulation model. The program also computes discounted
cost coefficients for the objective function and accounts for transient aquifer
conditions. Mathematical optimization is done by MINOS. This mode! has, as in the
case of the older models, the limitation that non-linear constraints cannot be imposed,
e.g. unconfined aquifer. However, in some cases it may be possible to linearize such
systems if the drawdown is small compared to the saturated thickness of the aquifer, or
by solving sequential linear problems, where the saturated thickness is given by the last
iterate (Danskin & Gorelick, 1985).

A major problem of many of the models is that they either use computer based
optimization routines which are unavailable and computer dependent, or they use
optimization packages which are subject to stringent licence agreements, e.g MINOS.
Optimization algorithms (linear and quadratic) obtained from Kuester & Mize (1973),
will be used to solve ground-water management options in this report.
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Simulation and inverse parameter models used by the Insutute for Ground-water
Studies and the DWA&F, are based on the finite element techmque. Beanng the
above-mentioned in mind, the Instutute for Groundwater Studies has developed a
management module which is based on the AQMAN model of the USGS and will be
discussed in more detail in Chapter 5

Conjunctive use models

Two conjunctive use models were obtained from Peters and Morei-Seytoux (1980) and
Haimes (1973). However, both models are based on a stream - aquifer relationship,
which is not applicable within the South African context

1.2.2  Ground-Water Policy Evaluation And Allocation Models

These models are valuable for problems where hydraulic management is not the sole
concern of the water planner. They are applied to water allocation problems which
include economic management considerations. According to Gorelick (1988), three
types of models have been developed for groundwater policy evaluation and allocation:

o  Hydraulic economic response models (e g. AQMAN)
o Linked simulation optimization models (e g GWMAN).
o  Hierarch:cal models.

It is evident from the literature, that the above models are generally combined in the
hydraulic management model by means of user-definable objective functions.

1.3 WATER RESOURCES MANAGEMENT

Water resources management means intervention in matters concerning water, which
may be the planning, design and operation of hydraulic works. It presupposes that an
authority exists powerful enough to impose decisions upon individuals or, at least, to
influence people's behavior

Hall and Dracup (1970) grouped the many different objectives of water resources
management into three fundamental classes:

- conserve and control the water resources of an area, so as to provide for
protection against consequences of excesses or deficiencies in quantity or
quality,

- provide or maintain water in such places and times, and according to the
individual o : et

- minimizing the expenditures involved in accomplishing all of the above.



Water resources management takes care of these objectives in a co-ordinated way n
order to maxinuze the overall net benefit that can be obtained from the water resources
of the area considered

Water resources management consists of a number of steps, cammed out in succession
(Van der Gun, 1988)

- assessment of the water resources system,

- assessment of water demands/requirements,

- identification of water resources management problems, objectives,
constraints and uncertamnties,

- development and analysis of alternative strategies and instruments of

- decision-making

- prepaning for implementation ( legislation, organization, planning),

- implementation; and

- monitoring (water availability, quality, demands, supply)

1.4  SYSTEMS APPROACH IN WATER RESOURCES

The systems approach to solve a real-world problem is a logically coherent and
chronologically ordered sequence of steps and procedures which lead from the
formulation of the problem to its final solution. The way each step is performed is
subject to choice. However, a basic feature of the systems approach is the use of
mathematical or logical functions which describe the structure of a system and the
interactions between its components, models for predicting outcomes of activities,
models for evaluating and screening proposed alternatives and, in some instances even
models for selecting the alternative which is best for satisfying the desired objective.

A lst of common terms in system theory comprises systems, subsystems,
interrelations, inputs, outputs, system parameters, state and state variables, feedback,
closed and open systems, decision variables, objectives and criteria, objective

Planning for water resources development involves seeking optimum designs
(Stephenson and Peterson, 1991). The most efficient design of a structure is usually
that which achieves the objectives in the most economic manner. In water resources
planning, the cheapest design is not always the optimum, since other factors such as
oonsduedemplm encouragement of industries and environmental impacts must be

Optimization theory has become a routine technique in water resources management.
Of the optimization techniques, linear programming has been the most used technique
in linear systems. The permanent process of making decisions about actions to be
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taken upon a system in order to achieve desired objectives with limited resources has
certain premuses (Bachmat, 1992)

The system must be well-defined with objectives that are definite and feasibie
There are controilable means which can affect the behaviour of the system
There are decision-makers who select and implement these means with the help
of their power and resources.

There are definite cause-effect relationships between the decisions and their
outcomes

Decision outcomes can be valued and ranked on the basis of well-defined
measures of success in pursuing the objectives and their relative pniorities.

1.5 OBJECTIVES, CRITERIA AND CONSTRAINTS IN WATER
RESOURCES MANAGEMENT

All human activities related 1o water have specific objectives, being either economic,
social, recreational or aesthetic. The general objective is to maximize the net benefit
that may be obtained from the water resources system

Specific objectives have to be defined for practical applications. Each of the objectives
should be accompanied by a criterion or objective function, that allows the quantitative
eompansonoftheprediaedorachevedeﬁecuundermamnvemterm

management strategies. An optimal approach is the one that maximizes or mimimizes
the objective function considered.

Usually, constraints have to be taken into consideration when developing appropnate
water resources management strategies. These constraints are boundary conditions to
the problem 1o be solved and thus limit the field of feasible solutions. Some of the
constraints are absolute or physical constraints (e.g the amount of water present in the
aquifer), while other may be less absolute and are indicating the limits imposed by
decision-makers (e g economic-technical constraints)

Table 1.1 lists some of the more common water resources management objectives,

:og;;h)erwhhoonupondh:gaituiauhmbemwmedbywﬁﬂy&mﬁcs
1987).
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Table 1.1. A number of specific objectives and cnitena in water resources management
(After Delft Hydraulics, 1987).

Objective | Criteria

1. Economuc cfficaency Benefiv/cost ratno
Present value of net benefits
Internal rate of return

2. Water use efficiency Physical losses of water

3. lmprove equity Vanability of net incomes (range,
vanance or other parameters)
Shares of population classes in the
benefits from groundwater

4. Improve employment Number of jobs
Upemplovment percentage

5. Improve health Water supply per capita per day
Occurrence of water-borne discases
Water supply as a percentage of demand
Coverage of sewerage and other
samtary facilines

6, Increase agnicultural production Monetary value of crops
Production as a percentage of local demand

7. Environmental conservation Annual rate of crosion
Difference between observed water
quality concentrations and standards
Number of valuable species (flora and fauna)

8, Risk munimuzaton Probability of under accomplishment
or failure in achieving engincenng goals

9. Sustained development Long-term picture of economuc output
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CHAPTER 2

APPROACHES AND SOLUTIONS IN GROUNDWATER
MANAGEMENT

2.1  YIELD ANALYSIS

The objective of many groundwater resource studies is the determination of how much
water is available for pumping, i.e determination of the maximum possible pumping
compatible with stability of the groundwater supply

The term, safe vield, is an indication of this maximum use rate. According to Domenico
(1972), Lee (1915) first defined safe yield as

.. the limit to the quantity of water which can be withdrawn regularly and
permanently without dangerous depletion of the storage reservoir.

Meinzer (1923) defined safe yield as

.. the rate at which water can be withdrawn from an aquifer for human use
without depleting the supply to the extent that withdrawal at this rate is no
longer economically feasible

Conking (1946) expanded on Meinzer's definitions and described safe vield as an
annual extraction of water which does not:

(i) exceed average annual recharge,
(ii) lower the water table so that the permissible cost of pumping is exceeded and
(iti) lower the water table so as to permit intrusion of water of undesirable quality.

Todd's (1959) compact definition of safe yield as
... the amount of water which can be withdrawn from a groundwater basin
annually without producing an undesired result

does not clarify what the term undesired result means. Thomas (1951) and Kazmann
(1956) have suggested abandonment of the term because of its vagueness.

Methods of determining safe yield include (i) the Hill method, which is merely a plot of
annual pumping versus average water-level change, allowing identification of the
pumping draft associated with zero water-level change, (ii) the Harding method, which
is a plot of retained flow (subsurface inflow minus outflow) versus average water-level
change, the zero-change in water level again designating safe yield and (iii) the zero
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water-level change method, which is based on the premise that if the groundwater
storage elevation is the same at the beginning and end of a long penod of pumping, the
average net draft over this period is an estimate of safe vield (Domenico, 1972)

Safe yield has no unique or constant value and is time-dependant depending on the
spacing and location of wells and their influence on the dynamics of interchange
between groundwater and other elements of the hydrologic cycle. In concept, the idea
of safe yield encompasses a great deal more and is considerable more sophisticated
than the methods proposed to ascertain its value

In an effort to remove some of the ambiguity in the meaning of the term safe yield, the
Committee on Groundwater of the Amencan Society of Civil Engineers (1961),
introduced four concepts of yield.

1. Maximum sustained vield is the maximum rate at which water can be withdrawn
perennially from a particular source

2. Permissive sustained yield is the maximum rate at which water can economically and
legally be withdrawn perennially from a particular source for beneficial purposes
3. Maximum mining vield is the total volume of water in storage that can be extracted
4. Permissive mining yield is the maximum volume of water in storage than can
economically and legally be extracted and used for beneficial purposes, without

Sustainable yield represents a groundwater abstraction rate that allows a long-term
input and outputs of water to be balanced over the domain of the aquifer, thus leading
10 a stable state of the aquifer. Maximum sustainable yield is not equal to the aquifer’s
recharge: sustainable yield is the groundwater capture, which is the difference between
recharge and natural discharge and consequently, maximum sustainable yield is the
maximum capture attainable, which is often considerably less than the average
recharge.

2.2 ESTIMATION OF NATURAL GROUNDWATER RECHARGE

Kirchner er al. (1991), showed that the groundwater balance method (SVF-method:
saturated volume fluctuations) is the only method which yielded reliable estimates of
the groundwater recharge in the Karoo aquifers of South Africa The SVF-method
also forms part of a WRC-project which is concerned with the preparation of a manual

on quantitative estimation of groundwater recharge and aquifer storativity undertaken
by Bredenkamp er al.(1993).

Judicious management of the groundwater resources of the RSA and other areas with a
semi-arid climate requires an assessment of not only the recoverable resources, but also
on the reliable evaluation of the recharge. Because the estimation of recharge and
storativity of an aquifer is of the utmost importance to the management of an aquifer,
the reader is referred to the manual by Bredenkamp er al. (1993). Some important
findings of the report by Bredenkamp er al. (1993) can be summanzed as follows:
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® The cumulative rainfall departure method, together with the SVF-method, 15 the
most valuable tool in the assessment of the natural groundwater recharge of an
aquifer

® The Cl-profiling method can be a valuable method to obtain a first approximation
of recharge

® The numencal modelling of an aquifer may be premature, unless extensive
monitoring of water levels and abstraction rates were performed for a number of
vears.

e (Care must be taken in obtaining the S-value from pumping tests in fractured rock
aquifers They showed that the S-value obtained from pumping tests is a function
of the distance between the observation and abstraction borehole (the greater the
distance, the smaller the estimated S-value)

23 GROUNDWATER MANAGEMENT MODELS

Models that solve the governing groundwater flow or solute transport equations in
conjunction with optimization techniques, such as linear and quadratic programming,
are powerful aquifer management tools. Groundwater management models fall in two
general categones: hydraulic and policy evaluation and water allocation Groundwater
hydraulic management models enable the determination of optimal locations and
pumping rates of numerous wells under a variety of restrictions placed upon local
drawdown, hydraulic gradients and water production targets Groundwater policy
evaluation and allocation models can be used 1o study the influence of institutional
policies such as taxes and quotas upon regional groundwater use

Different spatial patterns of wells may be chosen given a certain demand to be satisfied
from a specific aquifer. Some of these patterns are more favorable than others. The
problem is to find an optimal spatial distnibution of abstraction wells. Depending on
the details of the problem and the management objectives chosen, the analysis will
focus either on optimization (if the decision process is complex) or on simulation (if
the system's behavior is complex) or on a combination of both. The allocation of water
to users, depends very much on the management objectives which has to be consistent
with prevailing rights.

Furthermore, optimal management decisions aim to maximize the net discounted
benefits from allocation of the groundwater supplies over a planning horizon, while
minimizing effects and water quality problems between production boreholes. In order
to achieve this, management models that are based on the so-called response matrix
equations can be used. Programs which combine simulation and optimization are best
suited to this task.

The key behind the response matrix method is that since the aquifer is described by a
system of linear equations, the influence of each source or sink may be calculated

separately and then superposed to compute the complete distribution of stresses over

The response matrix is an assemblage of coefficients, each of which relates pumping at
one location to drawdown at another (Gorelick, 1987). Suppose, we have a pumping
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system consisting of n wells distributed in any manner over the aquifer. Hydrodynamc
laws for a porous medium show that the drawdowns s; occurring at every point i of the
aquifer due to pumping Q; ,(=1,~—-.n) are hinear funcuons of these yields:

s.=2.:aQ

=

The coefficient aj; is the drawdown at point i, due to a unit abstraction rate at well j
wdxsca[ledthemsponsemm

24  PROBLEM FORMULATION FOR LINEAR PROGRAMMING

The process of solving a linear or quadratic programming problem begins with the
formulation of & management problem as a mathematical model This problem
formulation is certainly the most important (and difficult) part of management
modelling A management model consists of an objective (goal) which is 1o be
minimized or maximized, and a series of linear constraints (restrictions) that must be
obeyed. Decision variables (¢.g. pumping rates) are the unknown quantities of concern
that can be controlied in a managed system.

This will be illustrated with an example of problem formulation: Obtain the abstraction
rate at n pumping locations so that the sum of these yields will be maximal and so that
the drawdown at m control points will be equal or less than a fixed value.

Objective function: Maximize F =30,
=
subject to m+n constraints:

.(?. < (m inequalities)
and Q s QM (n inequalities)

yvherechingasqumunhmmixofordanmdem=uwdmcapodtyofweﬂ
J

For the optimization phase, any general linear programming program can be used
(usually the simplex routine is used).

2.5  CONJUNCTIVE MANAGEMENT OF GROUNDWATER AND
SURFACE WATER

Ground- and surface water tend to be strongly interrelated, in the sense that
groundwater may feed surface water bodies and vice versa. Vanations of flow, storage
or quality of water in one of the subsystems may directly affect the state of the other.
The availability of both surface- and groundwater in an area opens the possibility of
conjunctive use of these two water sources. This approach may have distinct
advantages over the isolated exploitation of the individual resources, especially, under
conditions of scarcity.
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26 GROUNDWATER QUALITY MANAGEMENT

Protection of our aguifers against pollution has become a major concern dunng recent
years, as more and more cases of severe contamunation come to light Braune and
Hodgson (1991) proposed the integration of all water resources aspects in ground
water quality management. These aspects include land resources and the water quality
and quantity within a catchment According to these researchers, strategies and
approaches for groundwater protection should include product controls, contaminant
source controls and water resource protection. Contaminant clean-up is the least
desirable control measure because of its complexity, the high costs involved and the
long-term commitment required,

Three broad objectives have emerged for water quality management in South Africa
(Braune and Hodgson, 1991). These are:

o The preservation of the water environment, so that water is of an acceptable quality
for industrial, urban, agricultural and recreational use and for the propagation of
the fish and wildlife species that could reasonably be expected in a particular
environment. The protection of human health if of particular importance

« The objective is not purely conservation, but rather the optimal management of all
resources 10 obtain the maximum net benefit;

* In keeping with international practice, the pnnciple that the polluter pays for the
abatement of the pollution, is adopted.

A number of minimum requirement studies for (i) the monitoring of water at waste
management facilities, (1) handling of hazardous waste and (i) waste disposal facilities
are currently being undertaken by the DWA&F

The use of a groundwater mass transport model to study the transport of solutes in
groundwater is a valuable method However, due to the complexity of our fractured
aquifers, it was decided by the Steering Committee that the present study must be
focused on a blending type of solution. Nevertheless, a mass transport and inverse
model are included in the program structure of the present study, although no real-
world case study is presented.

2.7  TWO- AND THREE-DIMENSIONAL MODELS

In general, flow through a porous medium is three-dimensional. However, since the
geometry of most aquifers is such that they are thin relative to their horizontal
dimensions (i.e. tens or hundreds of metres, as compared to thousands of metres), a
simpler two-dimensional approach, can be introduced (Bear and Verruijt, 1987).
According to this approach, it is assumed that flow throughout the aquifer is essentially
horizontal, or that it may be approximated as such, neglecting vertical flow
components. Actually, the two-dimensional approach does not totally neglect vertical
flow components, as the balance equations do take the effect of vertical flow into
account. The use of the two-dimensional approach greatly simplifies the mathematical
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analysis and the error introduced by this assumption is small in most cases of practcal
interest (Bear and Verruit, 1987)

Verwey and Botha (1993) are of the opinion that the two-dimensional approach cannot
provide a reliable framework for the efficient management of an aquifer. The reason
for this statement, is not surpnising if the hypothetical aquifer they used to compare
two- and three-dimensional models, is considered. They used a two-layered aquifer of
40 meter thickness and compared results of the 2- and 3-D models at a distance of 11
m from the abstraction borehole. Clearly, at this distance, vertical flow components
cannot be neglected and the two models would not produce the same results
However, even in this example, the results of the 2- and 3-D models were exactly the
same after a period of four days of pumping However, it is clear from their analysis
that on a pumping test scale, a two-dimensional model could produce unreliable
results The same holds true for modelling pollution on a small scale in a

heterogeneous aquifer.

Nonetheless, it was decided to opt for a two-dimensional approach dunng the present
study, since there is insufficient three-dimensional data for South African aquifers. It is
therefore currently impossible to utilize three dimensional models for management
purposes. However, the techniques which were developed during this study, could be
easily incorporated into a three-dimensional model should it be required for a specific
aquifer analysis.

A well-calibrated flow model is essential for the hydraulic management of an aquifer

and the automated inverse-parameter technique plays an important role in enhancing
the calibration of a flow or transport model.

28  RISK ANALYSIS

The purpose of risk analysis is to identify and measure the nisks associated with
exploitation of groundwater resources, and hence develop optimal management
policies. Either deterministic or stochastic methods can be used to evaluate the nsk
associated with an aquifer management policy. Quantities which are usually modelled
stochastically in aquifer studies are the transmissivities, storativities and recharge.

Risk analysis associated with the management of an aquifer, 1s undertaken by
EMATEK (CSIR) as part of the present study and is presented in Section 2.

2.9 DATA REQUIREMENTS FOR GROUNDWATER MANAGEMENT

It is obvious that better information leads to better decisions. It follows then that the
purpose of research, modelling, analysis and data collection is to produce information
to make better decisions. It is easy to acknowledge the value of information in
decision-making. For example, one may consider a military commander before an
attack;, without good intelligence about both the friendly and opposing forces, the
commander cannot make an effective decision. If the commander delays the attack too
long to gather additional information, the opportunity for a victory may be lost. What
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the commander needs 15 access to the nght amount of accurate information at the nght
time. This illustrates the need for the following aspects of decision information
amount, quality, timeliness and clanty, all of which are important in planmng

The quantity and quality of data collection is a function of cost. The behavior of both
the supply and demand of water operations is stochastic, meamng that it vanes in time
and place Data is therefore necessary 1o provide realistic estimates of the design and
planning parameters. This will in tum dictate the investment decisions and the
commitment of finances In other words, the greater the financial investment the
greater the need for accurate information.

The greater the environmental and political conseguences or financial nsk of a specific
water management strategy, the more diverse the data requirements become. A vanety
of socio-economic and environmental information becomes crucial to the decision
making process. However, even hydrologic data may amount to a large amount of
information. We might begin by asking simple questions. How much water is
required? When? Where? How much water is available? When? Where? Of what
quality? At what costs? It quickly becomes obvious that answering even these basic
questions raises the complexity of data management.

It is obvious that data 1s essential for all kinds of decision-making and that data reduce
uncertainty A great deal of information is currently available from the National
Groundwater Data Base.

It is impossible to develop an adequate groundwater management strategy for a certain
region without a good knowledge of the aquifers that are present, their properties,
limitations in view of the regions’ development, etc. In other words, assessment of the
groundwater resources of an area is a first step in the process of strategy development.
The assessment should be rather detailed and includes items such as:

» Physical framework: Hydrogeologic maps showing boundanes of all aquifers and
non-water bearing rocks, topographic maps, water-table maps, bedrock
configuration, transmissivity and storativity maps.

« Hydrologic stresses: Type and extent of recharge areas, groundwater pumpage
(distribution in time and space), precipitation

¢ Model calibration: Water-level change maps and hydrographs; history of pumping
rates and distnbution of pumpage, rainfall and recharge.

» Prediction and optimization analysis. Economic information on water supply and
demand; legal and administrative rules;, environmental factors and other social

iderati

Without a reliable amount of geohydrological and other relevant data available for an

aquifer, the development of a groundwater management model for the area may be
premature and beyond reach at this stage
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CHAPTER 3

INVERSE METHODS OF DETERMINING AQUIFER
PARAMETERS

3.1  INTRODUCTION

The problem of parameter identification in distnbuted parameter systems has been
studied extensively during the last two decades (Yeh, 1986). The term “distributed
parameter system” implies that the response of the system is governed by a partial
differential equation and parameters imbedded in the equation are spatially dependent.
The inverse problem of parameter identification concerns the optimal determination of
the parameters (say T and S) by observing the dependent vanable (water levels)
collected in the spatial and time domains.

Perhaps the simplest method of parameter identification is trial-and-error. In this
method, a subjective set of parameters is first related and inserted into the aquifer
model, together with the known past history of excitation (pumping, etc.). Usually, the
selection of values of aquifer parameters is based on geological and geohydrological
information. The calculated response of the aquifer model (water levels) are then
compared to the actual historical data observed in the field The procedure is repeated
for different sets of the considered parameters until the calculated and actual water
levels match. The main disadvantage of the trial-and-error technique is that it does not
involve any algorithm for approaching the "best™ solution in a systematic way. A lot
depends on the skill and expenience of the modeller, Because of the non-uniqueness of
the inverse solution, it is not really known if the optimal estimate has really been
attained (Bear, 1978). The tnal-and-error method is recognized to be labour intensive
and expensive, frustrating and subjective. To obtain a "good" fit between actual and
simulated water levels, may require many repeated computer runs. For example, it
took three months and 110 model runs to calibrate the Grootfontein Aquifer in the
western-Transvaal (Van Rensburg, 1985) with the trial-and-error method.

The above considerations led researchers to seek methods for obtamning, in a
systematic and rational way, the parameters which will lead to the best fit between
observed and predicted aquifer responses. In most inverse methods currently in use, an
optimal set of aquifer parameters is obtained by minimizing some error criterion.
Neuman (1973) classified the techniques as either direct or indirect. The direct
approach treats the model parameters as dependent variables in a formal inverse
boundary value problem, whereas the indirect approach is based on an output error
criterion where an existing estimate of the parameters is iteratively improved, until the
model response is sufficiently close to that of the measured output. In practice, spatial
vanables are approximated by a finite difference or finite element scheme, where the
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aquifer system is subdivided into several sub regons with each sub region
characterized by a constant parameter (Yeh, 1986) The reduction of the number of
parameters from the infinite dimension to a finite dimensional form is called

parametenzation

In essence, the indirect approach is an automated version of the manual tnal-and-error
calibration procedure. Although more expensive than direct techniques, indirect
methods lead to better solutions than the former, this is due to the fact that whether
done consciously or unconsciously, least square methods based on head residuals are
always capable of filtering out some of the noise in the head data, an accomplishment
which the direct method is unable to match (Carrera & Neuman, 1986) However, the
minimization of a criterion based solely on head residuals is usually insufficient to
guarantee a stable and unique solution.

Attempts to automate the calibration process have only been marginally successful
according to Carrera & Neuman (1986). The primary reason for this lacklustre
performance of automated methods is failure to recognize, or treat adequately, the
three major perils of parameter estimation = non-identifiability, non-umiqueness and

According to Neuman & Yakowitz (1979), two major sources of difficulties must be
overcome in order to solve the inverse problem The first difficulty arises from the
extremely high sensitivity of transmissivity estimates to noise in water-level data. The
reason for this high sensitivity stems from the fact that the noise terms appear in the
governing equations as denivatives. It is well-known that errors in denivatives of noisy
data can be arbitranily large; no matter how well the data is approximated The second
source of difficulty stems from the fact that even in the hypothetical case, where the
data is precise, the solution to the inverse problem may nevertheless be non-unique.
This may be caused by insufficient information about lateral flow rates or by the lack of
sufficiently large hydraulic gradients in some parts of the aquifer (Neuman, 1973).
Both of these difficulties manifest themselves by similar symptoms and are therefore
difficult to isolate. The most common symptom is for the transmissivities to exhibit
spatial oscillations whose frequency and amplitude are higher than those anticipated on
physical grounds. When this happens, the solution to the inverse problem is said to be
"unstable”

Neuman (1973) suggested that the problem of instability in the solution of the inverse
problem can be reduced by including prior information on the transmissivities . As has
been shown by Gavalas e al. (1979) and Shah e al. (1978), this is indeed the case, in
the sense that it usually leads to a smaller vanance for the error of estimation.

Chavent (1974) studied the uniqueness problem with regard to parameter identification
in distributed parameter systems. Chavent pointed out that the uniqueness problem has
a great practical importance, because in the case of non-uniqueness, the identified
parameters will differ according to the initial estimates of the parameters, and there will
be no reason for the estimated parameters to be close to the true parameters. In a
distributed parameter system, if only point measurements are available, the inverse
problem is always non-unique. The uniqueness problem is intimately related to
identifiability, which addresses the question of whether it is at all possible to obtain
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unique solutions of the inverse problem for unknown parameters of interest in a
mathematical model, from data collected in the spatial and time domatns

Most inverse models are based on the zonation approach (¢ g Emsellem & De Marsily,
1971, and Cooley, 1977) Other inverse models deal with interpolation methods.  Often
the transmissivity shows a high degree of spatial correlation, and the geostaustical
structure has been used in estimation models based on knging (eg Kitamdis &
Vomvorns, 1983; Hoeksema & Kitamdis, 1984 and De Marsily ef al, 1984) The
:morponnon of a certain spatial structure, together with field observations in the
model, increases the stability of the inverse solution Neuman and Yakowitz (1979)
incorporated prior information about the transmissivity into the method of zonation.

As stated ecarlier in parameter estimation in ground-water modelling, measured
piezometer heads are compared to calculate ones on the basis of a least square
criterion, and the best model parameters being determined by a mimimum of the least
square objective function.

3.2  INVERSE SOLUTION METHODS

For modelling purposes, the objective is to determine T (x,y) and S (xy) from a limited
number of observations of h (x,y,t) scattered in the field, so that a certain critenon is
optimized. In the classical least square critenion, the objective function to be minimized
15 (Yeh, 1986).

min J = [h-h*)T [h-h*)
T(xy).S(xy)

where h = vector of observed heads at observation boreholes
h* = vector of calculated heads at observation boreholes

For identification purposes, T and S can be parameterized by either a zonation or
interpolation method.

In practice, usually the Gauss-Newton or modified algonthm is used for mimmization,
and is proven to be very effective. The rate of convergence of the Gauss-Newton
method is superior when compared to classical gradient searching procedures.
Constraints, such as lower and upper bounds, are usually incorporated in the algorithm.

The Marquardt algorithm (Levenberg, 1944 and Marquardt, 1963) is a very popular
modification of the Gauss-Newton method, and is used in many inverse computer
codes for ground-water flow (e.g. Medina er al., 1990, Kauffmann & Kinzelbach, 1989
and Keidser er al., 1990). The procedure is an extension of the Gauss-Newton method
to allow for convergence with relatively poor starting guesses for the unknown
parameters. In this method, the Gauss-Newton normal equations are modified by
adding a factor A (Kuester & Mize, 1973):
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[ATA+<a1Ax = AT (h-h*)

where A = value added to the increment

I = identity matnx

A = matnx of partial differential coefficients
Ax = increment towards the minimum

It can be shown that when A approaches = , the Marquardt method is identical to
Steepest Descent. When A equals 0, the technique reduces to Gauss-Newton In
general, a Steepest Descent procedure would be expected to converge for poor
starting values, but requires a lengthy solution ime. Gauss-Newton, on the other hand,
will converge rapidly for good starting estimates. Thus in the Marquardt procedures,
the imtial value of A is large and will decrease toward zero as the optimum is
approached

33 DATA REQUIRED TO DEVELOP A GROUNDWATER MODEL

The first phase of a groundwater model study consists of collecting all existing
geological and hydrological data on the groundwater system in question. This will
include information on surface and subsurface geology, water tables, precipitation,
pumped abstractions, aquifer charactenstics, aquifer boundanes and groundwater
quality. If such data do not exist or are very scanty, a program of field work must first
be undertaken, for no model whatsoever makes any hydrological sense if it is not based
on a rational hydrogeological conception of the system (Boonstra & De Ridder, 1990).
All the information is then used to develop a conceptual model of the aquifer

Developing and testing a numerical model, requires a set of quantitative
hydrogeological data that fall into two categonies.

- data that defines the physical framework of the aquifer and
= data that descnbe its hydrological stress.

Boonstra & De Ridder (1990) listed the data required to develop a ground-water
model:

Physical framework Hydrological stress

1. Topography 1. Water-table elevation with time

2. Geology 2. Type and extent of recharge
areas

3. Type of aquifer 3. Rate of recharge

4. Aquifer thickness and lateral extent 4. Type and extent of discharge
areas
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5. Aquifer boundanes 5 Rate of discharge
6 Lithological vanations within the

aquifer
7 Aquifer charactenistcs

3.4 CALIBRATION OF THE GROUND-WATER MODEL

Before a model can perform its task of predicting the future water-table behaviour, it
must be calibrated, which means that a check must be made to see whether the model
can correctly generate the past behaviour of the water table, as it is known from
historical records Calibration is the most difficult pant of ground-water modelling and
requires great skill and team-work

Useful comments on calibration

1) Selecting a period in which the water table shows a recession, for which histoncal
records are available. (A peniod of recession is necessary because it is nearly
impossible to calibrate for S and recharge simultaneously ) If, however, the
recharge rate is known for each month, any historical period can be selected.
Obviously, the longer the period used for calibration, the better the results will
be

2) Many modellers (e.g Kauffmann & Kinzelbach, 1989) calibrate the flow model,
both in steady and non-steady state, by starting with the steady state case. In
steady state, the computed heads are compared to the measured and time
average areal head distribution. It is important to note that for steady state
simulations at Jeast one constant head node must be used. The steady state
solution is only dependent on the areal T-distnbution, discharge and recharge
rates and boundary conditions (and not on the areal S-distnbution). The areal
T-distnibution obtained from the steady state calibration is then used in the non-
steady case to calibrate for the S-distribution in the aquifer.

3) It is important to supply the inverse program (AQUA-INV) with realistic upper
and lower bounds on T and S for each zone. To be able to do this, a sound
judgement of the parameters in question is necessary, and a possible range of
errors in the T- and S-values must be provided. It may happen that some of the
calculated water-table clevations cannot be matched with the historical ones,
even if the values of the parameters have been varied up to their maximum
error percentage. Possible reasons for this include:

() Wrong zonation of the aquifer.

(1) Wrong boundary conditions

(1) Wrong recharge estimates.

(iv) Wrong input parameters such as abstraction rates, type of aquifer, etc.

Faced with the situation that the above-mentioned factors are correct, one has
no alternative but to retumn to the field for additional measurements.



Proper model calibration depends above all on the integnrty of the modeller. It 1
always possible to "calibrate” a model if one has a free hand in changing the
input parameters and disregards the maxamum error imnts  But then, one is not
calibrating the model, but is merely playing with it, which is a dangerous game
(Boonstra & De Ridder, 1990)

Although not necessary, it is advisable to venfy the model after it 1s calibrated
For venfication purposes, another histonical period is chosen (preferably the
period succeeding the calibration period) and the flow model is run for this
period. If the fitting between the simulated and actual water-level responses is
still "good"”, the model is regarded to be suitable for future applications.

It is important to realize that the parameters that give a good match with the
observed data, however, may not be the real parameters for the aquifer (Khan,
1980). Because of this, Labadie (1975) named the calibrated parameters
surrogate parameters. It is obvious that to get a suitable model to predict the
future behaviour of the aquifer, the surrogate parameters must reflect, as
closely as possible, the underlying physical structure of the aquifer

Theory, as well as practical expenence (De Marsily, 1978), suggests that in
dealing with the inverse problem, it is advisable to work in terms of log
transmussivities instead of transmussivities, ie. Y =log T If T is log normal,
then it can be shown that if a subregion (zone) of the aquifer 1s made small
enough so that the hydraulic gradient over it stays more or less uniform, the
transmissivity of the zone can be represented by an effective T-value which is
the geometric mean of T; (Neuman, 1980). This implies that the effective log
transmissivity of the zone is simply the anithmetic mean of Y,

To obtain realistic initial groundwater levels, it is recommended that the Bayes
method of interpolation (Program TRIPOL developed at IGS, 1993) must be
used to obtain these values. In the Bayes method, the topographic values are
used as qualified guesses for the water levels A number of case studies in
South Africa showed that the topography mimics the water levels very closely.



CHAPTER 4

GROUNDWATER MANAGEMENT MODELS AND DECISION
ANALYSIS

4.1 INTRODUCTION

The management of groundwater resources involves the allocation of groundwater
supplies and water quality to competing water demands and uses The resource
allocation problem is often characterized by conflicting objectives and complex
hydrologic, environmental and economic constraints. The development of
mathematical simulation models in the early 1970's provided groundwater planners
with quantitative techniques for analysing alternative groundwater pumping or
recharge schedules and identifying the probable environmental impacts associated with
subsurface waste disposal Costs and benefits could, in principle, be developed for each
planning, design or management alternative and optimal control schedules could be
developed for the groundwater system.

Although simulation models provide the resource planner with important tools for
managing the groundwater system, the predictive models do not identify the optimal
groundwater development, design or operational policies for an aquifer system
Instead, the simulation models provide only localized information regarding the
response of the groundwater system to pumping and/or artificial recharge In contrast,
groundwater optimization models can identify the optimal groundwater planning or
design alternatives in the context of the system's objectives and constraints.

42 APPROACH AND PHILOSOPHY (from Willis and Yeh, 1987)

The planning problems associated with the management of groundwater supply are:

- the determination of the optimal pumping pattern,

- the timing and staging of well-field development and

- the design of surface storage and transport facilities to distnibute the
groundwater supply to the water demands.

The optimal management decisions maximize the net discounted benefits
allocating the groundwater supplies over a design or planning hornizon,
minimizing interference effects between the wells in the system, land subsidence,
water intrusion or other water quality problems.
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The physical basis of these planning models are the hvdrodynamic response equations
of the groundwater system These response equations, which relate the state and
decision vanables, are found either through the analytical or numencal solution of the

groundwater system's equations.

The response eguations have a dual role in groundwater planning, because hydraulic
equations can be used for simulation or optimization of the groundwater system. In
simulation the response equations are used to predict

1) the hydraulic or water quality response of the aquifer system to a set of pumping or
recharge schedules and

2) the probable hydrologic and environmental impacts associated with groundwater or
conjunctive use

The simulation approach, because it can consider only a limited number of alternatives,
generally does not identify the opumal pumping schedules in the context of all the
objectives of the planning or design problem.

In contrast, however, optimization models develop optimal planning, design, and
operational policies for the groundwater system. Because the response equations can
be incorporated into the management models - the same equations that would normally
be used for simulation - the optimal decisions define not only the optimal pumping and
recharge schedules, but also predict the time and spatial vanation in the hydraulic head.
As a result, the response equation method combines simulation and optimization in a
single management model

43 CATEGORIES OF GROUNDWATER MANAGEMENT MODELS
Groundwater management models can generally be divided into three groups:

(1) Water supply and demand models.

(i) Conjunctive use models.

(i)  Water quality models.

The models in each of the respective groups can then be further classified into two

- Hydraulic management models.

In this report attention will mainly be focused on the groundwater supply and demand
models. These models will be discussed in terms of hydraulic management and policy
evaluation and allocation.

44 GROUNDWATER SUPPLY AND DEMAND MODELS,

Groundwater supply and demand models can be divided into three categories:

- Groundwater operational models.

1-25



- Groundwater allocation models
- Capacity expansion models.

Inspection of the above models in more detail reveals that they basically consist of two
components, being

(1) a physical (hydraulic) component and
(i)  an economic component

The physical (hydraulic) component 15 performed by hydraulic management models
which:

- manage groundwater stresses (e.g. pumping and recharge) and
- treat stresses and hydraulic heads directly as management model decision
vanables.

The economic component is accomplished by means of policy evaluation and allocation
models when

- water allocation problems entail economic management objectives
- hydraulic management 1s not the sole concern

4.4.1 Groundwater Operational Models

An important class of groundwater planning problems involves the determination of
optimal operational (water extraction) schedules of a groundwater system. The
planning problem is to determine how the existing well-field should be operated over
the entire planning honzon to satisfy a water demand. The objective of these types of
planning models is to minimize the total discounted operational costs for extraction of
the resource.

The operational planning problem can be formulated as a non-linear optimization
model which is constrained by:

1) the water target requirements,
i) the well capacity restriction and
i)  the response equations of the groundwater system

The planming model can incorporate additional restrictions or objectives to reflect
different management strategies or environmental constraints (e.g. salt water intrusion
in a coastal aquifer).

It is also important to consider the possible impacts of parameter and economic
uncertainty on the optimal planning policies. The dual vanables associated with the
optimal solution of the planning models provide a partial answer to this problem. The
dual variables represent the marginal change in the system objectives for a unit
relaxation in the constraints of the model. In terms of the water targets of the system,
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the dual vanables or shadow pnces indicate how much the system costs are increased
(decreased) by increasing (decreasing) the water demand. Similarly, if, for example, the
state vanables are stnictly binding at cenain control locations within the aquifer, the
shadow prices will determine how the objective wall change as these constraints are
relaxed. This information is an indication of the economic and hydrologic trade-offs
occumng in the basin

The possible effects of parameter uncertainty on the opumal planmng policies are a
more difficult problem to assess. The parameters of the aquifer system are often
random vanables and, under certain conditions, the direct water demands may form a
stochastic process. If it is possible to characterize the underiving distributions of these
vanables, then Monte Carlo optimization methods or stochastic dynamic programming
can be used to determine probabilistic operating rules for the groundwater system

442 Groundwater Allocation Models

From an economic perspective, the management of groundwater is a problem in
resource allocation. The allocation, distnbution or development of groundwater are
controlled by the economic valuation of the water supply or water quality resource by
agricultural, industrial and municipal demands within a specific catchment. The
optimal allocation of the groundwater supply maximizes the net discounted benefits
from developing and extracting the resource, while minimizing well interference effects
and potential groundwater quality problems The optimal decisions of the planning
model define the expected water targets for the principal agricultural, municipal and
industrial demand centres.

4.43 The Capacity Expansion Model

The Operational and Allocation Models were based on the assumption that the well
sites of the groundwater system were developed prior to the operational analysis. The
capital costs associated with the development of the well-field were neglected In the

capacity expansion problem, both operational and capacity investment decisions are
considered over the entire planning horizon. Specifically, the problem involves:

(1)  The selection over the planning horizon of the well sites that are 10 be
developed. This is accomplished in such a way as to always satisfy the
water demand.

(2) The determination in any time peniod of the optimal groundwater
pumping pattern.
It is assumed that the discounted capital and operational costs are 10 be minimized. The
optimal decisions will define the timing and staging of well-field development and the
optimal production pattern of the aquifer system. The policies of the planning model
are constrained by

(1)  The water target in each planning period.
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(2)  The well capacity hmitation

(3)  The response equations

(4)  Possible state vanable restrictions

(5)  The non-negativity of the decision vanables

There may also be a limitation on the availability of capital in any planmung penod
Finally, we have the constraints reflecting the time lag between well and pipeline
construction and the actual operation of the wells.

The capacity expansion model is most useful for long-term groundwater planning. The
optimal policies of the model will define whether or not the basin can sausfy the

imposed water targets of the problem and the potential role of groundwater in regional
water resources management.

45 CONJUNCTIVE GROUNDWATER AND SURFACE WATER
PLANNING MODEL

Groundwater and surface water planning models optimally distribute, over a planning
or design horizon, the water resources of a catchment to competing water demands or
water uses. By controlling the total water resources of a region, conjunctive use
planning can increase the efficiency, reliability and cost-effectiveness of water use,
particularly in river basins with spatial or temporal imbalances in water demands and
natural supplies. Conjunctive water management can reduce surface water deficiencies
by using groundwater to supplement scarce surface water supplies during the drier
seasons.

The conjunctive use, planning or operational problem can again be formulated as an
optimization model of the water resources system The decision or control vanables of
the model are the groundwater and surface water allocations in each planming penod.
The optimal decisions maximize the objectives of the water resource system, while
satisfying the hydraulic response equations of the surface and groundwater systems,

The system objective will include the capital, operational and maintenance costs. The
objective function of the planning model is to maximize the net discounted economic
benefits. The groundwater and surface water allocations are constrained within any
planning period by the hydraulic response equations, balance equations for pumping
and recharge and possible limitations on surface water availability and head vanations
in each groundwater system. The groundwater recharge constraints prescribe that the
recharge target for each groundwater system is satisfied for any planning period.

46 PROBLEM FORMULATION
According to Lefkoff and Gorelick (1987) and Kinzelbach (1986), problem

formulation is certainly the most important and often the most difficult part of a
management model. Any optimization problem is characterized by:



- an objective function. stating the quanuty to be maximized or munimized and
its functional dependence from decision vanables and

- the constrainis which are always linear on the decision vanables under which
an optimum 1s to be searched

Objective functions may be non-linear, depending entirelv on the problem formulation
Typical objective functions are listed in Table 1.2
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TABLE 1.2. TYPICAL OBJECTIVE FUNCTIONS AND CONSTRAINTS IN GROUND-
WATER MANAGEMENT PROBLEMS

|_Hydraulic objective (goal) functions
_Objective Function __Formular cxpressions
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The above objective functions listed in the table may be controlied by the following
constraints.

Physical (Hydraulic) Constraints
- Prescribed minimum heads
- Prescnibed maxamum heads
- Prescribed mimimum supply
- Positivity of pumping rates
- Prescrnibed minimum water quality

Economical Constraints
- Prescribed maximum capital budget
- Prescribed minimum return required
The above-discussed objective functions can be constrained by either physical

(hydraulic) or economic constraints or a mixture of both defined in the same problem
which provides a very powerful management tool.

Hydraulic management models are concerned with the best selection of borehole
locations and pumping rates that achieve certain goals with aquifer yields, drawdowns,
hydraulic heads and hydraulic gradients

47 SIMULATION MODEL

As stated in Section 4.2, the Groundwater Management Modei is a combination of
both a simulation model and an optimization model.

The simulation model used in this project is based on two-dimensional groundwater
flow in confined aquifers:

0, N, 0,.0h ch

E[T'§]+$(7:"5]'SE'+W (@1
where h = hydraulic head [L)

TxTy =  transmissivity (L2/T]

S = storage coefficient

t = time [T]

w =  source (recharge) or sink (pumping) per unit area [L/T)

Xy = spatial co-ordinates [L]

This equation can also be used to approximate an unconfined aquifer if the drawdown
in the aquifer is small compared to its thickness. For the case where the drawdown is
not small compared to the aquifer thickness, the T-values are calculated according to T
= KD. The T-values are thus updated after every time step during the simulation,
according 1o the saturated thickness of the previous time step. The fundamental partial
differential equations governing the flow in confined aquifers are linear, while the
dependent vanable h (x,y,t) varies in space and time in a continuous fashion.
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According to Bear (1979), it is difficuit to use parual differental equations as
constraints, since it would require the solution of the equation each time one wishes to
check whether a constraint is violated It is much easier to use a system of linear
equations which approximates the parual differential equation Furthermore, in many
cases, it is convenient to use the solutions of the equations in comuncuon with
superposition to deal with linear flow problems.

By employing the principle of superposition, one can obtain. for example, the
combined drawdown at a specific location after a particular time, produced by a
number of production boreholes in the aquifer (each with its own pumping schedule)
bymamofanh!he:mﬁmctionoranalgebdctedmologiulﬁmcﬁon If this is
considered for all the observation boreholes in the aquifer, an influence matnx is
formed, which represents the operation of the aquifer for a particular time-span  This
influence matrix can also be referred to as a response matnx.

Thus, the key behind the response matrix method is that because the aquifer is
described by a system of linear equations, the influence of each source or sink may be
calculated separately and then superposed to compute the complete distribution of
stresses over space and time under any pumping schedule.

48  STEPS IN THE CONSTRUCTION OF AN AQUIFER MANAGEMENT
MODEL

According to Lefkoff and Gorelick (1987), hydraulic aquifer management modelling is
a multistaged procedure comprising the following steps:

a site specific simulation model is developed,

a management problem is formulated,

the simulation model is used 10 generate a response matnx,

a special data file is created that comtains the response matrix and
represents the management formulation,

an optimal solution is obtained by means of a linear or quadratic
optimization algorithm,

® the optimal solution is verified using the onginal simulation model and

® the sensitivity of the solution to uncertainties is explored.

This seven-step approach adopted, provides the necessary philosophy whereby the
software for this study is discussed in detail in Chapter 5.

49  DECISION ANALYSIS RELATING TO GROUNDWATER
PROBLEMS

4.9.1 Introduction

1-32



The process of engineenng design i1s often descnbed as a sequence of decisions
between alternatives under conditions of uncemanty. This 1s a parucularly apt
definition for the types of engineenng projects that anise in 2 hydrogeological context
Moreover, in engineering projects that require a knowledge of the hydrogeological
environment, uncertainty as 1o the system properties and expected conditions is far
greater than in most traditional engineening practice. Not only do we have uncertamnty
as 10 the parameter values needed for our design calculations, we even have
uncertainty about the very geometry of the system we are trying to analyse The
uncertainties of lithology, stratigraphy and structure introduce a level of complexity to
geotechnical and hydrogeological analysis that is completely unknown in other
engineenng disciplines.

Freeze et al. (1990) provides a framework for hydrogeological decision analysis to
engineering design for projects in which the hydrogeological environment piays an
important role It is based on a nisk-based philosophy of engineening design and
involves the coupling of three separate models: a decision model based on a nisk-cost-
benefit objective function, a simulation model for groundwater flow and transport and
an uncertainty model that encompasses both geological uncertainty and
hydrogeological parameter uncertainty. Janse van Rensburg (1992) proposed an
expansion of the Freeze er al (1990) uncertainty models to include both hydrological
and financial uncertainties.

4.9.2 Difference between Hydrogeological Decision Analysis and Optimization

Systems analysis can be camed out in either a decision-analysis framework or an
opumization framework. Optimization involves the determination of optimal values for
a set of decision variables in a system. Optimality is defined with respect to a specified
objective function and is subject to a set of constraints as described in Sections 4.1 to
48

Decision analysis involves the determination of the best altemative from a discrete set
of specific altematives. Preference is based on a specified objective function
Optimization is a more general approach than decision analysis in that it provides the
optimal alternative from the set of all possible alternatives, whereas decision analysis
provides only the best alternative from a specified set of altenatives.

There are two types of limitation that can constrain the applicability of currently
available optimization models. Firstly, most methods are based on a linear
constraints and linear flow equations in the simulation model (if such a model is part of
the optimization system) The latter part of this limitation obviates application to
unconfined surficial aquifers, unless simplifying assumptions can be invoked to linearize
the flow equations. Secondly, it has been traditional to apply optimization techniques in
a deterministic framework, so that such methods are not suitable for nisk analysis or
other probabilistic approaches to making decisions.
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In summary, decision analysis is less general than optimization, but it suffers no
limitations with respect to linearity or stochastic application, and it is well-suited to the
risk-based philosophy of engineening design.

49.3 Components of a Design Framework (Freeze er al ,1990)

The design framework as proposed by Freeze ef al. (1990) is shown in Figure | | and
consists of a decision model, a hydrogeological simulation model, an engineenng
reliability model, a geological uncenainty model, a hydrogeological parameter
uncertainty model and a field investigation program

FIELD INVESTIGATION
PROGRAM:
DATA AQUISITION
SYSTEM
L .
) 1
GEOLOGICAL HYDROGEOLOGICAL
UNCERTAINTY UNCERTAINTY
MODEL MODEL
+
HYDROGEOLOGICAL ENGINEERING
SIMULATION RELIABILITY
MODEL MODEL
DECISION
MODEL

Fig 1.1 Framework for Hydrogeological Decision Analysis (Freeze et al, 1990)

During his study, Janse van Rensburg (1992) concluded that a hydrological simulation
model, financial simulation model, hydrological parameter uncertainty model and
financial parameter uncertainty model should form part of the design framework for
decision analysis. This expanded framework is shown in Figure 1.2. The decision
model allows for the comparnison of alternative sites and/or engineering designs. It is an
economuc analysis based on a risk-cost-benefit objective function.

The hydrological simulation model is used to represent the expected performance of

the hydrological component of the system. The engineering reliability model is used to
represent the expected performance of engineered components of the system. The
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hydrogeological simulation model is used 10 represent the expected performance of the
hydrogeological component of the system It can be an analytical solution or a
numerical model of the hydrogeological system at the site. most often it will be a finite
difference or finite element model of flow and transport. The financial simulation model
is used to represent the expected performance of the financial component of the
system. The hydrogeological simulation model, hydrological simulation model,
ﬁmncnlnmulauonmoddmdlheengmmngrdnbuhnmodducmxhzcdma
stochastic mode; their purpose is to predict the probability of fallure which is a
component of the risk term in the decision model

The simulation must be stochastic in order to take into account the uncertainty in the
hydrogeological system that always exists in heterogeneous hydrogeological
environments. The uncertainty in the geological boundaries is described by the
geological uncertainty model and the uncertainty in hydrogeological parameter values
is described by the hydrogeoiogical parameter uncertainty model. The uncertainty in
the hydrological parameters is described by the hydrological uncertainty model and the
uncertainty in financial parameter values is described by the financial parameter
uncertainty model. In stochastic analysis, uncertainty in the input parameters is
specified in the form of a probability density function or by the mean and the vanance
of such a distribution. There are three basic approaches used to propagate these
uncertainties through the simulation models to estimate uncertainties of output
variables: (1) first-order analysis, (2) perturbation analysis and (3) Monte-Carlo
analysis (Freeze et al., 1990)

FIELD INVESTIGATION
PROGRAM:
DATA AQUISITION

SYSTEM

o e I |

HYDROLOGICAL| | GEOLOGICAL HYDROGEOLOGICAL FINANCIAL
UNCERTAINTY | | UNCERTAINTY UNCERTAINTY UNCERTAINTY
MODEL MODEL MODEL MODEL

Fue { r— |

HYDROLOGICAL| | HYDROGEOLOGICAL | | ENGINEERING FINANCIAL
SIMULATION SIMULATION RELIABILITY SIMULATION
MODEL MODEL MODEL MODEL

iy

Fig 1.2 Framework for Hy is (Janse van Rensbu
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Monte Carlo simulation provides the most general approach to uncertanty
propagation. With this approach, 2 large number of equally likely realizations of each
parameter field are generated and the simulation models are run for each realization

The method requires that the full PDF be known for each input parameter. The PDF of
the output variables is obtained from a statistical analysis of the output from the Monte
Carlo runs.

The form of the uncertainty models and the values of their parameters are determined
from the data generated by the field investigation program

4.9.4 Decision Model

The economic objective of design must be to meet the technical objective in such a way
$0 as to maximize the profit (or minimize the loss) to the owner. From this perspective,
we can define an objective function as the net present value (NPV) of the expected
stream of benefits, costs, and nisks, taken over a planming horizon, and discounted at
the market interest rate (Crouch and Wilson, 1982). If an objective function, ®j, is
defined for eachj= |...N alternatives, then the goal is to maximize ®;

T

= Y [B (1)=C; (1)~ R; (0] (4.2)
=01+
where
objective function for alternative ) [Rand], = benefits of alternative j in year t
l'limd]C,(t) = costs of alternative j in year t ]R,(t) risks of alternative j in

year t [Rand]; T = time horizon [years] and i = discount rate [decimal fraction]

The nisks R(t), in the equation are defined as the expected costs associated with the
probability of failure:

R(=PAOCHOV(CH (43)

where Pg(t) = probability of failure in year t [decimal fraction], Cg(t) = costs associated
with failure in year t [Rand] and y(Cg) = normalized utility function [decimal fraction, y
2 1]. In this equation, the C(t) term represents the costs to the decision-maker and the
B(t) term represents the benefits. The costs would be the capital costs and operational
costs of each design alternative, and the benefits would be the revenues for each
alternative. The probabilistic costs, Cg(t), that appear in the nisk term are those costs
that would be incurred only in the event of failure. The utility function, ¥(Cg), allows
one to take into account the possible risk-averse tendencies of some decision-makers.
For nsk-averse behaviour, ¥ > 1, and for nsk-neutral behaviour, ¥y = 1. Small owners
who do not have a large net worth are the most likely to use a nsk-averse utility
function. Larger companies are more likely to take a risk-neutral approach.



In Equation (42) , the C(t) term represents an actual cost, whereas the R(1) term
represents & probabilistic cost It is worth noting in the equations that almost all the
terms are economic. The technical input to the objective function comes only in the
probability term, Pg(t). This identifies more clearly that the role of the simulation
models in the decision-making process is to predict the probabilities of failure of the
design alternatives under assessment.

Risk will be discussed in more detail in the Risk-analysis part (Section 2) of this
research repon

49.5 Summary

Decision analysis involves an iterative process between analysis and field measurement
A subjective prior interpretation of the hydrogeological environment is first analysed
with an unconditional stochastic simulation. The level of uncerntainty reduction that can
be achieved by field measurements is assessed with postenor conditional stochastic
simulation After each phase of field measurements, the available engineenng
alternatives are compared with an economic decision model Before each phase of field
measurements, the available engineering alternatives are compared with an economic
decision model Before each new phase of field measurements, a data worth
assessment is carried out to determine whether further measurements are economically
justified. When the point is reached where they are not, the best alternative is selected
as the design decision.

1-37



CHAPTER §

COMPUTER PROGRAM STRUCTURE FOR MANAGEMENT
MODELS

The computer programs developed and used in the project are called the AQUAMOD
package, and include the following programs

51 PROGRAM AQUA-NET (GRID GENERATOR)

There is an ever-increasing demand for a well-developed tnangular mesh to use in the
numerical simulation of groundwater flow or pollution. The need therefore anses for a
graphics interactive and user-friendly mesh generating program Programs to generate
networks do exist, but some have shortcomings, including lack of the following:

User-friendliness

Graphics representation

Dividing the region into zones with certain properties
Band-width optimization

Mouse support

The AQUA-NET program (Staats, 1993), was developed to meet these shortcomings.
The program can read various data files to accommodate fixed locations, border co-
ordinates and previous generated networks. Additional single or multiple data points
can be inserted or deleted with a mouse. There is also a facility to generate points on
the border line to ensure perfect tnangulation next to the border.

AQUA-NET generates a finite triangular mesh between a finite set of user-defined data
points. It uses an algonthm developed by Watson (1982). This algonithm constructs
triangles by subdividing an initial triangle that encloses all the data points. Data points
are introduced one at a time and triangles are formed, so that no node lies within
another triangle's circumcircle. Where this happens, these tnangles are deleted and new
ones are formed including this new data point. On completion of this process, the
triangles with connections to the initial triangle are deleted. Triangles which are
situated outside the boundary are deleted simultaneously. This tnangulation scheme
complies with the Delaunay cniteria as defined in Watson and Philip (1984) and may
therefore be classified as a Delaunay triangulation.

After the triangulation, the band-width can be reduced considerably with a built in
option. The algonthm for band-width reduction was taken from Burgess and Lai
(1986). It builds a level structure from the connectivities of the nodes. An initial
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starting node with lowest connectivity (degree) is listed in the first level All nodes
connected to this node are listed in the second level For each of the nodes in the
second level, all nodes connected to this node that were not listed before, are histed in
the third level The same is done for the third level and levels 1o follow, until all nodes
are listed in the level structure

This level structure is then reduced, as described in Burgess and Lai (1986), to have a
new structure with levels of smaller height. This new structure is then renumbered to
give the same network with a smaller band-width

Marking of zones, hereafter called zoning, is accomplished in a novel manner. An area
is enclosed by a few lines and all triangles in this area are colored with the chosen zone
color. After all the triangles are marked, the user enters the T- and S-value for each
color. Zoning or zone refinement can also be done, using old networks. Figure 13
and 1 4 show example grids generated by AQUA-NET.

52 PROGRAM AQUA (FLOW PROGRAM)

AQUA solves the Galerkin finite element method in two dimensions for groundwater
flow The development of this program is completed and has been used by the 1GS and
the DWA in a number of case studies

Special features of AQUA include the ability to specify:

(1) variable pumping rates,
(ii) ume-dependent recharge values as percentage of monthly rainfall and
(iii) a confined or water-table aquifer.

The output of AQUA yields:

(1) monthly simulated water levels at each node (e.g. for contounng
purposes) or water levels at specific user-defined nodes,

(i) groundwater velocities in the center of each element (optional),
(iii) a groundwater balance.

53 PROGRAM AQUA-INV (INVERSE PROGRAM FOR FLOW)

AQUA-INV is an automated parameter identification program which uses the flow

program AQUA and the Marquardt optimization algonthm to obtain the following
cbmofmmamnhnmwfmmmmmmfumww
produce the best fit between observed and simulated historical water-level data:
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Fig. 1.3. Finite element meshes generated with program AQUA-NET.
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Fig. 1.4, Finite element meshes of the Greefswald- and Otjiwarongo Marble aquifer
generated with the program AQUA-NET.
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| T - and S-vanables
2. T

3.8

4. Recharge

S. T and recharge
6. Neumann inflow flux at boundary

7. T, S and inflow flux at boundary
The program is based on the Ph. D study of Chnstophe Kauffmann under Professor
Wolgang Kinzelbach of Kassel University in Germany.

54 PROGRAM AQUA-MAS

This program soives the convection diffusion equation in two dimensions for mass
transport problems The program was used by Robert Scott for his M. Sc. project on
the investigation into the fate of groundwater contaminants at Vansa Vanadium Mine

55 PROGRAM MASS-INV (INVERSE MASS TRANSPORT PROGRAM)

This program is the equivalent of the AQUA-INV program, and can be used for the
automated calibration of the mass transport problem. The parameters which could be
i are the groundwater velocities, porosity and the longitudinal and transversal
i ey

56 PROGRAM AQUA-MAN (MATHEMATICAL OPTIMIZATION)

AQUA-MAN links the distributed parameter groundwater flow simulation model,
AQUA, with mathematical optimization methods using a technique know as the
response matrix approach. Linear programming formulation of the management
problem is soived by a simplex routine (program SIMPLEX), obtained from
Kinzelbach (1986). If slack and surplus values are needed, the routine by Erikson and
Hall (1987) can be used, while quadratic problems are solved with the Wolfe routine
obtained from Kuester and Mize (1973).
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57 PROGRAM SVF (RECHARGE ESTIMATION)

This program estimates the groundwater recharge of an aquifer with the aid of the
SVF-method and was onginally programmed for the WRC-project of Kirchner e7 al
(1991). Modifications to the program, as parnt of the recharge project of Bredenkamp
etal (1993, WRC-project), were made and will be reported on in that project

58 PROGRAM AQFSTOC (ESTIMATION OF PERCENTILES)

AQFSTOC was wnitten by P. van Rooyen (1992) of Bruinette, Kruger and Stoffberg,
to simulate the storage in an aquifer based on the recharge results as obtained with the
SVF-method as well as the S-value and the abstraction from the system. AQFSTOC
requires a generated sequence of rainfall This is done with a program called
RAINGEN and is based on work done by Zucchini and Adamson (1991). Percentiles,
as obtained from the AQFSTOC program, show probability estimates of confidence for
storage of the aquifer on 2 monthly basis

A complete description of the AQUAMOD package is given in Appendix A
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CHAPTER 6

ILLUSTRATIVE MANAGEMENT EXAMPLES

In this chapter, a few hypothectical management examples will be presented to
demonstrate how simulation and optimization models can be used to develop a

conceptual basis for groundwater management.
6.1 EXAMPLE 1.

Consider the three abstraction boreholes located at the following nodes (see figure
1.5):

Pumping hole 1 = node 24
Pumping hole 2 = node 56
Pumping hole 3 = node 88

The question is to obtain the maximum pumping rates at the three pumping boreholes
such that the following constraints are valid at six observation boreholes (located at
nodes 24, 7, 89, 96, 53 and 16 respectively) after 90 days of pumping:

Maximum drawdown at obs. borehole | <20 m
Maximum drawdown at obs. borehole2 <20 m
Maximum drawdown at obs. borehole 3 <04 m
Maximum drawdown at obs. borehole4 <25 m
Maoamum drawdown at obs. borehole S <25 m
Maximum drawdown at obs. borehole 6 <09 m

Objective function: Maximize F = Q1 + Q2 + Q3
Solution: Prepare the following input data file
Input data: file aqua.man (see page A-46 in Appendix A for the input parameters)

3 6 1 (number of boreholes, number of constraints and maxamize code)
Ob1<20
Ob2<20
Ob3<04 (constraints)
Ob4<25
Obs5<25
Ob6<09
1 (coefficients of objective function)
1
1
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Execution of program AQUA-MAN vielded the foliowing output file (file name aqua-
man.out).

Output file : aqua-man.out

3 6 |
Ob1<20
Ob2<20
Ob3<04
Ob4<25
Ob5<25
Ob6<09
1
1 coefficients of objective function
1
0.441132E-02 0.131663E-02 0 341610E-03
0.220353E-02 0.125971E-02 0.328627E-03
0.641480E-04 0 134838E-03 0.248847E-03
0.676188E-03 0.149491E-02 0.113611E-02 matrix
0.939208E-03 0.194959E-02 0.733874E-03
0.559076E-03 0. 528029E-03 0.252322E-03

Interpretation of output file aqua-man.out:

The meaning of the data in the aqua-man.out can be put in matrix form as

0.441132E-02 0.131663E-02 0341610E-03 Ql 20
0.220353E02 0.125971E-02 0.328627E-03 20
0.641480E-04 0.134838E-03 0.248847E-03 Q2 04
0.676188E-03 0.149491E-02 0.113611E-02 25
0.939208E-03 0.194959E-02 0.733874E-03 Q3 2S
0,559076E-03 0.528029E-03 0.252322E03 09

with objective function: maximize F = 1*Q1 + 1*Q2 + 1°Q3

This output file from program AQUA-MAN is now supplied to the simplex routine,
which yields the following solution:

Q1 =152 Q2 =699 and Q3 = 1189 m3/d and sum Q = 2041
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6.2 EXAMPLE 2.

It is now easy to change file aqua-manout to incorporate other constrants, e.g
suppose that the maximum yield of the three pumping boreholes is as follows

Maximum vield of borehole 1 = 200 m3/d
Maximum vield of borehole 2 = 600 m3/d
Maximum vield of borehole 3 = 1000 m3/d
Suppose further that the water demand is 1 500 m3/d

Task ' Obtain the rate at which each of the three boreholes must be operated such that
the same constraints as in Example | are still satisfied

Solution
Change the input of file aqua-man out as follows:
(The altered input is highlighted)
3 10 1
Obl <20
Ob2 <20
Ob3 <04
Ob4 <25
ObS <25
Ob6 <09
Q1 < 200.0
Q2 <6000
Q3 <1000.0
sumQ = 1500.0
1
1
|
0.441132E-02 0.131663E-02 0.341610E-03
0.220353E02 0.125971E02 0.328627E03
0.641480E-04 0.134838E03 0.248847E-03
0.676188E-03 0.149491E02 0.113611E-02
0.939208E03 0.194959E-02 0.733874E-03
0.559%076E-03 0.528029E-03 0.252322E-03
1 0 0
0 1 0
0 0 1
1 1 1
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The simplex routine vields the solution Q1 = 200, Q2 = 600 and Q3 = 700 m*/d
COMMENT

To obtain the response matnx, the program AQUA-MAN is executed with a zero
stress (abstraction rate) applied at all nodes. The aim is to obtain a drawdown value
(difference between initial head value and head value at the end of the management
period) at each observation or manageable node. This value is added to the onginal
drawdown constraint at the manageable node. This implies that the onginal drawdown
constraint in the aqua man nput file could have been changed to some new constraint
value in the aqua-man.out file
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6.3 EXAMPLE 3.

Consider the same problem as in 6.2 above, except that the mew objective is 10
munimize the total drawdown at the six observauon boreholes To obtain the required
solution for the problem, file aqua-man out must be changed as follows

(The altered input is highlighted again)

3 10 -1

Ob1 > 0.0 (in stead of a value of zero, a very large drawdown (e.g.0bl < 100) can be used to0)

Ob2 >0.0
Ob3 >0.0
Ob4 >0.0
ObS >00
Obé >0.0
Q1 <200,
Q2 <600,
Q3 <1000,
sumQ = 1500,
.DOB8S3
LD06683
003041
0.441132E-02
0.220353E02
0.641480E-04
0.676188E-03
0.939208E-03
0.559076E-03

0.131663E-02
0.125971E-02
0.134838E-03
0. 149491E-02
0.194959E-02
0.528029E-03

0.341610E-03
0.328627E03
0.248847E-03
0. 113611E02
0.733874E03
0.252322E03

P — B
- S

1
0
1
(Note: this is a minimization and not a maximization problem The values of the
objective function coefficients are obtained by summing the drawdowns in each column
of the response matrix, e.g.

441132E-02 + 220353E-02 + ... + 559076E-03 = .008853 )

The simplex routine yields the solution as Q1 = 0, Q2 = 500 and Q3 = 1000 m3/d. The

value of the objective function is 6,38 m, which means that the mentioned abstraction
rates will yield a maximum sum of drawdowns at the observation boreholes of 6,38 m.
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64 EXAMPLE 4.

Consider the same problem as in 6.2 Let us introduce the following information into
the problem.
The pumping cost from the abstraction boreholes is as follows

Borehole 1° R 0,30/m3

Borehole 2 R 0,20/m3

Borehole 3 R 0,50/m3

The average quality (TDS) of the water pumped from each borehole was analyzed as
follows:

Borehole 1° 500 mg/l
Borehole 2: 600 mg/l
Borehole 3. 450 mg/l

The user of the aquifer irrigates a very sensitive crop and he places a restriction of 550
mg/l as the maximum concentration his crops can tolerate.

He wants to find out what the pumping rate from each borehole should be to satisfy
the demand constraint, the drawdown constraints, the yield constraints, the quality
constraint, as well as 10 minimize the costs of pumping.

Defining the Decision Variables.,

Let Q1 be the pumping rate from borehole 1
Let Q2 be the pumping rate from borehole 2.
Let Q3 be the pumping rate from borehole 3
Defining the Object Function.
Minimize F = 0,30Q1 + 0,20Q2 + 0,50Q3

Defining the Constraints.
Drawdown constraints:



Q1*0.441132E-02 ~ Q2°0.131663E-02 + Q3*0.341610E-03 <20
Q1°0.220353E-02 + Q2°0.125971E-02 + Q3*0.328628E-03 <20
Q1°0 641480E-04 + Q2°0.134838E-03 + Q3*0.248847E-03 <0 4
Q1°0.676188E-03 + Q2°0.149491E-02 + Q3*0.113611E-02 <2 %
Q1%0.939208E-03 + Q2°0.194959E-02 + Q3*0.733874E-03 <25
Q1°0.559076E-03 + Q2°0 528029E-03 + Q3*0.252322E-03 <09

Yield constraints:

Q1 <200

Q2 < 600

Q3 < 1000

Demand constraint:

Q1 +Q2 + Q3 = 1500

Quality constraint:

S00Q1 + 600Q2 + 450Q3 < 550*1500
Solution.

The information above is now supplied to the simplex routine (Erikson and Hall,
1989), which yields the following solution:

Q1 = 200m3/d
Q2 = 600m3/d
Q3 = 700m3/d

The objective function’s value is R 530 which is the minimum pumping cost per day.
If the demand is stepped up to 1600 m3/d, the simplex routine vields the following
solution:

Q1 = 200m3/d
Q2 = 600m3/d
Q3 = 800m3/d
with the value of the objective function being R 580 per day.
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COMPUTER NODELS FOR MANAGEMENT SCIENCE

LINEAR PROCRAMMING 07-06-1952 ~ 23;10; 50

~«®se  INFORMATION ENTERED <o"e-

NMBER OF VARTABLES : 3
NMBER OF «» CONSTRAINTS : 10
NMBER OF » CONSTRAINTE 3 !
NMBER OF »» CONSTRAINTS 3 0
MIN COST = 3 Be @ R )
SUBJECT TO:
L004xY » 001X2 » Q x3 - 3
L0020 Hoe 0 0 0x3 - 2
0 M« 0 X+ 0 x3 .- .4
L001IX) - L0102 « .001x3 - 2.5
L00IX) - L002x2 « .00M3 - 2.5
001X - L0012 » 0 x - .2
1 Xte 0 2+ 0 “ 200
c N . 1 2 . e - 600
0 Xl - Q0 2. 1 x3 « 1000
0 X1 e G0 X2+ 450 3 «  B25000
1 X1 . 1 X2 o 1 - 1500

-«®a~ RISATS -~a%a.

VARIASLE ORIGINAL COEFFICIENT
VARJABLE VALUE COEFFICIENT SENSITIVITY
x1 200 | 0
2 630 4 3J
xa 700 S 0
CONSTRAINT ORIGINAL SLACK OR SHADOW
NUMBER RIGHT-HAND VALUE SURPLUS PRICE
1 2 .cas c
2 2 573 ]
3 4 A2 «
4 2.5 673 2
S 2.5 .629 c
6 .9 395 o
7 200 0 2
] 600 0 .3
9 1000 00 %
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0
bl |

IVE FUNCTION VALUE:

VARTABLE

X1

13

JINSTRAINT
NUMBER

L™ I VO R

-
- O

-

1500 2

$30

-~ SENSITIVITY ANALYSIS —

OBJECTIVE FUNCTLION COEFFICIENTS

LOWER ORIGINAL
LMt COEFFICLIENT
N LIMIT -]
N LIMIT 2
-3 .

RIGHT-HAND-SIDE VALUES

LOWER DRIGINAL
LIMIY VALLE
1,911 2
1.427 2
.268 4
1.827 el
1.8M 2.5
605 4
0 20
300 600
m 1000
7175000 B25000
800 1500

ENO OF ANALYSIS
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UPPER
LT

NO LIMIT

UFPER
LIMIT

NO LIMIT
NO LIMLT
NO LIMIT
NO LIMIT
NO LIMST
NO LIMIT
2.8
690.902
NO LIMIT
NO LIMIT
16111

.



COMNPUTER MDDELS FOR MANAGEMENT S5C1ENCE

LINEAR #ROGRRMING Q07-06-1992 - 23:08:19

-e - INFORMATION ENTERLD ~eve.

NMBER OF vaRiaBLES 3 3
SUMBER OF «v CONSTRAINTS ! 10
NMBER OF o CONSTRAINTS ; !
NUMBER OF »>e CONSTRAINTS : 0
MIN COST » % I LR 2 A2 . 4 (k)
SUBJECT T0;
.DORX1 L0012 « Q x3 o 2
-00XY ~ 042 . 3 x3 ‘v 2
0 X1+ 0 X2+ 0 QI s .4
00X . ,001X2 » ,001%3 < 2.5
001Xt = SN2 - .001x3 “ 2.5
LGom . 02 . 0 X3 - 9
g X1« 3 X7 - c X3 < 200
9 b 3 I 1 12 - Q 3 “« &00
2 Xle D X+ 23 «« 1003
0 xX1e 600 x2. 350 O3 <= BS0000
1 0 . 1 X2e . 1600

~a%s- RESULTS -v"a-

VARIABLE ORIGINAL COEFFICIENT
VARIABLE VALUE COEFFICIENT SENSITIVITY
x) 200 o] 0
x2 50 .2 Q
X3 800 b 0
CONSTRAINT ORIGINAL SLACX OR SHADOW
NUMBER RIGHT-HAND VALLE SURPLUS PRICE
) 2 054 0
2 2 . Q0
3 4 107 0
4 2.5 s 0
5 2.5 . 555 0
6 .9 27 0
? 200 0 .2
8 500 0 o |
9 1000 200 o



10 B&00CY 6000C c
11 1600 > -5

IVE FLNCTION WALLE: 580

== SENSITIVITY ANALYSIS --

OBJECTIVE FUNCTION COEFFICIENTS

LOMER ORIGINAL UPPER

VARIABLE LIMIT COEFFICLENT LIny
X1 N LIMIT 3 8
2 NO LIMIT . ]

x3 o +5 NO LIMIT

RIGHT-HAND-SIDE VALUES

CONSTRAINT LOwER ORIGINAL VPPER
NMEER LimlY VALUE LMY
1 1.946 2 NO LIMIY
2 1.45% 2 NO LImIY
3 -39 -4 NO LIMIT
4 1.541 2.5 NO LinWlTY
5 1,545 2.5 NO LImlY
6 .63 .9 NO LIMIT
7 0 200 3.8
8 400 600 645,865
9 800 1000 NO LEMIT
0 820000 880000 NO LIMiT
3] 800 1600 1733.333
--------- END OF ANALYS!S caceanaas
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6.5 EXAMPLE S : ALLOCATION OF WATER AMONG CATEGORIES
OF WATER USERS

Problem 6.5.a: (adapted from Van der Gun, 1988)

- An aquifer is to be exploited according to a sustamned yield policy. The maximum
sustained yield is 10 millions m? per year,

- Water is used for domestic water supply and for irrigation of agnicultural land
Domestic use has an absolute pnionity.

- There are 50 000 inhabitants, and the per capita domestic water demand is 70 Vday.

- There are S different crops under consideration , with the following charactenstics:

Crop No Water demand Net return Labour input

(x10° m7/ha) (persons/ha)

011

012

009

015

13333

014

- There are 1000 ha of irmigable land in the area.
- Water should be allocated in such a way that the net economic return 1s maximized,
but a few additional restnictions are made:

(2) there should be employment in imigated agriculture for at least 250
persons,
(b) each crop should occupy at least 100 ha,

(c) crop 5 should not occupy more than 500 ha.
SOLUTION

- Some 1.278 million m3 should be allocated for domestic supply, therefore 8 722
millions annually remain available for imigation

Solution in terms of hectares:

Let X; be the amount of ha annually to be allocated to crop i
Maximize:

Objective function: F = 300X; +400X5 +200X3 +600X4 +700Xs
subject to:

X1 > 100
X2 > 100
X3 > 100
X4 > 100
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X5 > 100

Xg < 500

Xy + 1X2 + 1X3 + 1Xs + 1IXs
011X; + 012X + 009X3 + 015Xy ~+ 0l4Xg
2Xy + 5X2 + 3X3 + 2X4 + 4Xs

The data should be supplied to the simplex routine as follows

5 9 1
l > 100
2 > 100
3 > 100
“ > 100
5 > 100
5 < 500
SUMH< 1000
SUMQ< 8.722
SUMA> 250
300
400
200
600
700
| 0 0 0 0
0 1 0 0 0
0 0 | 0 0
0 0 0 1 0
0 0 0 0 1
0 0 0 0 |
1 1 1 1 1

011 012 009 015 014
| 5 3 2 4
The simplex routine yields the results:

X1 =100 ha
X2 = 196 ha
X3 = 100 ha
X4 = 100 ha
Xg = 205 ha
with object value = R 331 900
or in terms of amount of water

Crop 1 = 100 ha * ,011 = 1,1 million m3 per year
Crop 2 =235
Crop3 =09
Crop4 =15
Crop 5 = 2,87
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Solution in terms of amount of water:

The problem can be soived directly in terms of the amount of water allocated to each
crop as follows.

Object function:

F=27272X + 33333X5 #22222X3 + 40000X4 + S0000X s

(where e.g. the value 27272 is calculated from 300/0,011 and X; = amount of water
allocated to crop 1)

subject 10

X;= 11
X2>12
X3> 9
Xq4>15
Xs>14
Xs<7
11Xy + 1X3 + 1X3 + 1Xy + 1Xs < 8722
909X; + 833Xy + 11L1X3 + 66.7X4 + T14Xs < 1000
182X; + 416X + 333X3 + 133Xy + 286Xs > 250

( where e.g. 90.9 is calculated from 1/.011 and 18.2 from 2/.011)
The simplex routine yields the result

X1 = 1,1 million m3 per year

X2 =236

X3=09

Xs4=15

Xg =286

with maximum value of F = R 331 900

which is the same result as previously obtained.

Problem 6.5.b:

The previous example indicated that the employment constraint is really constraining
the solution - the extent of available land (1000 ha) is more than what is used (701 ha).
If the same problem as in 5.a is performed without this employment constraint, the
result is:

X1 =100 ha

X2 = 100 ha

X3 = 100 ha

X4 =100 ha

Xs=287ha  with objective F = R 351 100

If, furthermore, the constraints on the number of hectares to be occupied by each of
the crops are dropped, the result is:



X;=0ha

X2=0ha

X3=0ha

X4 =0ha

Xs=623ha with objecuve F =R 436 100
whach will produce the highest net retum
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EXAMPLE 6.6 DE AAR AQUIFER

6.6.1 Background

De Aar lies approximately 100 km south of the Orange River in the north-western part
of what is called the Great Karoo, at an elevation of 1240 m  De Aar has been
dependent on groundwater supplies from the pioneer farming days i the previous
century up to the present time (Vegter, 1992)

The geology comprises Beaufort Group mudstones, siltstones and sandstone east and
southeast of De Aar and Ecca Group shale and subordinate siltstone west and
norhtwest of De Aar. The beds have been intruded by undulating and furcating
dolenite sheets on two horizons and by dolente and kimberiite dykes. Superficial
deposits consist of calcrete forming extensive terraces in certain parts, of colluvium
around the base of hills and of alluvium along river couses (Vegter, 1992),

Numerous groundwater investigations have been performed at De Aar, e g De Villiers
1945, Dziembowski, 1971, De Bruin en Vegter, 1972, Carter, 1972, Kirchner er al.,
1991, Woodford, 1989,1990 and Vegter, 1992).

De Aar is currently (1992) supplied by the following groundwater schemes (Vegter,
1992):

Zewe Fountain (Burgerville) , Subarea A

Southwestern (Zwartekopjes, Vaalbank, Renosterpoort) , Subarea F

Southeastern (Riet Fountain 6 - Wagt en Bittje 5) , Subarea B
Caroluspoort ; Subarea C

In his report * An evaluation of groundwater exploitation and its potential for urban
use, De Aar, * (Vegter, 1992), Vegter identified several areas around the town of De
Aar from where groundwater can be exploited Each of these subareas are subdivided
into smaller areas. For each area the following information is supplied:

- the current potential from the existing boreholes

- the potential if the additional drilled boreholes are commissioned
- the potential by further development of each area.

A summary of these data is shown in Table 13

These subareas as well as other potential groundwater resources are depicted in Figure
16
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Table 1.3 Groundwater units near De Aar

GROUNDWATER UNIT YIELD-EXISTING | YIELD-NEW ADDITIONAL
SCHEME BOREHOLES POTENTIAL
LOW | HIGH | LOW | HIGH | LOW | HIGH
SUBAREA 056 |073 078 |08 |042 0,78
A(BURGERVILLE/SEW
EFONTEIN)
SUBAREA B 041 0,52 0,65 0,90 045 0,52
(SOUTHEAST)
SUBAREA C 038 |041 038 |041 |029 |047
CAROLUSPOORT)
SUBAREA D - - 0,06 0,06 0,42 0,42
CENTRAL)
SUBAREA E (NORTH) - - 0.67 0,79 0,39 0,74
SUBAREA F (SOUTH 0,72 0,88 0,79 1,01 0,53 0,78
WEST)
SUBAREA G (FAR - - 0,26 0,41 . -
NORTH)
TOTAL 2.07 2.54 3.59 4.40 2,50 3.83

The TDS-concentrations for each of these subareas are shown in Table | 4.

Table 1 4. (Haasbroek, 1991).

SUBAREA QUALITY RANGE
REGION ON MAP NAME mg/l

A BURGERVILLE 600-950

B SOUTHEAST 1000-1500

C CAROLUSPOORT 1100-1400

D CENTRAL 600-1200

E NORTH 1200-1600

F SOUTH WEST 1000-1350

G FAR NORTH 700-1500

Water with a TDS of 1250 mg/l is acceptable to the municipality of De Aar.

The anticipated water demand for De Aar is depicted in Table 1.5.
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Table 1.5 (Stewart, Svindov and Oliver, 1990)

YEAR DEMANDI{x10°m3)
1995 2.90
1997 3,00
1998 3.04
2002 3,28
2005 3.50
2010 3.89

The unit cost of water per cubic metre from the Far Northern area is estimated as
R1,32 (Haasbroek, 1991). The distance from this area to De Aar is approximately 30
km. If the assumption holds that there exists a direct relationship between the distance
from De Aar and the cost per cubic metre of water, costs per cubic metre of water can
be calculated for the other areas. (No data is available for the other areas) The
calculated cost per cubic metre for each area is shown in Table 1.6

Table 1.6 (Assuming a direct relationship between costs and distance).

SUBAREA DISTANCE (km) COST (Rim>)
A 31 1.36
B 23 1,01
C 15 0,66
D 10 0,44
E 15 0,66
F 13 0,57
G 30 1,32

6.6.2 Optimization Problem. (Illustrative exercise).

The main goal of the exercise is to supply water of acceptable quantity as well as
quality at minimum costs 1o De Aar. It is important to note the deficiencies in the
data sets and the results of the exercise must be viewed as an illustrative example

only.
Defining Decision Variables.

Let XA = The quantity of water pumped from area A per annum
XB = The quantity of water pumped from area B per annum
XC = The quantity of water pumped from area C per annum
XD = The quantity of water pumped from area D per annum
XE = The quantity of water pumped from area E per annum
XF = The quantity of water pumped from area F per annum
XG = The quantity of water pumped from area G per annum

Defining the Goal Function.
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The goal is to supply water at minimum cost to De Aar. It is therefor a problem of cost
minimization. From the information in Table | 6. the goal function can be written as

Minimize F = 1 36XA + 1,01XB + 0,66XC + 0,44XD + 0,66XE + 0,57XF = 1 32XG
restricted by the following constraints:

Defining the Constraints
"ield constraints: (From Table 1.3)
XA <082
XB < 0,90
XC<041
XD < 0,06
XE <0,79

XF < 1,01
XG <041

Quality constraints: (The average quality from Table 1.4)

T75XA + 1250XB + 1250XC + 900XD + 1400XE + 1175XF + 1100XG < 1250x 2.9
where 1250 represents the quality fimit of 1250 mg/l and 2.9 represents the demand
from the system for 1995,

Demand constraint: (From Table 1.5.)

XA+XB+XC+XD+XE+XF+XG>29

where 2.9 represents the demand from the system for 1995,

Solution of Problem.

The solution for the problem was computed by using the simplex optimization routine
(Erkson and Hall, 1989).

The results of the optimization exercise are shown in Table 1.7,

Discussion of results,

The following results are shown in Table 1.7.

- The quantity that can be abstracted from each region per annum to minimize the
costs.

- The minimum costs (total and unit) to supply the water.

A further exercise was camied out to investigate what the minimum quality would be if
costs are not taken into account. For this exercise the goal function was changed from
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minimizing costs to minimizing quality. This results are shown in Table 1 8 From this
table it can be seen that a much better quality can be obtained if costs are neglected
from the solution. On average however the water costs about 20 cents per cubic metre
more if costs are not minimized Purifving costs however are 30 cents per cubic metre
It can thus be concluded that a "better” solution can be obtained by mimmizing quality
instead of mirumizing costs if the punfying costs are taken into account
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COMPUTER MODELS FOR MANAGIMENTY SCIENCE

LINCAR PROGRAMMING 07-06-1992 - 23:50:36

«a¥ee  INFORMATION ENTERED «u®e-

NPMBER OF VARIABLES ¢ ?
NMBER OF «» CONSTRAINTS ' B
NUMBER OF » CONSTRAINTS : o
NUMBER OF »« CONSTRAINTS : |
MIN MICOS = 1.36 XA 1.0 XB » .66 XC « A4 XD » .66 xE

- ST . 1.32 X6

SUBJECT TO;

! XAe 0 Xoe 0 X+ 0 XD+ 0 x
- 0 F . 0 % - 82

0 XA . 1 X8 - 0 x - 0 . 1] X
- e LI 0 % .. oy

c XA . 0 ¥ . 1 x b} 0. 0 x£

- ) XF - 0 05 - 4
o XA - ° . 0 XL - | 0. ° L1

- 0 XF - 0 W o .06
0 XA 0 8 . 0 X - ] XD - 1 x£

he ° xF ° ” <= o7’
9 xA ] Xi . 0 X - ] 0. 0 XE

. ? xF 0 b4 <= 1.0

s XA « 1250 B+ 129 XC « SO0 XD « 1400 x£
- 1178 X « 1100 xG - 3625

1 XA « 1 X3 . 1 x 1 w0 e 1 XE

~o¥ee RESULTS <o"ee

VARIASLE ORIGINAL COEFFICIENT
VARTABLE VALUE COEFFICIENT SENSITIVITY
XA 046 1.36 ]
x8 . 584 .0 4
x< R .66 Q
bl .06 4a ¢
Xk .79 .66 0
X5 L0 .5 0
0 o LI -4 159
CONSTRAINT ORIGINAL SUACK OR SHADOW
NBLR RIGHT-HAND VALUE SRPLUS PRICE
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D S RV R R

CALETTIVE FUNCTION VALLE:

VAR]AB.E

xa
1B
L]=
%0
L1

CONSTRRINT

[ R e

P .

B2 .1 ]
-\ 116 ]
.41 v} J3s
.08 [+} .28
] 0 .28
1.01 C 495
.81 LA D
3625 0 .00
2.9 0 1.0
2.046
s SERSITIVITY ANALYSIS -~
DRJECTIVE FUNCTION COEFFICIENTS
LOWER ORTGINAL UPPER
LIMIT COEFFICIENT LIMIY
1,01 1.% 1.992
828 1.0 1,302
NO LEMET .64 1.0
N LImET ) 1,268
NO LEIMIT .66 899
NJ LIMIT .57 1,065
A F4 1.% NO LIMEY
RIGHT-maND-SICE VALLES
LOWER DRIGINAL UPPER
LiMgT VALUE LMY
. 046 &2 NO LIMIT
L5584 .9 NO LIMIY
0% .41 .99
[/} .06 122
645 9 1,204
635 .M 1.3
0 .4 NO LImMIT
s %25 358675
2.88) .9 315

END OF ANACLYSIS
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COMPUTER MOODELSE FOR MANAGEMENT SCIENCE

LINEAR PROUGRAMMING 7-06-1952 - 23:36:12

wa®ar INFORMATION ENTERED -w®a-

NUMBER OF VAR]ABLES : T
NUMBER OF <« CONSTRAINTS : T
NUMBER OF « CONSTRAINTS : 0
NUMBER OF > CONSTRAINTS : 1
MIN OLTY = 175 A+ 1250 XB + 1250 xC + 930 D « 1400 XE
+ 1175 XF + 1120 x5
LT ey g o
1 XA » s] %8 . [») X » 0 XD . [v] x£
- 0 X . s} 6 < a2

0 LTI 0 i - 1 iC - 0 xb - 3 xE

- v} XF - ™ I& - &l
o XA - C XB - 9 XC « : X) 3 AE

- 0 X - [ Ly o o6
0 Xd - 7} L1 8 xC . 0 XD« 1 X

. 0 - v x5 Ve %
[} XA X§ « ] XC « D X) ¢ xE

- 1 X - 0 <= .0
0 XA~ ] X3 . Q xC « 0 w . Q xE

- 0 ¥ o. 1 xG av .41

cu¥eou RESULTS -o"n-

VARIABLE ORIGINA, COEFFICLENT
VARJABLE VALUE QOEFFICIENT SENSITIVITY
x4 B2 s 0
X8 A9 12%0 ¢
xC .4 12%0 0
0 .06 900 0
xE Q 1400 150
xF 1.0 s o
xG .41 1100 <
CONSTRAINT ORIGINAL SLACK OR SHADOW
NUMBER RIGHT-MAND VALUE SURPLUS PRICE
8 1Y 475
2 o N 0
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3 .4 0 0

4 .06 0 50

5 .79 7% o

L 1.0 0 75

? 4 0 150

8 .9 0 1250
OBJECTIVE FUNCTION VALUE: »n.2s

== SENSITIVITY ANALYSIS ..

OBJECTIVE FUNCTION COEFFICIENTS

LOWER ORIGINAL UPPER
VARIABLE LY COEFFICIENT LIMIT
XA NO LIMIY 775 1250
X8 1250 1250 1400
xC NO LIMIY 1250 1250
xp 8O LIMIT 500 1250
13 1250 1400 NO LIMIT
XF NO LIMIT 1175 1250
¥ NO LIMIT 1100 120
AIGHT-MAND-5I0E vaLuES
CONSTRAINT JOMER ORIGINAL UPPER
SUMBER (B 144 VALUE Limir
1 M B2 1.01
2 19 .9 NO LIMIT
3 0 .4 .6
& 0 .06 25
] ¢ .19 NI LMY
) e 1.00 e
? 0 .41 .6
8 .M 2.5 e

vewwnwvewn END OF ANALYSIS —-emm————
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1.  CONCLUSIONS

Practical resource development and management decisions are subject to normal
project constraints and data limitations under a vanety of hydrological conditions. All
these constraints and limitations pose a problem to the geohydrologist, from whom 1t is
usually required to develop a management strategy for an aquifer. Water is a resource
which requires effective management throughout the world. This is particularly true of
South African conditions where there is an ever-increasing demand on the limited
water supply by the domestic, industrial and agncultural sectors

The management of an aquifer by means of a groundwater model, involves the
following:

Development of a simulation model.

Estimation of the exploitation potential of the aquifer
Defining of specific objectives for practical applications
Setting constraints on vanables

Obtain opumised solution (optimization model)

The development and application of groundwater optimization models for the control
of groundwater hydraulics and water quality, and the inverse problem of parameter
esumation, are the primary emphases of the groundwater management package,

AQUAMOD, developed during the present study. The computer programs developed,
can be used for:

constructing 2 finite element mesh,

automated calibration of the aquifer parameters (inverse problem),
obtaining an estimate of natural groundwater recharge,

risk evaluation by means of a groundwater balance,

optimization and groundwater flow simulations and
mass transport solutions.

The construction of a reliable flow model, and thus a management model for an
aquifer, may be premature, unless extensive monitoring of water levels and abstraction
rates were performed for a number of years.

The Grootfontein Case Study, presented as part of the present project in Section 3, is a
typical and well-illustrated example of what could be achieved as a result of application
of the AQUAMOD package and it is foreseen that many other case studies in South
Africa will be based on the methods used in this case study.



Although the De Aar Case Study (presented in this section) was only an illustrative
example (because of data deficiencies), the ideas illustrated should provide a sound
basis for practical applications

7.2. RECOMMENDATIONS

A mass transport model was coded as part of the present study, but due to the complex
nature of most of our geological formations, it was decided by the Steering Commuttee
that the work on water quality modelling has to be scaled down and that no case study
should be evaluated. Due to the importance of water quality modelling under South
African conditions, this must receive attention in the near future.

A non-achievement of the present project, was the lack of application of a suitable
practical example on quadratic optimization. The need for such an application could
become important in the near future as more emphasis may be placed on the energy
required to operate pumps (this is because costs vary with pumping rates and pumping
lifts, and lifts depend on pumping rates)

The AQUAMOD package is based on a two-dimensional approach and whenever a
three-dimensional model may be required for an aquifer, the techniques which were
developed during this study, could be easily incorporated into a three-dimensional
model.

The problem of Geohydrological Decision Analysis fell beyond the scope of the present
study, but should receive attention in the near future. In this regard, the Bayesian
updating and Kalman filter techniques could provide a sound basis for future research
on decision analysis.

It is recommended that the use of the AQUAMOD package for groundwater
management problems is to be promoted.
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FOREWORD

When assessing a proposed aquifer management plan, information on the geohvdrological
parameters, the recharge rate and the proposed extraction rate are required. With the exception
of the last of these, the determination of these parameters needs be inferred from empinical
studies or historical records. The utility of any evaluation of a particular management plan will
depend on the accuracy of the available information.

The purpose of risk assessment is to incorporate all the uncertainties of the available information
into an evaluation of an aquifer management proposal. The output would then provide the
planners with statistics enabling them to evaluate the long term viability of a management plan.

From a literature study it was concluded that the most appropnate method of risk assessment
would be a Monte Carlo type of system which would involve an aquifer simulation mode! using
simulated values of storativity and transmissivity conditioned on all available information as
input, and rainfall simulations honouring the available rainfall records.

In this study a finite element aquifer model (AQUAMOD) developed by 1GS was used as the
aquifer simulation model after some minor modifications.

Two methods for simulating the geohydrological parameters were proposed. The first of these,
the zonal simulator, involved dividing the aquifer into a number of homogeneous zones and
using the zonal means and covariances between the zones, simulations can be obtained for the
zones. The second involved the geostatistical method of tumning bands which simulates values
on a fine grid. The input for this method are the means and variograms of the geohydrological
parameters, A vanogram is a measure of spatial continuity within the aquifer.

The rainfall was generated using software based on an algonthm proposed by Zucchini (1 984).
The validity of the rainfall simulations was verified and found to be satisfactory.

The evaluation of risk relates to specific events which can be defined to meet the requirements
of a particular study. After considerable investigation risk events were defined in terms of the
difference between the simulated and base water levels in a number of boreholes falling below
a chosen tolerance level. Tolerances were defined as a proportion of effective depth.

The risk evaluation is achieved by repeatedly running the aquifer simulation with different
simulated values of the input parameters (storativity, transmissivity and rainfall). The nisk
evaluation model generates an immense amount of intermediate results and one of the main
objectives of this project was to summarise these into a few informative bits of information to
be used by the decision maker. The study of the literature did not suggest risk evaluation
statistics and these had to be developed as part of this project. Statistics fell into two categories
namely summary and risk statistics.



The statistics were calculated by accumulating the results generated by the individual realizations
and then summansing them into meaningful measures. The statistics are presented as expecied
values. The summary statistics included the minimum, maximum and average values of water
levels refative to the base of the aquifer.

The nisk statistics were defined as the expected period (duration) and expected probability of a
failure. It should be emphasised that although these were found to be suitable for the needs of
this project, other statistics could be used if these berter meet the objectives of a particular
investigation,

The case study reported in Section 3 concluded that the methodology proposed did provide
meaningful results,

The most appropriate application would be for long term viability studies undertaken during the
planning stages of a long term management plan. Heavy computing time requirements make it
an unsuitable method for operational management. Despite this the elements of the system could
be incorporated in a system suitable for day to day management of an aquifer. This extension
is reccommended by the project team. [t is envisaged that such a system would ¢nable a manager
1o make short term predictions of the effect a management plan will have on an aquifer situation
taking the current situation into account.



-

CONTENTS

INTRODUCTION AND OBJECTIVES ......cccvvcnciansnisinannssnnns 221
1. Introduction .. . .. I AN IR AP B i |
B  OBISEHNE i v i vas s st s e ia a ey A s aseios tatibns SRRy o)
1.3  Structure of Section 2 of thereport .. ... ... ... ... ............ 2-2
LITERATURE SURVEY . .....cvvvvrrerrrrrsrsssarsrrsssssrrsssnasss 253
TERMINOLOGY USED IN RISK STATISTICS FOR SURFACE
AND GROUNDWATERSYSTEMS ......ccc iivicivnensasnis ST g, 23
STOCHASTIC VERSUS DETERMINISTIC APPROACHTO
RIS ASSESIIEEINE: 000050 7060 ei0,090.8 5500 ys 00059V $ KT SROTER 8089998 2-5
4.1 ) R R T AR R A O S AR AR A 2-5
£2 Slotkaatic-methndy i v iila vt el s NN se bR S o'e W E e 2-6
£33 Appronth FOHOWRH . i viia e snd Sues S CeE N eI Felesrass 40
ELEMENTS OF RISK ANALYSIS . i 2-7
THE TWO APPROACHES TO STOCHASTIC AQUIFER MODELLING = 2-8
6.1 Inversion (Nonlinear regression) ...... . N e ID L (RO S et
€2  GCuastnirical APPYOREE: . i a s i s s s s s ea R e A e BN a 08 0l 2-9
THE RISK EVALUATION SYSTEM - SOFTWARE ISSUES ... ... .. .. 2-10
7.1  Zonal simulation programme . ... ... ... o ciiiiiiiiiii i 2-11
7.2  Geostatistical simulation programme . ... ... .. ... 2-12
<2 T O AN DR AP A T O Nl O 2-13
STATISTICS ...... e S NS P AN A A A SN S N SRR SN e T
88 RN o ar o R oA S RO S T T R A4 2-17
83 RBKGEaRtMICRUON ... v ccvovvvovsvinsossvsooeves S DI ATN 2-17
o N LRI G AT A AR IR PR UATSS <o (R DR RPN ) L
S22 ProDaIY s cvniusesiivesee e enin S o ieAle tatet 2-18
BEY: TSR TING © o5 555 fiora Ve v S s e b e R S T T TS 2-19
CONCLUSIONS AND RECOMMENDATIONS ... ... ..iiiiiiinn.. 2-20
A R QAR TR M G S GRS A P S 2-20

9.2 R AP AP A P PRI Sk S T R & - 4147 e P P 2-21



1. INTRODUCTION AND OBJECTIVES
1. Introduction

Surface water resources are managed in many different ways, The Department of Water Affairs
and Forestry (DWA&F) has over the vears in cooperation with consultants successfully
developed management techniques and strategies for South African surface water sources on a
catchment basis. Lately, the risks involved in water management decisions have been included
in the overall management strategies and are currently being applied with a large degree of
success. Similar techniques do not exist for the management of groundwater resources. The
DWAKF identified that management techniques for groundwater resources are not as far
advanced as those for surface water, and this has led to the formulation of a joint research project
between the CSIR and the Institute for Groundwater Studies (IGS) at the University of the
Orange Free State.

The combined project can be divided into two main components, namely
i)  ansk analysis component; and
it)  an aquifer management component.

Research on the risk analysis components resided mainly at the CSIR, whereas the aquifer
management section was addressed by the IGS. Cooperation and liaison between the two groups
was achieved throughout the entire project and led to the application and testing of the techniques
developed on the Grootfontein aquifer at Mmabatho. The case study is dealt with in Section 3
of this report.

12 Objectives

The overall aim of the research project is to identify and measure the risks associated with the
exploitation of groundwater resources in order to evaluate optimal management policies.

In particular the behaviour of the water levels of an aquifer are studied under stochastic variation
representing the uncertainty of the physical properties of the aquifer and recharge (rainfall)
values. The objectives as listed in the research proposal were as follows:

. evaluation of existing risk analysis techniques for the management of surface and surface
and groundwater resources;

. identification of the geohydrological variables applicable in risk analysis assessments;

. determining the data requirements necessary 1o estimate the geohydrological variables;

. selection and development of risk analysis methodology for application in groundwater

management;

. evaluation of the importance and role of geohydrological variables in risk analysis studies
by using simulated data;

- application of geostatistical techniques to calculate geohydrological parameters for use
in risk analysis studies;
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. sensitivity analysis of these geostatistically derived estimates; and
. application of selected and-developed methodologies and techniques in collaboration
with the IGS 10 a case study.

1.3 Structure of Section 2 of the report

Section 2 of the report includes an overview of the software tools developed and simulated
results which conform to real data. It also discusses the practical issues with regard 10 the
implementation of the methodologies that were developed during the course of the research

project.

Briefly, the approach followed uses Monte Carlo simulation for evaluating the statistics which
summarize the occurrence of failures in time and space where failure was defined as some event
relating to the status of the aquifer. As part of this approach, monthly rainfall and the physical
properties of the aquifer were simulated 10 account for the uncertainty relating to both these
properties. The two aquifer properties, transmissivity and storativity, were simulated by two
different methods, namely a zonal simulator and geostatistical simulator. A rainfall simulator
developed by Zucchini and Adamson (1984) was used to simulate rainfall.

By using the Monte Carlo method, expected values for statistics describing the uncenainties, or
risk or the long term utilization of an aquifer according to a specified management plan were
computed.

The risks evaluated relate to the long term performance of the aquifer and at this stage cannot be
used to predict failures in the short term which was outside the defined scope of this project.

During the course of the project a number of alternative methods for representing risk were
proposed. Some of these were abandoned after thorough investigation when they were either
found to be unsuitable with respect to the project objectives or unpractical to implement. These
intermediate results are mentioned in Section 2 of the report but are not detailed. The objective
of Section 2 is to summarize the project and present the final methodology in detail.

An overview of the literature study is given in Chapter 2 and in Chapter 3 the terminology used
in risk statistics for surface and groundwater systems are described.

The different approaches which could be followed are listed in Chapter 4, as well as a discussion
on the selection of the Monte Carlo method.

In Chapter 5 the stochastic elements which play a role in risk assessment are identified and
discussed.

The two approaches to stochastic modelling and the different modules of the risk evaluation
system are discussed in Chapters 6 and 7.

In Chapter 8 the statistics used to summarize the performance of the aquifer are described and
illustrated.
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Chapter 9 contains the conclusions and recommendations. References for Section 2 of the report
are contained in a comprenesive list of references following Section 3 of the report.

The methodology and techniques developed in the course of the project, were applied to the
Grootfontein aquifer in the Western Transvaal. The results of this case study are described in
Section 3 of this report

- 3 LITERATURE SURVEY

The initial step in analysing the feasibility of risk management techniques for groundwater
resources was an appraisal of existing work in the field. Available literature reveals three sources
of possible approaches to risk analysis and risk management for aquifers:

1) nrisk analysis and management of surface water resources (including reservoir operation);
i) management of the conjunctive use of surface and groundwater resources; and
iii)  risk analysis and management of groundwater resources.

In accordance with its brief, CSIR has concentrated on groundwater resource management while
taking note of the methodologies of surface water management and conjunctive use management.
A reference list of relevant papers is given in Appendix A. Section 3 of this report concentrates
on a specific example (the Grootfontein aquifer in the Western Transvaal) of groundwater
management (van Rensburg, er al., 1994),

Of all the references surveyed., Freeze et al. (1990), presents a consistent and complete discussion
of techniques for nsk analysis in aquifer management. This paper, describing stochastic
simulation, conditioning, inverse simulation, Bayesian updating and aquifer management critenia,
served as the seminal reference for this research.

The development of the appropriate risk statistics for the groundwater application was essentially
a product of this research as little was available in the literature regarding this aspect.

3. TERMINOLOGY USED IN RISK STATISTICS FOR SURFACE AND
GROUNDWATER SYSTEMS

Concepts developed jointly by the firm BKS and the Department of Water Affairs and Forestry
for the analysis of surface water systems, and in particular the Vaal River system, have led to the
successful planning and management of these water sources (DWA, 1986). By adjusting existing
methods and developing modemn techniques of optimization and risk analysis, and then
implementing these, the practical operation and decision mailing on a large scale in the surface
water resources field, has advanced rapidly. These concepts formed a basis for the current
project and as such there are some parallels that can be drawn between the risk analysis
techniques developed for the two water sources.

2-3



The approach followed in the surface water field was to develop a long term as well as a shon
term vield analysis. In the current project under discussion. only the long term nisk analysis and
management was addressed. The short term and more practical managing procedures in terms
of risk. will hopefully be addressed in a follow-up project.

For the surface water systems, many stochastic sequences are fed into the system under the same
conditions as the historic sequence to ascertain how the system could possibly perform in future.
The purpose of this is to determine the reliability of the system by recording the values attained
by centain key vanables that are produced by each of the individual independent stochastic
analyses. In the surface water terminology these are firm yield. average vield and base yield
corresponding to the various levels of target draft. In the stochastic analysis values for these
variables are calculated for each stochastic sequence. These are then compared to the values of
the historic sequence. The reliability of the sequence is then inferred by determining how
frequently in the stochastic trials a particular value of a key variable is exceeded. For both the
surface and the groundwater systems, the number of stochastic sequences that need to be
generated to give acceptable precision have to be determined experimentally. The main reason
for optimising the number of sequences, is to cut computing time (and cost) without sacrificing
accuracy.

A groundwater system is considerably more complex to analyse than a surface water system
because of the many unknown varniables that have to be estimated and cannot be measured
accurately. As a result, a series of related vanables used in the surface water environment,
sometimes has to be represented by a single variable in the groundwater system. For example,
in the analysis of surface water systems, the "target draft" is made up of components of the yield
namely, "firm, base, average and total yield". These are used to describe a historic inflow
sequence. whereas the groundwater equivalent for this family of terms, is abstraction or yield
produced or sustainable by the aquifer per unit time. A similar separation of the total yield
cannot be made in the groundwater field.

However, in practice it is possible to reduce the yield to less than the target draft when the
reservoir level is low, and increase it when the reservoir is spilling. The equivalent in the
groundwater case is over and under abstraction which can be achieved by operating more or
fewer pumps.

The concept of firm yield, is defined as the maximum base yield that can be abstracted from the
river/reservoir system for a given inflow sequence. In groundwater terminology this is
equivalent to transmissivity. The difference is however that firm yield can be defined accurately
to be a fixed value for a reservoir, but a great deal of uncentainty surrounds the value of
transmissivity or variation thereof over the entire aquifer. The same argument can be advanced
for a number of geohydrological variables, i.e. porosity, storativity, safe yield, specific capacity,
and others.

Risk of failure of a water resource system can be defined in many different ways. For the surface

water system it was defined as "the inability of the system to supply base vield associated with
a specific target draft” (DWA, 1986). In this study a failure was regarded to occur if:
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(1) the water level at one or more of the nodes drops below the minimum tolerance:
(11)  the water level at all the nodes drops below the maximum tolerance level: and
(i)  the average water levels at the nodes drops below the average tolerance.

The approach followed was to compare the nodal minimum or maximum water levels to the
maximum and mimimum tolerance and record a minimum and maximum failure. In addition the
average nodal water level was compared to the average tolerance and an average failure recorded
if this was less than the average tolerance.

It is common practice to make use of the recurrence interval concept to quantify risk of failure
of anver/reservoir system. Recurrence interval is the expression used to describe the mean time
of occurrence between "failures” of a system. These are typically referred toas | in 20, | in 50
years, etc. The recurrence, or return time as it is referred to in this section of the report, gives an
indication of the time that elapsed before the next failure is about 1o occur once a failure has
occurred. The application of this concept to groundwater risk analysis studies was studied
intensively and evaluated 1o be of no value.

The surface water risk analysis relied heavily on the reliability of the values of for instance the
base yield. generated by a large number of separate, independent. stochastic sequences of the
stream flow records. The reliability of generated values for firm yield and supply, both over the
long and the short term, were also used extensively.

The groundwater equivalent used is the reliability (or as it is termed in this section of the report
the "validation™) of the rainfall, transmissivity and storativity values produced by the multiple
(99) stochastic simulations.

In this study the methodology developed was specifically directed at the long term analysis of
risks involved in the management of groundwater resources. Now that the methodology has been
successfully developed, management of the groundwater resources in the short term taking into
account the nisk inherent in the plans, can be addressed. The short term approach is the subject
of a future research project.

4. STOCHASTIC VERSUS DETERMINISTIC APPROACH TO RISK
ASSESSMENT

Two contrasting approaches to risk evaluation were evident in the papers reviewed namely, a

deterministic or stochastic approach. The advantages and disadvantages of these two approaches

are discussed below.

4.1  Deterministic methods

Deterministic methods use worst-case input parameters to evaluate the risk associated with an

aquifer management policy. For example, Orlovski et al. (1984) used a few selected inflow

sequences representative of floods and droughts.
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A deterministic analysis 15 possible. however. only if the hydrogeological parameters are known
with certainty, or if most-likely representative values are available (Freeze et al.. 1990),

None of the reviewed papers makes use of a completely deterministic method. because the inputs
to an aquifer system are intninsically vanable and unobservable.

4.2 Stochastic methods

In stochastic analysis, uncertainty in the input parameters is specified in the form of a probability
density function. There are three basic approaches used to propagate these uncertainties: (1 ) first
order analysis, (2) perturbation analysis, and (3) Monte-Carlo analysis.

First-order analysis is a simple and direct means of propagating uncertainty. It can be employed
with either analytical or numerical solutions of the goveming equations, but it is limited to linear
or nearly linear systems, for which the coefficient of variation of model parameters is much less
than one. The approach is unsuitable for the estimation of failure probabilities unless some
assumptions can be made about the form of the probability distribution function of the output
variable (Freeze et al. 1990).

With the perturbation approach both the output variable and the input parameters are defined in
terms of a mean plus a perturbation about the mean. The relationship between the input and
output uncertainties can be developed using two general techniques, namely Fourier-Stieljes
integrals, inverse Founer transform and finite-element, finite difference methods (Freeze et al.
1990).

Monte Carlo simulation provides the most general approach to uncertainty propagation. With
this approach. a large number of equally likely realizations of each parameter field are generated,
and the hydrogeological simulation model is run for each realization. The method is widely used
because of its generality and simplicity. (Freeze et al. 1990).

Quantities which are usually modeled stochastically in aquifer studies are the transmissivity,
storativity, hydraulic conductivity and the recharge (rainfall). Of these, most of the classical
work has concentrated on rainfall using time series models (Naff et al., 1983; Grosman et al.,
1985). Modelling the variability in the physical parameters of the aquifer is, however, equally
important for evaluating risk (Hodgson, 1978; Davis, 1982; Nguyenetal., 1985). The parameter
uncertainty model provides the methodology for calculating spatial statistics of an aquifer
(Freeze etal., 1990). Reliability measures of the system performance are developed on the basis
of predicted hydrologic uncenainties (Datta et al., 1984).

43  Approach followed

In this study which included a practical case study it was concluded that Monte Carlo simulation
of the uncertainties would provide the desired flexibility. Furthermore the methods are well

2-6



understood with high potential for future application. For this project exiensive computing
resources were available but for large scale practical application. ways of reducing the compunng
would need to be found.

5. ELEMENTS OF RISK ANALYSIS
In a model representation of a managed syvstem. such as an aquifer, vanables are of two kinds:

1) those corresponding to occurrences with natural (unpredictable) vanation such as rainfall,
and

1) those corresponding to fixed (possibly unknown) charactenistics such as the physical
dimensions and properties of an aquifer.

In modelling the system both types of vaniables can be stochastically simulated: in the first case
s0 as to account for the unpredictability of the system and in the second, so as to reflect the
uncertainty of knowledge regarding physical parameters.

Risk 1s descnibed in terms of nsk events such as system failures and extreme values and
measured as the probability of one of these events occurring.

Three quantities in aquifer modelling suitable for defining risk events are:

1) the hydraulic head,
1) the pump-out rate, and
iii) the recharge rate (rainfall).

In a managed system such as an aquifer the differemt stochastic inputs are combined via a
complex model of interactions. The stochastic elements are combined with finite element aquifer
models and flow equations resulting in an analytically intractable mode! and the only recourse
is to computer simulation. The Monte Carlo simulation generates a large number of realizations
of each of the input processes which are then used as inputs to the model. The resulting outputs
are then analysed using appropriate risk statistics most of which were developed as part of this
project.

Variability, thus being the source of the risk, must be properly modeled in order that the output
stochastic process represent a valid abstraction of reality.

The components of the risk assessment model are displayed schematically in Figure | . Inputs
and outputs are centered around a finite element software model. An important aspect of the
structure is the stochasticity of the recharge function (rainfall), and of the physical properties of
the aquifer (storativity and transmissivity). As a result of these stochastic inputs, the output of
the model (water levels at each node in the finite element grid), is also stochastic. The risk
analysis procedure which was developed concerned ways of quantifying 'undesirable situations’
arising from these two sources of randomness, as observed via the output of the model.
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Figure 1: Schematic representation of the different components of an aquifer risk assessment
model

6. THE TWO APPROACHES TO STOCHASTIC AQUIFER MODELLING

At the core of the risk assessment model is the numeric model representing the physical aquifer.
In practice the actual geological and geohydrological conditions within the aquifer are never
known. The important parameters are boundaries, depth, transmissivity, hydraulic conductivity
and storativity. The last three of these are important when determining the operating
characteristics. At best information on transmissivity and storativity is available at a limited
number of positions (boreholes) in the aquifer and at worst we need to depend on intelligent
deduction. The first step in the modelling is to use available data to estimate (through
interpolation) the parameter values at all nodes within the aquifer. The second step is to
introduce the uncertainty to this mean realization by simulating new realizations which are
acceptable given the data but differ from the mean representation.

Two approaches to the stochastic modelling are considered; the first method, inversion, divides

the aquifer into zones and estimates a representative (average) value for each zone while the
second estimates the parameters at each point within the aquifer.
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6.1 Inversion (Nonlinear regression)

A description of this method can be found in Seber and Wild (1989). For completeness a brief
description of the manner in which the regression is set up and the output applied in the nsk
analysis follows below.

Although inversion potentially offers a good way of obtaining a covariance matrix to calibrate
zonal simulations. the available software did not have adequate convergence properties. It was
beyond the scope of this project to develop inversion routines.

The aquifer is divided into zones. A mathematical model of the aquifer which is a function of
the required zonal parameters can be used to predict the data at the observation boreholes.
Estimates of the average storativities and transmissivities for each of these zones are obtained
by minimizing the difference between observed and predicted (by the model of the aquifer)
transmissivity and storativity at each borehole site in the aquifer. The method corresponds to that
of nonlinear regression, The inversion process has the property that estimated covariances are
obtained between the zones. These covanances reflect the uncertainty inherent in the estimates
on transmissivity and storativity, Multi-Gaussian simulation using the means and covariance
matrices from the inversion process can then be used to generate large numbers of equally likely
realizations, any of which could be the actual, but unknown, true values for the aquifer. These
realizations would serve as stochastic inputs to the nsk analysis. The number of realizations for
cach simulation will depend on the number of zones allocated to this region when the finite
clement grid was set up. Every element in a specific zone will be set to the value that was
simulated for the whole zone.

6.2  Geostatistical approach

The geostatistical methods used in this project are standard applications and are well described
in literature (Journel A.G. and Huijbregts C.H.J,, 1978). The discussions of the techniques used
is provided to aid the reader to gain insight into the methods as they apply to this application.
It is recommended that the geostatistical methods should be applied with the assistance of
someone familiar with the techniques,

Semi-variograms are used 10 measure spatial continuity of geological phenomena. They are
directly related to the autocovariance function of a process, and quantify the variability of
measurements as a function of their separation distance.

The semi-variogram is estimated by computing the square differences between all pairs of
observations. Observations must be correct, plentiful, sampled over the whole region and
spatially correlated, so as to give a good estimate of the semi-vaniogram.

The underlying random field from which the observations were drawn is described statistically
by its mean value and its variogram. Given these two quantities and a set of observations taken
at specific locations on a realization of the random field, it is possible to determine the marginal
conditional random field at unobserved locations. The values at these locations can either be
predicted or simulated. In simulation mode, software generates artificial realizations of the
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geology, which are statistically indistinguishable from the original. Under the assumption of
Gaussianity, the technique of Kriging provides the marginal conditional mean and marginal
conditional variance at an unobserved location. Using these two quantities as the parameters of
a normal distribution, the unobserved random variable may be simulated and added to the data
set. Proceeding sequentially in this manner, an entire set of realizations can be generated if the
explosion of the data set size can be controlled. A simulation technique, which achieves this size
control, is the turning bands method, based on the relationship between the autocovarniance
function of a random process and its convolution product with a moving average weighting
function.

Both sequential multi-Gaussian and tuming bands simulators yield Gaussian realizations,
whereas lognormal realizations are most likely sought for aquifers. A simple approach to this
problem is to generate Gaussian simulations which honour the statistics of the log-transformed
observations, and then to exponentiate the results. Regrettably, there is no guarantee that this
process will preserve the original covariance structure, but neither is there any existing theory
to improve upon it. A technique which provides some security (and which we employed) is
comparison of the simulated variograms with the original variograms.

Geo-spatial simulation is generally performed on regular, rectangular grids, groundwater
modelling software, however, often uses irregular grids whose densities and structures vary over
the region of interest. according to the complexity of the model. Existing geo-spatial simulation
software was used to generate fine-grain grids of transmissivities and storativities. Each finite
element node will then be allocated the value of the simulated grid node closest 1o it. In this way,
the observed covariance structure will be honoured as far as possible.

2 THE RISK EVALUATION SYSTEM - SOFTWARE ISSUES

In order to obtain the risk statistics, a simulation approach was followed allowing for many
different but equally likely scenarios to be considered.

Figure 2 illustrates the simulation system. For each realization of the system a transmissivity and
storativity simulation over the aquifer is generated which is used to calibrate the aquifer
modelling program AQUAMOD. A fixed discharge rate at a number of predefined boreholes
1s taken 10 represent the management model being evaluated. A sequence of 99 years of rainfall
(a rainfall cycle is taken to be from July to June) is generated and AQUAMOD returns a
sequence of predicted water levels at all nodes of the aquifer for every 30 days for the entire
period of 99 years. From these water levels the statistics required for the risk statistics are
accumulated. The system is re-run until enough realizations are available to compute the risk
statistics.

The software is built up of a number of different modules each performing a different function
as described in Section | of this report. These modules were combined into a single executable
program. Although this approach speeded up the simulations considerably, it is still a very
computationally intensive process. The execution time of the AQUAMOD run is proportional
to the size of the finite element grid.
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To ensure representative statistics and stable aquifer conditions for a 99 vear penod a 110 vear
time span is used in the simulation with the first 11 vears allowed for the system to achieve
stability. The results of these first eleven vears are discarded. It is imporant to note that the 110
vear period is not to predict the state of the aquifer in | 10 years ume but only to obtain realistic
estimates of return umes and penods.,

| RISK EVALUATION SYSTEM
—_—

| Fump|. Discharge | Raintall T&S |
| oul boreholes Simulation |Simuiction

ASUAMOD | New
l jraintcll. T& S

simuictions

—

Waoler levels
|

| Statistical Ne
Criteria

|

‘N Der ot
Risk Statistics e

. teglirarions \‘.
e D isTor

Figure 2: The simulation approach followed to obtain the risk statistics for different scenarios.

All the source code was encoded in Fortran. The program was compiled on a 486 PC with
coprocessor and on an UNIX operating system. The simulations were executed on the UNIX
operating system (60 MHz, 68 DHRYSTONE) to achieve the best execution speed. [t takes
about 23 hours CPU time to compute 99 realizations using the zonal simulation program. The
geostatistical simulation program is computationally more expensive because transmissivity and
storativity values are simulated on a very fine grid. Values are then allocated to all the elements
defined in the finite element mesh. For this. execution time will be somewhat slower.

7.1  Zonal simulation programme

Covariance matrices and mean values for both transmissivity and storativity for each zone are
used as input to generate zonal simulations using a multi-guassian simulation program. An
algorithm was used based on the LU-decomposition methodology. This algonthm is efficient
for reasonable number of zones (less than twenty).
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Figure 3 illustrates the zonal simulation program.

ZONAL SIMULATION PROGRAM

Generate N Genercte N | Genergme N
ranimissivity | storativity raintall
simulations simulations simulgtions
Deoelsltio N

| Create net and MHm files ‘

|
! Aguamoed
|

|

Caiculate siatistics

continue

l

| Calculate result statistics

Fig 3: The zonal simulation program.

7.2 Geostatistical simulation programme

A geo-spatial simulation is a computer-generated model of a geological structure. To simulate
such a structure, the shape of the body and its spatial characteristics (the variogram and
distribution function) are required. This information is derived from physical samples and from
expert opinion.

A properly formulated model honours the distribution, and the spatial correlation function of the
sample values. There is an infinite set of simulated realities which will have these properties.
To reduce the size of that infinite set. and to reflect observed reality more closely, it is further
required that the model assumes the observed values at the sampling points. Such a simulation
is said to be conditioned on the observations.

The nsk evaluation system uses the Turning Bands method proposed by Journel and Huijbregts
(1978) for geostatistical simulations. This method avoids an explosion of computer time and
memory, handles large gnds and is extremely fast. This method uses as input the variogram
model and its parameters. The L.U~decomposition method used for zonal simulations would not
be suitable because of the large number of nodes.
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7.3 Aquifer simulation program (AQUAMOD)

In this study the program AQUAMOD. developed by the IGS. University of the Free State.
Bloemfontein was used. It is a finite element groundwater modelling program. Transmissivity
and storativity can vary over the aquifer at an clement-by-element resolution level. Output of
the program takes the form of water levels both for selected nodes and for the entire aquifer, It
became evident during the study that AQUAMOD was not entirely suitable in 1ts present form
for a Monte Carlo exercise. This was mainly due to the absence of fixed limit values for the
recharge and discharge water levels which would keep the simulations realistic.

Without these limits the water levels would show an unrestricted positive growth rate if the
recharge 1s larger than the discharge. However, in practice an aquifer can only accommodate a
fixed maximum capacity of water. After consultation with 1GS, it was decided, that each node
on the grid must be supplied with a maximum water level. If arty water level exceeds the
maximum it is reset to the limit for that node.

Similarly, if the discharge is larger than the recharge, the water levels tend to decrease infinntely.
This implies an unrealistic situation corresponding to an infinite supply of water. Consider
running the aquifer model for a water table aquifer with a known base water level. Any element
will be regarded as dry if the difference between the calculated water level and the base water
level becomes zero or negative. A pump at this element will be switched off. Thus the aquifer
level will drop until all the pumps are switched off and with the current version of AQUAMOD
will remain off and then a constant water level will be maintained over the whole aquifer gnid.

The objecuve of the current exercise is to test different management models. The point of
repeatedly simulating a fixed management strategy for 110 years is not to predict how it will
perform over 110 vears, which is not of any practical interest, but rather to obtain probabilities
of extreme events occumng in the event of the particular management plan being implemented
in practice. Switching off pumps changes this management strategy and invalidates the
estimation of probabilities of extreme events. A more dyvnamic model where pumps will be
switched off if the water level drops below the base level and on again if the water level rises
above the base water level will be more suitable. A failure can then be defined in terms of the
switching on/off events or the proportion of required water delivered per time period. With the
present management model the nsk management system will give good results if the aquifer 1s
in a more stable state. If the aquifer drops below the base level and stays there, the statistics will
be worse than is expected. The reason for this is that it will take longer to rise above this base
level where recharge once again exceeds discharge. It must be decided in any future study
whether it is important to have information about these exaggerated cases or whether it is only
necessary 1o determine the maximum discharge the aquifer can sustain.

7.4 Rainfall simulator
Rainfall records were obtained from the Computing Centre for Water Research (CCWR) for

rainfall station Slurry. This station is situated on the border of the Grootfontein aguifer and was
chosen because of the length of rainfall -records that are available.
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It was a complicated and tedious process to fit a SARIMA model to the ume senes before being
able to evaluate simulated rainfall sequences against real data. Statistics for example. percentiles,
means, vanances, medians. the number of vears with total rainfall less than 200 mm. 250 mm,
300 mm, 350 mm were calculated for the simulated data and compared with those of the real
data. Rainfall records from 1916 10 1990 were used. Station Slurry had four vears out of a total
of 75 vears with a total rainfall between 300 mm and 350 mm. A rainfall record of less than
250 mm was recorded in 1991 at this station. All the stanstics were calculated on raintall vears,
a cycle spanning from July to June.

After some further investigation is was decided to code the rainfall simulation algorithm which
was developed by Zucchini and Adamson in a report to the Water Research Commussion
(Zucchini, 1984). Since their investigation was directed on the occurrence and seventy of
droughts in South Africa it was very applicable to our nisk investigation. Parameters for almost
all the rainfall statons in South Africa have been fitted by Zucchim and Adamson and 1s
available as an appendix to the above mentioned report. If a new aquifer is modeled. no
additional time will be required for fitting model rainfall parameters.

The vaiues simulated from this rainfall simulator are daily values which were converted to
monthly rainfall values for use in AQUAMOD. Although the values were simulated as point
values, it was assumed that the simulated rainfall values occurred over the whole aquifer.

When the simulated rainfall values were evaluated against the real data it was noticed that this
rainfall simulator. like the SARIMA simulator implemented by ourselves, constantly produced
a higher average rainfall calculated over 100 vears than the average of the real data calculated
over 75 vears. This statistic was calculated over 100 rainfall simulations each for a cycle of
100 years. In order 1o confirm these results a rainfall simulator distributed by Department of
Botany of the University of Witwatersrand which was based on the Zucchini method was used
and the results compared. These results did not show the high mean property. The discrepancy
between the generated and actual mean is believed to be due to the random number generator
selected 10 generate random numbers during the both simulation processes, To make the rainfall
simulations realistic and to have enough ‘dry’ years in the simulations it was decided to add a
correction factor to the simulations. All the statistics were calculated on a rainfall year, i.e. a
cycle spanning from July to June. It must be emphasized that this correction factor only changes
the overall mean but does not influence the rainfall cyvele which was found to match the data
adequately. This experience indicates the importance of validating the particular rainfall
simulator chosen. Two example simulated rainfall senies using Zucchini's rainfall simulator are
shown in Figures 4(a) and 4(b).

8. STATISTICS

The simulation system described above produces vast quantities of information. To be of use this
information needs to be summarized by meaningful statistics.

In this chapter several statistics are defined. discussed and illustrated. Firstly, overall statistics
to summarise the performance of an aquifer system are discussed followed by the definition of
risk events. Finally, methods of quantifying the risk are presented.
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Figures 4(a) and 4(b): Two examples of simulated rainfall series using Zucchini's rainfall
simulator,
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Imitially the study concentrated on water levels for determining the state of the aquifer at given
times. After extensive expenimentation it was realized that a distorted picture could sometumes
be obtained since low water levels were not necessarily a result of the discharge but could be due
1o the physical topology of the aquifer. After discussion with IGS it was decided that all the
staustics must be calculated from the difference berween the simulated water levels and the base
water level. Therefore for each node a maximum and a base water level was specified
beforechand. The maximum level was used for overflow.

8.1  Summary statistics

The statstcs calculated at the end of each realization of the nsk evaluation system are
complicated by the fact that they are calculated over space and time. Output from the aquifer
modelling program takes the form of nodal water levels for each time step of 30 days. Water
levels at selected user defined nodes (boreholes) also forms part of the output. A large amount
of information is available after each realization. For example, if the model 15 run for 99 vears.
this means 12 * 99 = | 188 water levels for one node: if an aquifer model has a total of 1 030
nodes. this means | 118 * 1 030 = 1 223 640 water levels. If the number of realizations equal
100. it means that at the end the output results in 122 364 000 water levels. It is a great challenge
to represent all these values in a few statistics to make it useful to planners of water resource
exploitation. In comparison, when a surface water model, for example a storage dam, is run, it
give only one water level. This simplifies the representation of statistics tremendously.

In order to evaluate a8 management model, NTOTAL realizations of the risk evaluation system
will be computed with different generations of transmissivity, storativity and rainfall simulations.
Each realization represents a imespan of NYEARS (rainfall vears). After completion of all the
realizations of the system the user will have NTOTAL values of each of the statistics defined
below. stored in output files. Expected values are calculated at the end of all realizations and

stored in a resulting statistics output file.

For each realization and after each timestep (30 days) a nodal minimum. maximum and average
of the difference between the simulated water level and base water level over all nodes is
calculated. Thus if the system is run for a imespan of 99 years. this represents 1 188 minimum
difference water levels, 1 188 maximum difference water levels and | 188 average difference
water levels. From these the following summary statistics are computed:

Maximum {nodal minimum difference} : MaxMin
Minimum {nodal minimum difference} : MinMin
Average {nodal minimum difference} : AvgMin

Maximum {nodal maximum difference}: MaxMax
Minimum {nodal maximum difference} : MinMax
Average {nodal maximum difference} : AvgMax

Maximum {nodal average difference)}: MaxAvg
Minimum {nodal average difference): MinAvg
Average {nodal average difference) AvgAvg
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The MinMin value represents the minimum difference or lowest difference between the
simulated water levels and base water levels that was generated during this realization. The
MaxMax value represents the maximum or highest difference between the simulated water levels
and base water levels and the AvgAvg represents the overall average difference of this
realization. If the risk evaluation system is run for 99 realization, 99 values for each of these
summary statistics will be available for further analysis.

The expected values are obtained by averaging these statistics over all realizations.

8.2 Risk events

Risk is defined in terms of a particular event occurring. In this case the risk event will be defined
in terms of the effective depth of a borehole. Effective depth is defined as the difference between
the maximum water level (determined duning flood vears) and the pump depth (base water level).
A tolerance is defined as a proportion of the effective depth. A risk event occurs if the difference
between the simulated water level and base water level falls below a tolerance level. For this
exercise the following tolerance values were used:

. Tolerance 1 = 1/6 (maximum water level - base water level)
. Tolerance 2 = 1/3 (maximum water level - base water level)
. Tolerance 3 = 1/2 (maximum water level - base water level)
. Tolerance 4 = 2/3 (maximum water level - base water level)

Fatlure eventswere only tested at pumping boreholes. but the user can decide at which nodes this
must be tested. Each borehole has a different maximum and base water level resulting in each
borehole having a different tolerance value, A failure is recorded as having occurred if the
difference of one of the boreholes fails below one of the tolerance values.

The concepts described above are displaved schematically in Figure 5. In this example four
tolerances are shown. each reflecting a different degree of severity. By quantifving the risk for
each of these tolerances additional information relating to the seventy of failures can be deduced.
Driscoll (1986) shows that is uneconomical to operate a2 well with a drawdown greater than 67
percent of the maximum. Tolerance 2 will give results in this order.

8.3  Risk quantification

In this paragraph methods of quantifving the performance of an aquifer system will be discussed.
Clearly this quantification will depend on the assumed values for the aquifer mode! (which are
actually unknown), the rainfall (which is unpredictable) and pump rates. The modelling of this
variability is dealt with by computing expected values of the statistics using the Monte Carlo
simulation method discussed earlier. These expected values relate to the long term ability of an
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aquifer to be pumped at & cenain rate. This is not 2 method of forecasting specific failures or the
behaviour in the presence of a reactive pumping program.

EXAMPLE OF AN AQUIFER WITH TWO BOREHOLES

BOREHOLE | BOREHOLE 2
\. /
MAXIMUM WATER LEVEL
l ...... ‘ '— .....
| S i = wl
R e L e il -—I
| | _-$IMULATED WATER LEVEL 5.
J — g 1 | |

TOLERANCE | » I/AIMAXIMUM WATER LEVEL - BASE WATER LEVEL)
TOLERANCE 2 » I/MMAXIMUM WATER LEVEL -~ BASE WATER LEVEL)
TOLIRANCE 3 « I/2(MAXIMUM WATER LEVEL ~ BAIE WATER LEVEL)
TOLERANCE 4 » 2/MMAXIMUM WATER LEVEL ~ BASE WATER LEVEL)

Figure 5: Schematic illustration of the tolerance values used in defining the risk of a particular
event occurring.

A number of different options are available and one aim of the project was to assess these. The
options was the probability of failures, retum times and periods of failures.

8.3.1 Period

The period is the average length of time a failure is expected to continue for consecutive time
steps. A short period indicates that although some nodes are below the tolerance they quickly
return to a safe condition. A long penod can indicate that the aquifer is being over exploited
depending on the tolerance value used. An average period is obtained by averaging the period
over a number of realizations. In Figure 6 the period is 3.67.

8.3.2 Probability

The probability of a failure is calculated by dividing the number of failures by the number of time
steps during which a failure could have occurred. In other words it is the proportion of months
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for which a failure occurred. A value close 10 one would indicate that the aquifer is being over
exploited while a value close 10 zero will indicate that it is operating well within the specified
conditions. The expected probability is obtained by averaging over the number of realizations
In Figure 6 these failures are denoted by * and the probability of failure is 0.367.

Example of minimum water levels
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Figure 6: Example showing simulated minimum water levels indicating those instances where the
water level dropped below the specified minimum tolerance level.

8.3.3 Return time

A return time is the time elapsed between a first failure, point A in Figure 7. until the second
failure (point B on the graph). The time from point B to point C also represents a return time.
To obtain an average return time for a realization, all the return times are added and divided by
the number of times this occurs, in this case twice. The return time gives an indication of the
time elapsed before the next failure will occur once a failure has occurred.

It must be emphasized that this retum time differs from the return time of a tomado or flood. A
drought may last an arbitrary length of time. Thus a failure may be short lived or continue for
an extended time. Retumn time does not differentiate between a short or a long failure,

Afier an intensive study it was concluded that the return time is not a useful statistic for aquifer
management.
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9. CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

During this project a methodology has been developed for the long term assessment of risk when
using groundwater. Below are listed some of the conclusions reached.

. There are two sources of uncertainty when considering the use of groundwater. Firstly
the geological properties of the aquifer are only known up to a degree of centainty and
secondly the recharge is a function of unpredictable rainfall. This study has developed
methods for combining both these sources of uncerainty to provide an overall assessment
of nsk.

. The aquifer modelling software plays a central role in the Monte Carlo study used to
make the risk assessment. This software must be capable of following a particular
management plan if this plan in to be assessed. Thus, if one would like to simulate a
process whereby a pump is switched on and off according to water level, the sofrware
must accommodate this. In the application to the Grootfontein aquifer this was not the
case.

. A failure event needs 1o be defined. This can be done in a number of ways and can be
chosen 1o meet the specific needs of a particular study. In the case study a failure was
defined as the water level at a certain number of nodes failing below a chosen tolerance.
This definition was found to work well in practice.

. After thorough investigation a definition of failure in terms of effective depth was
formulated. This enabled a number of risk statistics to be considered of which probability
of failure and period of failure were finally selected.

. The concept of failure return time was found to be totally unsuitable for these types of
study.

. The methodology depends on the geohydrological modelling of the aquifer, the stochastic
representation of the rainfall process and the recharge rate. As wath any study the
accuracy of these components will determine the value of the final results, In the case
of the aquifer two different geostatistical techniques were used. From the case study we
concluded that the method of zonal simulation was the most suitable. In the case of
rainfall a simulator based on Fourier series representation of transition probabilities as
proposed by Zucchini and Adamson (1984).

. It was found that although the aquifer in a sense could be equated to a surface water
network, the aims of surface water management differed from the aims in this study.
When this work is extended to short term risk assessment the methods used in surface
water will become appropriate for groundwater management.

. The proposed methods were successfully tested for the Grootfontein aquifer and found
10 be practically applicable.
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. The computing time involved in the developed Monte Carlo based methodology was
found to be considerable ruling out the routine generation of the risk statistics. However,
in practice the long term viability will only be assessed during the planning stage. A
logical progression of the current work will be toward the short term nisk assessment as
a routinely applied management tool. It is anticipated that for such an application
computing time will be kept to practical proportions.

. The overall objectives of the project were successfully achieved and the scene is set to
extend the methodology to the application of short term risk management.

9.2 Recommendations

This study has plaved an important role in assembling the tools for the long term evaluation of
a aquifer management plan. Such a management plan would be in terms of fixed pump rates at
various boreholes. The results relate to the viability of the aquifer to deliver water at the required
rate and the risk of failure to achieve this. A feature of these studies is that they require major
computing facilities probably outside the resources of a aquifer manager. Furthermore, once a
viable scheme is in place, short term decisions would need to be taken to ensure safe and optimal
use of the groundwater.

It is thus clear that the logical extension would be into the area of short term risk assessment
allowing evaluation of dynamic management schemes. Such short term risk assessment would
be aimed at one or two time periods (monthly, quarterly or annual) and would enable a aquifer
manager to assess a management plan in the light of the current aguifer situation and the
unpredictability in the expected recharge for the period in question. As in the current study,
aquifer uncertainties would also be taken into account.

The development to short term risk assessment will bring the methods much closer to those
currently in use for surface water management and the potential will exist for concurrent
assessment.

Although this extension will differ fundamentally from the current study in its objectives, it

will make use of the same techniques which were developed and will use the results
extensively.
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FORWORD

The Grootfontein Aquifer in the Western Transvaal is a typical example of one of the best
utilized aquifers in South Africa. Not only are both the towns of Mafikeng and Mmabatho
dependent on this aquifer for their water supply but substantial areas are also imgated from it.
The aquifer forms part of a Subterranean Water Control Area. Control is therefore exercised on
the quantities of water that are abstracted from the aquifer. Permits are issued to farmers for
irrigation which amounts to 11 million cubic metres per annum compared to 4.5 million cubic
metres per annum which the towns of Mmabatho and Mafikeng are entitled to abstract. This in

effect implies an accedence of the long term average recharge to the aquifer which is also the
sustainable vield.

The prolonged drought that started in the early 1980's together with large scale abstraction caused
a large drop in the water level of the compartment. It was soon evident that over abstraction of
the aquifer occurs, which required the safe vield of the aquifer to be derived in order to make an
equitable appropriation regarding future allocations and proper management of the groundwater
source.

The objectives of this Section of the report was to apply the risk analysis techniques developed
during this project to an aquifer which is being used extensively and for which sufficient
information is available to develop and calibrate a simulation model. The modelling program
AQUAMOD developed at the IGS was used for this purpose.

A water balance model using the program SVF was constructed which yielded answers on the
recharge from rainfall and the effective porosity of the aquifer. The long term recharge 1o the
aquifer was calculated as 8.5 million cubic metres per annum with effective porosity values
ranging from 2.15 % to0 2.45 % according to different calculation methods. The annual recharge
to rainfall relationship is given by the formula

GROUNDWATER RECHARGE = 0,10 * (RAINFALL - 67 mm).

By using stochastic generated rainfall records the reaction of the aquifer was forecasted by
imposing different abstraction scenarios (program AQFSTOC). The result of these scenarios
confirmed that the safe vield of the aquifer is at maximum about 8,5 million cubic metres per
annum.

A dynamic groundwater flow model was constructed (programs AQUA-NET and AQUA) for
the compartment by using as input parameters the obtained S-value (2,25%) and the above
recharge/rainfall relationship. Using an inverse modelling technique (program AQUA-INV) the
kd-values for the aquifer were obtained and a good fit between the actual and simulated water
levels were obtained.

The calibrated flow model coupled with a response matrix technique (program AQUA-MAN)
was used 1o determine the optimal extraction pattern from the aquifer using a simplex algorithm
(program MANAGE) subject to specified demand and drawdown constraints.

Risk evaluations for different risk events were used. The risk statistics produced very similar
maximum allowable abstraction figures 1o those generated by the water balance model.
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1. INTRODUCTION

The Grootfontein Compartment, a dolomitic aquifer in the Western Transvaal, is a
typical example of one of the best utilized aquifers in South Africa. Not only are both
the towns of Mafikeng and Mmabatho in the Republic of Bophutatswana dependent
on this aquifer for their water supply, but substantial areas are also irrigated from it.
The aquifer forms part of an area known as the Bo Molopo Subterranean Water
Control Area. Control is therefore exercised on the quantities of water that are
abstracted from the aquifer. Permits are issued to farmers for irngation according to
a policy that takes into account the size of the irmgated land, which receives an
allocation of 7500 m’/ha/year. This in effect implies an excess of the long-term
average recharge to the aquifer which is also the sustainable yield. A previous
investigation (Van Rensburg, 1987) indicated that the permit allocation in the
Grootfontein Compartment for irrigation amounts to 11 million cubic metres per
annum compared to 4,5 million cubic metres per annum which the towns of
Mmabatho/Mafikeng are entitled to abstract.

The prolonged drought that started in the early 80's, together with large-scale
abstraction, caused a large drop in the water level of the compartment. It was soon
evident that over-abstraction of the aquifer occurs, which required the sustained yield
of the aquifer to be determined in order t0 make an equitable appropriation regarding
future allocations and proper management of the groundwater source.

For this purpose, a water balance model was constructed. The water balance
calcuiations yielded answers on the recharge and the storativity of the aquifer. The
long-term recharge to the aquifer was calculated as 8,5 million cubic metres per
annum with storativity values ranging from 2,15% to 2,35%, according to different
calculation methods. The annual recharge to rainfall relationship is given by the
formula GR = 0,10%(RF - 67 mm).

By using stochastic generated rainfall records, the reaction of the aguifer was
forecasted by imposing different abstraction scenarios. The result of these scenarios
confirmed that the sustained vield of the aquifer is at maximum about 8,5 million
cubic metres per annum,

A dynamic groundwater flow model was constructed for the compartment by using
as input parameters the obtained S-value (2,25%) and the recharge/rainfall
relationship [GR = 0,10%(RF - 67 mm)]. Using an inverse modelling technique, the
kD-values for the aquifer were obtained and a good fit between the actual and
simulated water levels were obtained. Different scenarios comprising recharge/no-
recharge at different abstraction schedules were performed to evaluate the amount of
drawdown at the Grootfontein Spring.

An illustrative example of an optimal extraction pattern and allocation of groundwater
among categories of users in the Grootfontein Compartment, together with a Monte

3-1



Carlo analysis for risk evaluation concludes this volume.

2.

LOCALITY OF THE STUDY AREA

The Grootfontein Compartment is situated in the far Western Transvaal, about 20
kilometres south-east from Mafikeng and 25 kilometres north-west of Lichtenburg,
and covers an area of about 169 km3. A locality map of the study area is shown in

Figure 1.
3. PREVIOUS INVESTIGATIONS
3.1 Geological

Von Backstrom er al (1952) and Davies and Prévost (1978) mapped and
described the geology of the study area.

3.2 Geophysical

Several geophysical surveys were carried out in the study area. Ground
magnetic and electromagnetic surveys were done by Hauger (1973) and Day
(1976) carried out magnetic studies over the diabase dykes. A gravimetnc
survey was carried out by Palmer (1978).

3.3 Geohydrological

Geohydrological investigations in the area were executed by Porszasz (1966),
Bredenkamp and Schutte (1970), Bredenkamp er al (1974), Vipond (1979) and
Bredenkamp (1984).

Aquifer modelling studies by Hely-Hutchinson (1972), Boshoff (1980), Cogho
(1982), Bredenkamp and Van Rensburg (1983), Van Rensburg (1985) and Van
Rensburg (1987) added to the extensive coverage of the system.
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4. GEOLOGY OF THE STUDY AREA

The study area can geologically be subdivided 1n:
- Bascment rock;

- Ventersdorp Supergroup,

- Transvaal Supergroup,

- Vertical diabase intrusions.

The lithostratigraphical sequence of the study area is shown in Figure 2.

4.1 Basement Rock

The basement rock consists of a light grev 10 pinkish granite-gneiss. Although
the basement rock does not outcrop over the study arca, the existence thereof
was confirmed by gravimerric surveys.

4.2  Ventersdorp Supergroup

The granite-gnetss basement rock 1s overlain by the Ventersdorp Supergroup
which consists of quartzite, shale and andesitic java.

4.3  Transvaal Supergroup

The Transvaal Supergroup consists of the Chuniespoort Group of which the
Malmani Subgroup forms 2 part. The Malmani Subgroup can be divided into
the following formations:
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(a) Black Reef Formation

The rocks of this formation overlie the Ventersdorp Supergroup. It consists

of feldspathic quartzite, shale and conglomerate, its thickness is in the order
of 50 m (Visser, 1970).

(b) Oaktree Formaton

This formation outcrops in the western portion of the study area and is
characterized by dark chert poor dolomite which is not a2 good aquifer.

(c) Monte Christo Formation

This is the most important water-bearing formation in the area and consists of
a chert-rich lighter colour dolomite.

(d) Lyttelton Formation

This formation outcrops in the north-eastern portion of the compartment. It is
poor in groundwater because of the dolomite which is cheri-poor and less
karstified.

4.4 Vertical Diabase Intrusions

The groundwater system is bounded by diabase dykes of unknown age. In the
north, the boundary is formed by the Grootfontein/Trekdnft dykes. southern
and western boundaries are formed by the Blaauwbank and
Mooimeisiesfontein dykes respectively (Figure 3).

RAINFALL

The study area falls within the summer rainfall region and rain occurs mainly in the
form of thunderstorms. The yearly average rainfall is 560 mm as measured at the
Slurry Rainfall Station. Seasonal fluctuations as well as persisting dry and wet years
can cause much vanability in monthly and yearly rainfall figures. A representation
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of the yearly rainfall is shown in Figure 4.
6. ABSTRACTION

Abstraction takes place from the Grootfontein Spring (which stopped flowing during
1981) to supply the towns of Mafikeng/Mmabatho and irrigation water to farmers
from boreholes. The positions of the production boreholes are shown in Figure 5.
A representation of the quantities that have been abstracted for the period 1979/80 to
1990/91 is shown in Figure 6. Quantities abstracted for Mafikeng/Mmabatho have
been measured accurately over the entire record period by means of flow meters.
Quantities abstracted for irrigation were calculated by means of the electncity
consumption of the pumps (Van Rensburg, 1987). Unfortunately, these figures
extended only to April 1987. Abstraction for the year 1987/88 was calculated by
making use of hour meter readings on the pumps. These meters became defective
over the years and the abstraction for irrigation (1987/88) was assumed constant for
the following three years (1988/89 10 1990/91), but they were later on proved to be
different.

(£ GEOHYDROLOGY
7.1  Groundwater levels in the Grootfontein Compartment

The Department of Water Affairs monitored groundwater levels.since 1974 on
a monthly basis, in the Grootfontein Compartment. The positions of the
observation boreholes are shown in Figure 7. These boreholes are evenly
distributed, except in the north-eastern portion of the compariment. Contours
of the measured water levels are shown in Figures 8(a) to 8(g) for the month
of October for the period 1979, 1981, 1083, 1985, 1987, 1989 and 1991.

From these contour maps, it is evident that:

(1) Groundwater flow takes place from the south-east and east to the west and
north-west.

(i1) A steepening in the groundwater gradient extends over the farms
Kliplaagte, Blaauwbank and Grootfontein. The reason for this phenomenon
can be partly explained by the corresponding steepening in the gradient of the
base-rock elevation, shown in Figure 9 (Van Rensburg, 1985). This
steepening in the water-level gradient seems to extend further to the east as
dewatering progressed (Figures 8(a) to 8(g)). The lateral inflow from the east
is therefore expected to be minimal.

(i1i) Another important characteristic of the compartment is the possible
variation in hydraulic conductivity, Areas with a low groundwater gradient
are indicative of high hydraulic conductivity, whilst areas with a steeper
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groundwater gradient indicate a low hydraulic conductivity. According to
this, the areas between the 1470 m and the 1462 m contour lines and between
the 1452 m and 1444 m contour lines are more permeable than the area where
the steep gradients exist (Figure 8(a)).

Hydrographs of the individual boreholes (October 1979 1o January 1992) are
shown in Figures 10(a) 1o 10(1). Groundwater levels in the compartment show
large vanations as abstraction and recharge take place. A comparison between
the water levels for November 1980 and May 1981 shows a general rise in the
water level, This can be attnbuted to above average rainfall over this period,
From June 1981 till about the beginning of 1987, large drawdowns in the
water levels occurred. This coincided with high abstraction rates and below
average rainfall over the 1982/83 to 1986/87 period. The above average
rainfall for the hydrological year of 1988/89, together with a lower abstraction
from the compartment, caused a rise in the water level from October 1988 to
May 1989. Average rainfall and fairly constant abstraction resulted in 2 water
level that maintained its level for the period June 1989 till the end of the
record in February 1992, although drawdowns in the eastern portion of the
compartment did not recover as is the case in the western portion of the
compartment.

7.2  Water Balance Equation

The classical geohydrological balance equation for a groundwater reservoir
with an impermeable base (Kirchner and Van Tonder, 1989) for a ume
increment of At=1,-t, 15 given by the equation:

-0+ GR-Q = AW (1)
where

I = (I,+12)/2 = mean lateral inflow (m’/d)

0 = (0,+0,)/2 = mean lateral ouflow (m*/d)

GR = effective groundwater recharge (m’/d)

Q = discharge out of (or into) reservoir (m'/d)

AW = change in groundwater volume (m’) = S*aAV

AV = change in saturated volume aquifer material (V,-V,)
S = specific yield or effective porosity

Equation (1) can be rewritten as
GR+1-0-4aV*Ss =Q (2)
This equation is the general groundwater balance equation for an unconfined

aquifer and can be applied for a number of specific conditions (Bredenkamp
er al, 1989):
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(a) If the inflow and outflow terms are equal, the change in groundwater
storage is zero.

This provides the necessary conditions to derive at sustained yield estimates
and to predict recharge from precipitation:

GR=0-1+0Q (3)

(b) By incorporating the "no recharge® recession (GR = 0), when the change
in saturated volume presents a maximum over a given time period t, Equation
(2) reduces to:

1-0-aVs§s =Q (4)

from which S can be calculated as

_1-0-Q

A}

(¢) If the aquifer is bounded by impervious dykes or by groundwater divides,
I and O in (2) are zero. For this case

GR - AV*S = Q (6)

from which the groundwater recharge can be calculated if S is known. If the
groundwater recharge is assumed as zero for the maximum change in saturated
volume, a mean S-value for the aquifer can be calculated.

PC computer program SVF can be used 10 calculate the saturated-volume-
fluctuation (SVF) for an aquifer on a month to month basis. This allows:

1) A mean S-value to be obtained, corresponding to the change in saturated
volume being a maximum and implying groundwater recharge to be zero (Eq.
6). As it is difficult to determine whether the requirement of zero recharge
has been met, an indirect approach was adopted by Van Rensburg er alf (1987)
to obtain the aquifer storativity. The storativity of the aquifer was calculated
on an annual basis, by incorporating the recharge as pant of the effective
storativity. The following relationship applies:

S, =S, +5, M

where S, = the effective S-value if the recharge is incorporated as part of the
storativity value.

S, = the intrinsic effective porosity of the aquifer,
S, = the equivalent porosity representing only the recharge.
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Storativity values (S,) for each year can hence be calculated and plotied
against the annual rainfall. The resulting relationship between S and the
annual rainfall allows the true storativity (S,) to be inferred. S, must
correspond to the value for zero annual recharge. The storativity
corresponding to the low annual rainfall values represent a maximum
storativity for the aquifer.

(2) By substitution of this S-value into the water balance equation, recharge
and its relationship to rainfall can be obtained.

(3) The aquifer’s saturated-volume-fluctuation (SVF) is subsequently simulated
using the established rainfall-recharge relationship and varying S to obtain the
best match between the simulated and the observed saturated volumes. Along
the same lines the storativity can be assumed and the best rainfali-recharge
relationship can be obtained. (Bredenkamp er al, 1989).

7.2.1 Water Balance Equation applied to the Grootfontein
Compartment

7.2.1.1 The Saturated-Volume-Fluctuation (SVF)

The monthly saturated-volume-fluctuations for the Grootfontein
Compartment were determined from the water-level
measurements at the monitoring borecholes for the penod
October 1979 to January 1992, as depicted in Figure 11. This
shows the decline of the saturated volume for the period May
1981 to May 1988, due to abstraction that exceeded recharge
as well as two major recharge events during 1981 and 1989,

7.2.1.2 Determining the S value (Indirect approach)

The inferred apparent storativity S, (inflow = outflow) using
the SVF-program for 12 month periods shifted forward one
month at a time, using Equation 5, is shown plotted against
rainfall in Figure 12. This indicates according to the best fit
relationship, the intrinsic effective porosity, S,, of the aquifer
to be 0,0215. The 95% confidence limits show that the lower
and upper bounds for storativity are 15% and 3,0%
respectively.

3-8



1213 Recharge and its relationship to rainfall using
the S-value obtained through the indirect
approach

The S-value obtained through the indirect approach is
independent of the recharge to the aquifer and can be used to
calculate the recharge to the aquifer which would vield the
recharge-rainfall relationship if such a relationship exists.
Three S-values were used namely the lower bound S-value
(1,5%), the upper bound S-value (3,0%) and the S-value of the
regression line (2,15%). The recharge to rainfall relationships
obtained with the different three S-values are shown in Figures
13(a) 10 13(c). Using the "best estimate” of S, namely 2,15%,
the recharge to rainfall relationship is given as:

GR = 0,10(RF - 38mm) (8)

The correlation coefficient between recharge and rainfall
increases as the S-value increases. However, the correlation
coefficient does not increase substanually for S-values higher
than 3.0%. The highest increase in correlation coefficient
occurred for S-values between 2% and 3%, which is regarded
as the range of the most probable value of S.

7.2.14 The recharge/rainfall relationship obtained using
the "equal volume method®

The rationale behind this method is briefly as follows. If the
inflow and outflow can be assumed constant or zero, the
recharge to the aquifer is equal to the abstraction for all periods
where an equal volume status of the aquifer occurs. The
periods where equal volumes of saturated aquifer thicknesses
occurred were calculated by the SVF-program and the
abstracion over such periods represents recharge. The
recharge to rainfall relationship thus obtained 18 shown in
Figure 14 and yields the following relationship:

GR = 0.10(RF - 67mm) 9)
Equation 9 shows a remarkably close relationship to the
rainfall-recharge relationship that had been obtained by
assuming an S-value of 2,15% (Eq. 8 in Sect. 7.2.1.3).
Using the recharge to rainfall relationship (Eq.9) the average
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recharge to the compartment can be obtained by substituting the
long-term rainfall (560 mm/a) into the equation. For the
Grootfontein Compartment this yields a recharge figure of 49,3
mm per annum which, if spread over an area of 169 km?,
yields a recharge of 8,4 million cubic metres per annum.

7.2.1.5 Calculation of the S-value using the
recharge/rainfall relationship that was obtained
with the "equal volume method”®

An optimizing technique was used to calculate the “best” S-
value (using the recharge-rainfall relationship obtained in
7.2.1.4.) by comparing the actual SVF with the calculated
SVF. The S-value for the best fit between the actual and
simulated SVF is 2,25%. The close fit between the actual and
simulated SVF is shown 1n Figure 15; the S-value is very close
to the S-value that was inferred from the indirect approach
(2,15%).

7.2.1.6 Application of the modified Hill-method on the
Grootfontein Compartment

From the water balance equation, it is clear that if inflow,
outflow and recharge are zero, the S-value of a system can be
obtained by plotting the abstraction against the change in
saturated volume that is effected from that abstraction. The S-
value corresponds to the slope of the line fitted through the
plotted points, according to the method proposed by
Bredenkamp er al (1989). In the case of the Grootfontein
Compartment, inflow and outflow appear to be minimal or
could be assumed to cancel out. The scatter of values around
the fitted line (Fig. 16) between the plotted points can therefore
be attributed to varying recharge. According to this plot, the
average long-term recharge to the aquifer is equal to 8,5
million cubic metres (where dV = 0). This is in excellent
agreement with the recharge quantity that was obiained through
the equal volume method. If the recharge-rainfall relationship
that was derived from the equal volume method is used in the
water balance equation the net effect of recharge and
abstraction (GR - Q) can be obtained. Hence, if (GR - Q) is
plotted against dV, as shown in Figure 17, the S-value can be
obtained as the slope of the line fitted through the points. A
value of S = 0,0245 is derived in this way. The deviation
from the straight line in the upper portion of the data
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corresponds to the period 1988 to 1991, As was mentioned in
Section 6 the abstraction rates for this period were assumed
constant but according to the deviation the abstraction had been
overestimated. By inferring the abstraction by means of the
electricity consumption, the adjusted abstraction can be
validated.

7.2.1.7 Summary of results obtained with the water
balance method

For greater clarification, the findings can be summanzed as
follows:

An S-value for the companment was calculated as 2,15%,
according to the indirect approach. The upper and lower
bounds for the S-value (a1 a 95% confidence limit) were
calculated as 3,0% and 1,5% respectively. An S-value of
2,15% was used in the water balance equation to calculate the
recharge. This calculated recharge showed a linear relationship
with the rainfall exceeding a threshold value [GR = 0,10(RF -
38mm].

Another recharge-rainfall relationship was obtained by making
use of the equal volume method [GR = 0,10(RF - 67mm)).
This relationship yields a long-term recharge of §,4 million
cubic metres per annum to the aquifer, The method is
independent of the systems’ S-value and the obtained
relationship is in close correspondence to the relationship that
was found, using the S-value obtained by the indirect approach.
This recharge/rainfall relationship was used to reconstruct the
saturated volume fluctuation and optimizing for the S-value,
The S-value that yielded the smallest mean square error (MSE)
was found to be 0,0225 - again in close correspondence to the
S-value calculated by using the indirect approach (2,15%).

The adapted Hill method showed the long-term recharge to the

aquifer to be 8,5 miilion cubic metres per annum and the S-
value to be 0,0245.

8. FORECASTING OF AQUIFER VOLUME (WATER LEVELS) USING THE
MODEL

The groundwater balance model can be usefully applied as an ongoing management
tool in preventing overabstraction of the groundwater resource in the area and in
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prolonging the viability of irrigation on a reduced scale.

The long-term rainfall record of Slurry (1915/16 - 1991/92) (Figure 18) was used to
predict the aquifer volumes for different abstraction scenarios. This historical rainfall
sequence was used o generate 41 stochastic rainfall records (Pegram, 1986) based on
the statistics of the historical rainfall record. A program, AQFSTOC, was wntten
by P. van Rooyen (1992) of Bruinette, Kruger and Stoffberg to simulate the storage
in the aquifer based on the recharge/rainfall relationship, the S-value of the system
and the abstraction from the system. The results show “Box and Whisker" percentiles
of monthly storage estimates for the given period of 77 years. The given percentiles
show probability estimates of confidence for storage of the aquifer e.g. the 1%
percentile line indicates a 9% confidence of the storage being lower than x MCM
and the 75% percentile line indicates a 25% confidence of the storage of the aquifer
being lower than xz MCM.

In the first scenario, the abstraction of water was set at 8,5 million cubic metres per
annum which is considered to be the long-term assured yield of the aquifer. By
making use of the 4! stochastically generated records from the rainfall record
measured at Slurry, the reaction of the aquifer was forecasted. Figure 19 shows the
simulated volumes against time. According to this simulation the storage in the
aquifer will stay more or less the same over the entire period of the rainfall record,
if the median value (the SO% percentile line on the graph) is considered to be the
most likely outcome. This means that the specified abstraction (8,5 million cubic
metres per annum) would not exceed recharge to the aquifer in the long run, which
confirms that it is a reliable value for the long-term recharge to the aquifer. Even
the "most optimistic” situation (the 1% percentile line on the graph) indicates a very
low probability that the storage will exceed 135 MCM which indicates a full storage.
On the other hand, if the "worst case” (the 99% percentile line on the graph) in the
rainfall sequence occurs, the aquifer will also not be depleted below a storage of
about 40 million cubic metres.

Abstraction rates of 9 and 10 million cubic metres were specified and from Figures
20 and 21, it is clear that the aquifer volume will be depleted in the course of time,
An abstraction rate of 7 million cubic metres was also specified and a gradual rise in
the aquifer volume can be observed (Figure 22). In the best case scenanio (highest
recharge) the Grootfontein Spring will start flowing after about 180 months. For the
“median case” (50% percentile line), the spnng will start to flow after about 450
months,

The aquifer response is very sensitive 10 abstraction and it can be inferred that any
abstraction exceeding the mean annual recharge will result in 2 corresponding
depletion of the volume of water stored in the aquifer. The declined water levels will
not recover unless the abstraction 15 reduced for consecutive periods.
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9. DYNAMIC MODEL OF THE GROOTFONTEIN COMPARTMENT

A dynamic flow model for the Grootiontein Compariment was constructed to simulate
the groundwater flow in the aquifer, The main objective of this exercise was to
verify the reliability of storativity and recharge values that were obtained from the
water balance calculations. The AQUA-INV and AQUA programs were used
respectively to calibrate and simulate groundwater flow in the compartment. The
finite element model is based on the Galerkin solution of the two-dimensional partial
differential equation that describes flow subject to specific boundary and initial head
conditions. The results obtained through the water balance study, namely the S-value
and recharge were used as input in the flow model. With these input values a good
correlation between the actual and simulated water levels was obtained by altering the
kD-values in the aquifer.

9.1 Construction of the finite element network

Compilation of the finite element model necessitates the construction of
triangular elements over the compartment, incorporating groundwater levels,
geology, borehole positions and boundaries or dyke positions. The triangular
finite element network is shown in Figure 23. In the construction of the
network. 1t is essential that the positions of abstraction/recharge boreholes
coincide with node positions. The network was constructed to reflect the
geometry of the compartment accurately.

9.2  Boundary conditions

In order to construct an accurate model, the position of the boundary as well
as the behaviour of the water level at that boundary must be known. The
Grootfontein Compartment 1s bounded by diabase dykes as discussed in
Section 5.4. According to investigations carned out by Van Rensburg (1985),
it is unlikely that lateral flow occurs across the dykes. It was therefore
assumed that the dykes are impervious.

9.3 Imnal head values

The water levels for January 1983 were used as initial head values for the
groundwater model. It was decided to calibrate the groundwater mode! for the
period January 1983 to December 1986, because of the large drop in water
levels that had been caused by overabstraction and low rainfall (recharge).
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0.4  Abstraction

The abstraction figures used in the model were obtained from the Grootfontein
State Water Scheme at the Grootfontein Spring as well as from Report No.
GH 3549 (Van Rensburg, 1987).

9.5 Recharge

The recharge specified in the groundwater model was obtained from the water
balance study. For this case, the recharge specified was obtained from the
relatonship:

GR = 0,10(RF - 67mm)

where GR = groundwater recharge
and RF = rainfall.

9.6 Porosity

A porosity value of 0,0225 was specified in the groundwater model. This
value was obtained from water balance calculations.

9.7 Transmissivity values

Transmissivity values were specified in the groundwater model, according to
the spatial variation in the groundwater levels, i.e. low T-values where the
groundwater level gradient is steep and higher T-values where the
groundwater level gradient is flatter. The program, TCAL (Van Tonder,
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1989), was used for this purpose.

9.8 Calibration of the model

An inverse modelling technique optimizing the parameter values automatically,
instead of using a trial and error modelling technique, was used to calibrate
the model for the Grootfontein Compartment. During the past few years,
inverse flow models have been appearing in the modelling field. The inverse
modelling approach is also known as the parameter estimation or identification
method. In contrast to the conventional modelling approaches, they use the
dependent variables as input to estimate the independent model parameters.
In this case the dependent variable, namely the configuration of the
groundwater level is used to estimate the independent variables, namely the
k- and S-values.

The procedurs of parameter identification runs as follows:

The modeller assigns a provisional set of initial k- and S-values. The model
solves the groundwater flow equation on the basis of these parameters and
compares the water-level response with the actual drawdowns. A mean square
error (MSE) is calculated between the actual drawdowns and the calculated
drawdowns and the parameters of k and S are altered until a smallest value of
the MSE 15 obtained. The flow equation is solved between a chosen minimum
and maximum value for k and S. This range of values must represent a
realistic range for the limits for the respective paramelters. The goal function
was minimized by making use of the Marquardt algorithm.

In the case of the Grootfontein Compartment, the model was calibrated by
optimizing for only the T-values (Figure 24) as the S-value and recharge to
the aquifer were assumed correct as obtained by the water balance study. The
comparison between the actual water levels and the calculated water levels
with the optimum calculated T-values 1s illustrated in Figures 25(a) to 25(n).
This shows a close fit between the calculated and measured water levels at
some observation points and less good fits for others. This 1s the result of
assuming that the aquifer is homogeneous. Once better knowledge of the
geological settings is obtained, the aquifer could be divided in zones of
different S-values resulting in a better fit between the actual and measured
water levels. For the present exercise, however, the k- and S-values, as well
as the recharge obtained, are considered representative of the aquifer as a
whole and the "fine tuning” of the parameters would serve no purpose before
additional knowledge of the aquifer is obtained.
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9.9  Forecasting of aquifer response using the dynamic flow model

The reaction of the model can be forecasted by using different
recharge/abstraction schedules. In the case of the Grootfontein Compartment,
it is clear that the permit allocations to farmers by far exceed the recharge to
the aquifer. Reductions in permit allocations are therefore inevitable, Itis
not the intention of this report to prescribe how the reductions should be
made, but it was decided to test .the response of the aguifer at a total
abstraction rate of 8,5 million cubic metres per annum (6,5 million/a from the
Grootfontein Spring and 2 million/a from irrigation).

Two scenarios were performed:

1) In the first scenario, 6,5 million cubic metres per annum were abstracted
from the Grootfontein Spring and 2 million cubic metres per annum from the
irrigation boreholes. This scenario was performed with average recharge, half
of average recharge and with no-recharge.

2). In this scenario, 4.5 million cubic metres per annum was abstracted at the
Grootfontein Spring, 2 million cubic metres per annum from the farm
Blaauwbank and 2 million cubic metres from the other irrigation boreholes.

This scenario was also performed with average recharge, half of average
recharge and with no-recharge. The objective by this scenario was to
investigate what effect the shift in abstraction of 2 million cubic metres will
have on water levels close to the spring, if abstracted from Blaauwbank,

Figure 26 shows the results of the two scenarios at borehole GN41 (close to
the Grootfontein Spring).

With “no-recharge”, the water level in the vicinity of the spring will reach the
base of the aquifer after about 1300 days (43 months), if all the supply 10
Mmabatho (6,5 million cubic metres per annum) is abstracted from the
Grootfontein Spring. The shutdown of the pumps when the water level
reaches the base of the aquifer and the recovery in the water level thereafter
can be clearly seen on the graph. With 2 million cubic metres per annum of
abstraction being shifted from the Grootfontein Spring to Blaauwbank this
level will be reached about one year later if no-recharge is specified. The
effect of the reduction in the kD-values, as dewatering prolongs, is clearly
depicted in the graph.
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If only half the average recharge is specified, a similar drop in water levels
can be observed, although the drop is not as drastic as when the simulation is
performed with no-recharge. When average recharge is specified, a small
drop in the water level can be observed, should all of the 6,5 million cubic
metres be abstracted from the spring area. A slight rise in the water level can
be observed, if 2 million cubic metres of that abstraction are shifted to
Blaauwbank.

It appears from the modelling exercise, that it seems possible 1o abstract 6,5
million cubic metres per annum from the Grootfontein Spring, if average
recharge is assumed.

10.  ILLUSTRATIVE EXAMPLE OF OPTIMAL EXTRACTION PATTERN
AND ALLOCATION OF GROUNDWATER AMONG CATEGORIES OF
WATER USERS

To use the Grootfontein Compartment as an example of a groundwater allocation
model, consider the problem of determining the optimal groundwater extraction
pattern in the compartment. We assume that a central authority (e.g. the Farmers’
Association) has the authority to allocate the groundwater, so as to maximize the net
return from agricultural production. The authority is also responsible for determining
the optimal cropping patiern for the compartment, 1.¢. the amount of hectares devoted
to the vanous crops in the area.

The compartment must be exploited according to a sustained vield policy which, in
this particular case, i1s equal to 8.5 x 10°m’/a. Water is also used for
domestic/industrial supply (Mafikeng/Mmabatho) which is equal 10 4.5 x 10°m*/a and
must be abstracted from the Grootfontein Spring. Total drawdown must not exceed
3 m at any location within the aquifer, 5o as to minimize the risk of land subsidence
problems.

There are five different crops under consideration with the following characteristics:

WATER DEMAND NET RETURN LABOURINPUT |
CROP

(x10°m’/ha/a) (R/ha) (persons/ha)
1.Maize 0,011 300 02
2. Wheat 0.012 400 0.5
3.Sunflower 0,009 200 0.3
4 Vegetables 0,015 600 0,2
5.Potatoes 0,014 700 04
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There is 600 ha of irngable land in the area and there must be at least employment
in the irrigated agriculture for 250 persons. A further constraint is that each crop
should occupy at least 50 ha.

The problem consists of two parts:

1) Determine the optimal extraction pattern among the production boreholes, so that
drawdown does not exceed 3 m at any location over the compartment.

2) Determine the amount of water 1o be allocated to each crop, so as to maximize the
net return and satisfy the set constraints.

Task 1. Determining the Optimal Extraction Pattern.

Solution

The optimal extraction pattern must be obtained, satisfying the following constraints:
Total abstraction from the aquifer must equal 8,5 x 10°m’/a.

Abstraction from the Grootfontein Spring must equal 4,5 x 10"m’/a.

Maximum permitted drawdown in the aquifer is 3 m.

The first step in the solution to the problem was to calculate the response matrix
constants by means of the AQUA-MAN program. The problem was formulated as
shown in the MANAGE.DAT file (Appendix 1): This file was supplied to the simplex
routine (SIMPLEX.EXE) which yields the following solution:

The optimal pumping rate must be:
12500 m'/d at the Grootfontein Eye
902 m’/d at Borehole BB7
1567m’/d at Borehole VL20

8012 m%/d at Borehole VF115

628 m'*/d at Borehole VG2

The value of the objective function is 23611 m’/d which is equal 1o 8,5 x 10°m"/a.

Task 2. Determine the optimal water allocation devoted to each crop so as to
maximize the net return,

Solution

The available volume for irrigation is 4,0 x 10°mY/a.
Defining the decision variables.

Let XM the amount of hectares devoted to maize

Let XC the amount of hectares devoted to wheat
Let XS the amount of hectares devoted to sunflower
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Let XV the amount of hectares devoted to vegetables
Let XP the amount of hectares devoted to potatoes.

Defining the objective function.

Maximize net return: F = 300XM + 300XC + 200XS + 600X\ + 700XP
Defining the constraints:

Area (heciare) constraints:

XM + XC = XS + XV + XP < 600

XM > S0

xXC > 50

XS > 50

XV > 50

XP > 50

Water availability constramt;

AO1IXM = 012XC + 0G9XS + 015XV + 014XP < 4.0
Minimum labour 1nput constraint:

2OXM + AXC + 3XS = 2XV + 4AXNP > 250

Solution:

The above formulated problem was supplied to the simplex routine of Erikson and
Hall (1989). The output 1s shown in Appendix 2,

The simplex routine vielded the following results:

The following amount of hectares must be devorted 10 each crop:
To maize: SO ha

wheat: 68.182ha

sunflower: 50 ha

vegetables: 50 ha

potatoes: 102.273 ha

Total: 320.455 ha

The objective function's value is R 153863.625

The amount of water devoted 1o each crop is as follows:.

To maize : SO ha x .011 = .55 miliion cubic metres
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wheat : 68.182 x .012 = 818 million cubic metres
sunflower:S0 x .009 = .45 million cubic metres
vegetables:50 x .015 = .75 million cubic metres
potatoes:102.273 x .014 = 1.4423 million cubic metres

Total: 4 million cubic metres
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11. RESULTS OF THE RISK ANALYSIS TECHNIQUES APPLIED TO THE
GROOTFONTEIN AQUIFER CASE STUDY

In order to test the methodology proposed and developed in Section 2 of this
report a detailed case study was carried out. The Grootfontein Aquifer was chosen
for the case study as it was an aquifer which had been intensively studied 1n the
past and has also been the subject for testing the management procedures
developed by the IGS.

To aid the reader the following terminology introduced in paragraph 7 of Section 2
will be bncfly restated.

One realization of the risk evaluation system requires

1) a management model, involving the number of discharge boreholes and
their pump out rates,

i) a zonal or geostatistical transmissivity simulation,

i) & zonal or geostatistical storativity simulation,

) a simulated rainfall sequence of a number of consecutive months (in our
case study we used | 188 months representing 99 vears. each vear running
from July to June),

which serve as input into the aquifer simutation model (AQUAMOD). This

geohydrological simulation model is used to generate the output required to
calculate the statistics.

12. CASE STUDY CALIBRATION AND VALIDATION

In this section the calibration and validation of the models will be discussed
followed by a presentation of the results obtained for a full simulation study.

12.1 CALIBRATION

The methods chosen 1o calibrate @ model will depend on the data available
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and could vary from study to study. In the absence of actual observations,
soft data (i.e. obtained by expert opinion) could be used. It must be
emphasized that the usefulness of the results depend on the accuracy of the
calibration and therefore, wherever possible, observed data should be used
for calibrating models,

In order to follow the geostatistical approach, actual data must be available
to fit variograms. The variogram is a function that models the data in a
geostatistical analysis in order to simulate the real situation as close as
possible. Storativity data was obtained from Janse van Rensburg et al.,
(1987). This data were sparse and no variogram could be fitted. In the
absence of a variogram usual practice is to simulate a nugget effect equal to
the variance of the real data. The data used for transmissivity was the
same as that used to calibrate AQUAMOD for the Grootfontein aquifer and
from this information a variogram was estimated. From references listed in
Appendix A of Section 2, storativity and transmissivity almost always have
a lognormal distribution. Therefore the original transmissivity values were
transformed to normal data to be able to fit a variogram, normal values
were simulated and the simulated data were transformed back to lognormal
data. Conditional simulations were applied 10 the transmissivity data, these
simulations are simulations that are conditioned on the values of measured
input parameters, and on the specific locations of these measurements.
Because of the problems with storativity data, these simulations were not
conditional, but when transforming back to lognormal data, the mean and
vaniance of the original data were used, so as to get a range between the
smallest and largest values that satsfy the data that were available.

When following the inversion approach, convergence problems with the
program developed at IGS were experienced and it was therefore necessary
to generate covariance matrices as input to the zonal simulator. The
following procedure was developed and applied to generate a covanance
matrix for transmissivity. Distances within and between zones were
averaged, and then used as the distance parameter in the experimental
variogram 1o generate covariances between and within zones. No
experimental variogram could be fitted for the storativity values and thus it
was assumed that no covariances existed between zones, The covariance
between zones was set 10 zero and variance within the zones was set to the
overall variance.

As discussed in paragraph 7.1.3 of Section 2, the rainfall simulator
(corrected for average mean) was used to generate the 1200 month rainfall
sequences.

The recharge rate is a function of the physical property of the aquifer and
remains constant during all the simulations. The determination of the
recharge rate is dealt with in more detail in section 13.

It needs to be emphasised that the final results of this project will be
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dependent on the calibration of the model components. This calibration
was not the focus of the project and only available information was used.

It must be emphasized that it was not the objective of this project to provide
a well calibrated simulation model, but 1o test the methodologies and
technigues developed given a calibrated model.

12.2 VALIDATION

It was important to test that the simulation components in the model were
producing simulations which would provide a realistic reflection of the
variation inherent in the natural system being modelled. To do this the
model components were calibrated for the Grootfontein Aquifer (see section
on calibration). Having done this, it was necessary to check that the model
components were operating as expected and validation tests were carned
out 1o confirm that the simulations for transmissivity, storativity and rainfall
were realistic.

Rainfall

The rainfall simulations were validated against the rainfall records obtained
for station Slurry. Statistics, for exampie mean, median, variance,
percentiles of simulated against actual records were compared. For the
original data there were 4 yvears out of a total of 75 years with total rainfall
less than 350 millimetres. The simulations compared well with this
statistic. The number of years with total rainfall less than 350 millimetres
varies from 0 years to 6 years out of a total of 99 sequences. There were
also a few simulations with rainfall less than 250mm which would represent
a severe drought.

Zonal simulation

The covanance matrix that was given as input 1o the zonal simulations was
tested in the following manner, Ninety nine simulations were generated
and the covariance between these simulations was computed and compared
to the input covariance matrix. The comparison was found to be
satisfactory.

Geostatistical simulation

The geostaustical simulations were tested by computing the experimental
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variogram for a selection of the individual simulations. These variograms
were then compared against the original variograms fitted to real data. The
comparison was satisfactory.

13. EVALUATION OF RECHARGE RATE

At the outset it was considered necessary to investigate the sensitivity of the
aquifer simulation to different recharge values. Ignoring the possibility of
overflows, the total available recharge was absorbed by the aquifer, while the total
extraction was 8 492 499 cubic metres per year. A simple balance analysis shows
that an 8.8% recharge to the aquifer will lead to global equilibrium.

In order 10 accommodate an overflow situation, AQUAMOD was adapted to set
nodal water levels to a defined maximum whenever they increase above this
maximum as a result of insufficient discharge.

To gain more insight five realizations of the nisk evaluation system were
investigated. Each realization used the same management model, storativity and
transmissivity simulation and rainfall sequence but § recharge values of 8.8%, 9%,
10%, 10.5% and 11% were used. Each realization commenced with nodes set to
maximum water levels. The water level was monitored at the node with the
highest pump extraction rate (node 552). The water levels at 30 day intervals for
a period of 110 years for each of the realizations are shown in Figure 27. Itis
clear that for recharge values of 8.8% and 9% recharge, the aquifer level will
slowly drop. For a recharge between 10% and 10.5% it appears to stabilize after
some time and for 11% the recharge 1s consistently greater than discharge. Itis
important to note that the recharge is a physical property but since it is unknown
will sometimes be set at different values to test system sensitivity, From the
figure it 15 clear that the process is highly dependent on the (unknown) recharge.

In Figure 28 the yearly maximum, minimum and average water levels over all
nodes is shown for one realization using 10% recharge. It can be seen that the
maximum level of at least one node rises to its overflow value and remains there
even although the nodal minimum and average levels reflects a strong cyclical
effect. This can be explained by the fact that at least one node was situated
outside the influence sphere of the abstraction points thus could reach and remain
at its maximum value. From this is may be inferred that the maximum statistic
will have limited value in practice. The average and minimum statistics are in this
case very closely correlated. There is no reason to believe that this will always be
the case.

Based on these results and after discussion with IGS it was decided to use a

recharge value of 10% of mean annual rainfall in all further analyses. While the
study above was important to obtain a realistic value for this investigation it needs
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be emphasized that in practice recharge involves geological factors and needs to be
determined geohydrologically.



14. COMBINATION OF RISK EVENTS

For the purposes of the case study a risk event will be defined in the terms in
which a manager might specify the requirements of a pumping policy. For
example, 'it is unacceptable if x% or more boreholes fail a specified tolerance test
during a particular time period’. Thus the five events used to illustrate the
methods will be 8% or more, 16% or more, 25% or more, 33% or more and 42%
or more boreholes failing the tolerance test. Note that a failure defined as 8% or
more boreholes below the tolerance will occur more frequently than one requiring
42% or more below. In other words the probability to obtain failures in 8% or
more is greater than the probability of 42% or more boreholes failing.

Four tolerance levels were considered for each of the five nsk events.

. Tolerance | = 1/6{maximum water level - base water level)

s Tolerance 2 1/3(maximum water level - base water level)

o Tolerance 3 = |/2(maximum water level - base water level)

. Tolerance 4 = 2/3(maximum water level - base water level)

15.  ZONAL SIMULATIONS

As described in paragraph 6.1 of Section 2 the aquifer is divided into zones. The
number of simulated values will depend on the number of zones allocated to this
region. Every node in a specific zone will be set to the value that was simulated
for that zone. The assumption in the zonal approach is that the aquifer can be
accurately represented by a few homogeneous regions, Later when considering the
geostatistical simulations the variations on a finer grid are modelied.

15.1 SUMMARY STATISTICS FOR ZONAL SIMULATIONS

Next the risk evaluation system was used in a Monte Carlo study to
demonstrate the generation of summary statistics (see paragraph 8.1 of
Section 2) for zonal simulations. Ninety nine realizations were computed
each using a different storativity and transmissivity simulation and a 99 year
rainfall sequence. The statistics defined in paragraph 8.1 of Section 2 were
then computed. In addition the study was repeated for a number of
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different pumping volumes chosen as a percentage of 8.5 million cubic
metres per annum. A pumping rate of 8.5 million cubic metres has been
determined in other studies as a sustainable yield of water which can be
extracted. The statistics were computed twice, once using all nodes and
once using extraction boreholes only, For discussion purposes the
E[MinMin], E[MaxMax) and E[AvgAvg] are displayed graphically. The
statistics related to all nodes and those relating to boreholes only are
displayed in figures 29 and 30 respectively.

The results in the two figures are essentially self explanatory. The values
remain fairly constant until a pumping rate of 1.1*8.5 = 9.35 million cubic
metres 1s reached, thereafter it declines steadily. Comparing the two
figures the E[AvgAvg] remains essentially the same. As to be expected the
E[MaxMax] for all nodes is slightly higher than for boreholes only
reflecting the fact that some nodes are less affected by pumpout than those
at borehole locations. On the other hand the E[MinMin] is slightly lower
for all nodes than at boreholes only. The likely explanation is that nodes
can exist which are affected by more than borehole.

From these observations it appears that the proposed summary statistics
react as expected to different discharge values and are thus suitable as
measures for evaluating a management plan,
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15.2 RISK STATISTICS FOR ZONAL SIMULATIONS

In this section a Monte Carlo study is reported which demonstrates the use
of the risk statistics (see paragraph 8.3 of Section 2) to evaluate 2 particular
management scheme using zona! simulations. Ninety nine realizations were
computed each using a different storativity and transmissivity simulation
and 99 year rainfall sequence. The study was repeated for a number of
different pumping volumes chosen as a percentage of 8.5 million cubic
metres per annum.

The results of the simulation are displayed graphically and discussed below.
One figure is used for each risk event and includes results for all four
tolerances.

EXPECTED PERIODS
The results for cach of the five risk events are shown in figures 31 to 35.

The period is the average length of time a failure is expected to continue
for consecutive time steps. It should be noted that a period cannot be
longer than the total length of the experiment when pumping under severe
conditions and therefore the period tends to the maximum although the
correct peniod should be longer than the experimental ime. This 1s seen in
the figures as a convergence to the maximum period and is a function of
the experimental setup and should be ignored. It is interesting to observe
that for all five nisk events the expected periods (measured in months) of
failure remain insignificant until the discharge reaches 8.5*1.1 = 9.35
million cubic metres. Thereafter the expected periods increase linearly,
ignoring the levelling effect referred to earlier. As expected for the more
severe pumping rates the expected periods are ranked in the order of their
corresponding tolerance stringency. The difference between the tolerances
become more marked the more severe the pumping rates. These figures
can be used to show that for a pump rate of 8.5 million cubic metres no
significant periods of failure are expected while for 1.1*8.5 = 9.35 million
cubic metres only short periods of failure are expected. The aquifer is
unable to sustain higher pump rates for significant periods.

When comparing the results for different risk events a slight drop is seen in
the expected period for the less frequent events (for example the periods for
42% or more, shown in figure 33, are slightly less than for 8% or more
shown in figure 31,

3-61



E[PERIODS] OF FAILURE FOR 8% OR MORE BOREHOLES
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E[PERIODS] OF FAILURE FOR 16% OR MORE BOREHOLES
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E[PERIODS] OF FAILURE FOR 25% OR MORE BOREHOLES

Months
1400' l
1200+ : .
/
1000 /// J— N
/7 ' -
800~ v ] ~— Tolerance 2
600 ~ 7/ A ’ Tolerance 3
. "
S =
400~ :’ : | Tolerance 4 [
'. R/
200+ S

0.5 1 1.1 1.2 1.5 1.6 1.5 1.6 1.7 1.8 1.9
* (8.5 million cubic metres)

"

Figure 33

E[PERIODS] OF FAILURE FOR 33% OR MORE BOREHOLES
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E[PERIODS] OF FAILURE FOR 42% OR MORE BOREHOLES
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Figure 35

EXPECTED PROBABILITIES

The results for each of the five different risk events are shown in figures 36
to 40,

Note that a probability value close to one would indicate that the aquifer is
being over exploited while a value close to zero will indicate that it 15
operating well within the specified conditions.

In all the figures it is observed that for a pump rate of 8.5 million cubic
metres no probabilities significantly greater than zero are recorded while for
1.1*8.5 million cubic metres only small probabilities of failure are found.
Thereafter the expected probabilities increase sharply thus indicating the
extent to which the aquifer is unable to sustain these high pump rates.

It is seen that the probabilities in figure 36 are generally higher than in
figure 40. This reflects the fact that 8% or more boreholes includes the
event 42% or more boreholes.



E[PROBABILITY] OF FAILURE FOR 8% OR MORE BOREHOLES
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E[PROBABILITY] OF FAILURE FOR 16% OR MORE BOREHOLES
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E[PROBABILITY] OF FAILURE FOR 25% OR MORE BOREHOLES
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E[PROBABILITY] OF FAILURE FOR 33% OR MORE BOREHOLES
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E[PROBABILITY] OF FAILURE FOR 42% OR MORE BOREHOLES
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16. GEOSTATISTICAL SIMULATIONS

The geostatistical approach as described in paragraph 6.2 of Section 2 simulates
transmissivity and storativity values on regular, rectangular grids. Each node will
be allocated the value of the simulated grid node closest to it. As mentioned when
considering the zonal simulations, the geostatistical method models local vanation
and thus could be a closer representation 1o reality than the zonal case unless the
aquifer is composed of a few very homogeneous regions.

16.1 SUMMARY STATISTICS FOR GEOSTATISTICAL
SIMULATIONS

The risk evaluation system was used in a Monte Carlo study to demonstrate
the generation of summary statistics (see paragraph 8.1 of Section 2) for
geostatistical simulations. As in the case of the zonal simulations ninety
nine realizations were computed each using a different storativity and
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transmissivity simulation and 99 year rainfall sequence. The study was
repeated for a number of different pumping rates chosen as a percentage of
8.5 million cubic metres per annum, Because of higher computing cost
fewer pumping rates where used than in the case of the zonal simulatons.
The statistics described in section 8.1 of Volume 2 were generated. Asin
the zonal simulations the statistics were computed twice, once using all
nodes and once using extraction boreholes only. For discussion purposes
the E[MinMin], E[MaxMax] and E[AvgAvg] are displayed graphically.
The staustics related to all nodes and those relating to boreholes only, are
displayed in figures 41 and 42 respectively.

These results, as in the zonal simulations, are essentially self explanatory.
The same conclusion can be made that the proposed summary statistics

react as expected to different discharge values and are thus suitable as
measures for measuring a management plan. It is noteworthy that trends
are the same as for zonal simulations but less severe. This tendency will be
seen for the risk results as well.
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16.2 RISK STATISTICS FOR GEOSTATISTICAL SIMULATIONS

In this section a Monte Carlo study 1s reported which demonstrates the use
of the risk statistics (see paragraph 8.3 of Section 2) 10 evaluate a panicular
management scheme using geostatistical simulations. As in the case of the
zonal simulanons ninety nine realizations were computed each using a
different storativity and transmissivity simulation and 99 year rainfali
sequence. The study was repeated for a number of different pumping
volumes chosen as a percentage of 8.5 million cubic metres per annum.
Because of computing cost considerations, fewer pumping rates where used
than for the zonal.

The results of the simulation are displaved graphically and discussed below,
One figure is used for each of the five risk events and includes results for
all four tolerances.

EXPECTED PERIODS

The results are shown in figures 43 to 47. As in the zonal ssmulation case
the converging of the curves for high periods should be ignored.

It can be noted that the general form of the results are simtlar to those
obtain for the zonal case. However the geostatistical results are markedly
more tolerant of the various pumping schemes. This can be seen by
comparing the peniods for various pumping volumes and noting that the
geostatistical vatue 15 generally lower than the value obtained for the zonal
simulation.
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E[PERIODS] OF FAILURE FOR 8% OR MORE BOREHOLES
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Figure 43

E[PERIODS] OF FAILURE FOR 16% OR MORE BOREHOLES
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E[PERIODS] OF FAILURE FOR 25% OR MORE BOREHOLES
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Figure 45

E[PERIODS] OF FAILURE FOR 33% OR MORE BOREHOLES
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E[PERIODS] OF FAILURE FOR 42% OR MORE BOREHOLES
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Figure 47
EXPECTED PROBABILITIES

The results are shown in figures 48 to 52.

Once again the general form of the results 1s similar to those obtained when
using zonal simulation. However for the lower pumping rates (less than or
equal 1.1*8.5 million cubic metres) the probability is essentially zero
whereafter is rises sharply and resembles the performance when using the
zonal approach.

Thus it was seen that the zonal approach appears 10 be more conservative
than the geostatistical method. The zonal uses less computing time and
could thus be preferred in practice.
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E[PROBABILITY] OF FAILURE FOR 8% OR MORE BOREHOLES
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Figure 48

E[PROBABILITY] OF FAILURE FOR 16% OR MORE BOREHOLES
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Figure 49
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E[PROBABILITY] OF FAILURE FOR 25% OR MORE BOREHOLES
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Figure 50

E[PROBABILITY] OF FAILURE FOR 33% OR MORE BOREHOLES
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Figure 51
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E[PROBABILITY] OF FAILURE FOR 42% OR MORE BOREHOLES
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Figure 52

17.  CASE STUDY SENSITIVITY

As this study has progressed it has become clear that a major limitation 1s the
tremendous amoun! of computing required. This project has concentrated on
methodology and it was not possible to address the computing issues in any depth.
Despite this a small scale sensitivity analysis was undertaken and the results are
outlined in this section.

In the current nisk evaluation procedures two sources of variation are identified
namely that associated with the uncertainty of the S and T values and that linked to0
the unpredictability of the rainfall.

What is of interest is to assess whether the risk being evaluated is dominated by
either one of these.

Thus, for example, if the variation arising from rainfall was such that the
uncertainty relating to S and T became insignificant then one might be able to
reduce computing by taking the expected values only over different rainfall
simulations for a fixed S and T realization.
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In order to superficially investigate this aspect the system (99 realizations of 1200
months) was repeated for four different storativity and transmissivity value. For
each of these runs the expected value of probability was computed. These are
compared to the full results obtained when S, T and rainfall are simultaneously
varied.

The results are presented in figure 53. It can be seen that the individual pictures
differ greatly from the expected value. Thus had a particular S and T value been
chosen one mights have obtained highly misleading results,

It must be remembered that the uncertainty in esimating S and T will determine
the amount of varation incorporated in the model. Therefore in the future there
could conceivably be cases where S and T was so well determined that it would be
pointless to vary them,
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18. CONCLUSIONS AND RECOMMENDATIONS

18.1 MANAGEMENT

Water balance calculations have conclusively indicated that the long-term
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recharge to the aquifer is in the order of 8,5 million cubic metres per year
and that the S-value is in the order 2,15% and 2,45%. With the present
water allocations amounting to about 15 million cubic metres per year, it is
clear that permits should be reduced to ensure that the aquifer is not
depleted in the near future.

Forecasts of water-level reactions using stochastic rainfall record sets and
different abstraction from the system indicate that the long-term potential of
the aquifer is 8,5 million cubic metres per annum, It can be inferred from
the simulations that it is unlikely that the water levels will recover due to
normal rainfall pattern; abstraction would have to be cut back to achieve
this.

A dynamic model was constructed to simulate the reaction of the aquifer by
using the results obtained with the water balance study. A good fit between
the actual and simulated water levels was obtained which confirms that the
parameter values obtained from the water balance study, are acceplable.
The model can be used 10 predict groundwater flow dynamics in the aquifer
at any selected location of interest.

The most important practical result is that from the scenarios performed, it
is clear that an abstraction up to 6,5 million cubic meters per annum from
the Grootfontein Spring is possible without lowering the water levels,
should average recharge occur.

18.2 RISK EVALUATION

The risk analysis methodology developed in the course of the project was

tested and successfully implemented in the case study of the Grootfontein
aquifer. The conclusions arrived at during the implementation phase of the
methodology are summarized below:

The methodology developed adequately describes the risks involved when
managing an aquifer under different management plans.

For this study no geohydrologically derived recharge value was available. A
realistic value for the average recharge to the aquifer was estimated using
the developed simulated methodology for a fixed abstraction rate. In the
case of Grootfontein, pumping facilities for 8.5 million cubic metres are
operational and had to be honoured. When a new aquifer is developed the
recharge would be established independently (preferably through mass
balance techniques) and then our methodology could be applied to
determine the safe (acceptable risk) abstraction rate. Because of the way in
which the recharge rate was obtained the results are useful for
demonstration purposes but should not be taken as justification for the 8.5
million cubic metre per annum abstraction rate.
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A risk event was defined in terms of a specified abstraction policy. By
combining this with different tolerance levels, visual presentation clearly
indicate when a specified tolerance level is exceeded under different
management options. Both periods and probability of failure are included
in this technique. In this way it was established that above a pumping rate
of 1.1 times the current available abstraction rate of 8,5 million cubic
metres, water levels decline steadily. It is concluded that the proposed
summary statistics are suitable for assessing the management plan,

Zonal and geostatistical simulation methods were compared and the zonal
method is preferred due to the more conservative results it produces. It also
requires less input information and in practice would be the preferred way.
It is therefore concluded that the zonal methodology be followed.

The concepts of period of failure and probability of failure were found to
be stable and results 1n easily interpretable statistics for assessing risk of 2
management plan.

The often used concept of return time statistics was found not to be suited
to this type of risk study.

The risk analysis system developed is sufficiently flexible to allow for
additional statistics to be computed.

Because of the restriction imposed by the aquifer modelling software’s
inability to switch pumps on and off as water level varies, the negative
results when over exploitation takes place is seen 10 be over emphasised.
This should not be problem in practice as it is evident in situations which
should not be realised in practice.

The techniques demonstrated were designed to test the long term viability
of a management plan and this was successfully achieved, The computing
time involved was found to be very great and virtually rules out their use as
a planning ool on a routine basis. The methodology is now at 2 stage
where it could be extended to address the shorter term needs of an aquifer
manager on a routine basis. The computer time to achieve this is expected
to be kept manageable by limiting the number of Monte Carlo realizations
considering only one or two time periods.

Recommendations

In the light of the successful implementation of the long term risk
assessment methodology it is recommended that the work be extended to
include the short term risk assessment in a form which could be routinely
applied by an aquifer manager.
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In order 10 produce more realistic results aquifer modelling software should
be modified or set up s0 as to allow for the managenial decisions regarding
the switching on and off of pumps based on the water level conditions and

varable demand.
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