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PREFACE

Measurement of water levels in wells and sampling of water from wells
to determine its quality became a common practice in many countries a long
time ago. However, the idea of a groundwater observation programme as part of
a management-oriented information system is relatively new.
The present
report shows the importance of such a programme for the rational management of
groundwater resources.
It also shows., in a systematic way, how such a
programme should be planned and implemented.
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FOR E W 0 R D

Groundwater is a major source of water supply for a large percentage
of the world's population; in many cases it is the only source.
The evaluation, rational development and management of any groundwater
resources require a thorough knowledge of the subsurface environment and an
understanding of the hydrogeological processes that govern the occurrence,
movement and yield of groundwater.
The variations of the levels and quality of groundwater in time and
space
provide
valuable
information
on
the
physical
and
chemical
characteristics of the groundwater reservoir.
For this
purpose, the
systematic measurement of groundwater levels and the regular collection of
water samples from wells for quality determination have been a common practice
in many countries for a long time. frequently as part of the responsibilities
of national Hydrological Services.
However, the concept of a groundwater
observation programme as part of a management-oriented information system is
relatively new.
Recognizing the need for guidance on the planning and implementation
of a groundwater observation programme with this new dimension, the WMO
Commission for Hydrology entrusted the preparation of a technical report on
the management of groundwater observations to Dr Y. Bachmat (Israel), its
rapporteur on groundwater.
This report, approved by the Commission at its seventh session (1984).
is the first WMO publication in the field of groundwater.
It is hoped that it
will be useful in providing guidance for all those involved in the planning,
design and operation of groundwater observation programmes.
It is with great pleasure that I express the gratitude of WMO to
Dr Y. Bachmat for the time and effort he has devoted to the preparation of
this report.

(G.O.P. Obasi)
Secretary-General

SUMMARY

This report discusses, as a relatively new concepL the groundwater
observation programme as part of a management-oriented information system and
emphasizes the importance of such a programme for the rational management of
groundwater resources.
The report consists of eight chapters:
Chapter 1
discusses the purpose and scope of groundwater-related observations, with much
attention given to the role of hydrological information in groundwater
management and to the information-generating processes.
Chapters 2 and 3
dwell briefly on the definition and objectives, and on the planning and the
management of a groundwater observation programme.
Chapter 4 deals with the
feasibili ty study which considers such topics as:
the survey of data needs,
inventory of existing data and programmes, problem identification and
formulation as well as conceptual decisions and design concepts.
The main part of the report is devoted to the preliminary and detailed
designs and is contained in Chapters 5 and 6 respectively.
Chapter 5
discusses, inter alia, the classification and types of groundwater networks
and the preliminary desi.gn process.
It considers in detail the preliminary
design of the basic network, covering such topics as:
general guidelines,
network elements, design criteria and policies and methods.
It also provides
a step-by-step procedure of a formal network design.
The detailed design of the basic network covered in Chapter 6 focuses
on the selection of observation sites, the frequency of observations and the
design and installation of observation wells.
The operation and maintenance
of the network is also described in detail.
The final two chapters (7 and 8) are devoted to monitoring and control
of a groundwater observation programme and to its administration.

RESUME

a

Le rapport trai te d' un concept relativement nouveau,
savoir les
programmes d'observation des eaux souterraines consideres comme composante
d' un systeme d' information plus specialement destine
la gestion, et fait
ressortir l' importance d' un tel programme pour l' administration rationnelle
des ressources en eau souterraine.
II comprend huit chapitres
Ie
chapitre 1 traite de 1 'objet et du champ des observations relatives aux eaux
souterraines, en insistant sur Ie role des donnees hydrologiques dans la
gestion de ces eaux et sur Ie processus conduisant
la production de
1 'information. Les chapitres 2 et 3 evoquent brievement la definition et les
objectifs des programmes d'observation des eaux souterraines ainsi que la
planification et la gestion de ces programmes. Le chapitre 4 est consacre
l'etude de faisabilite
effectuer notamment sur les themes suivants
besoins en donnees, recensement des donnees et des programmes existants,
determination et formulation du probleme, decisions conceptuelles et principes
d'organisation.

a

a

a

a

La partie principale du rapport est consti tuee par les chapi tres 5
et 6
qui
interessent
respectivement
1 'organisation
preliminaire
et
l'organisation detaillee des reseaux.
Dans Ie chapitre 5, les auteurs
etudienL
entre autres,
la
classification
et
les
types
de
reseaux
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IX

d'observation des eaux souterraines et leur conception prelirninaire.
Ils
examinent de maniere approfondie la conception preliminaire du reseau de base
sous, notammenL les intitules suivants: directives generales, elements du
reseau, criteres, politiques, methodes de conception. Ils decrivent egalement
la maniere de proceder par paliers
l'organisation d'un reseau bien structure.

a

La description de I' organisation detaillee du reseau de base faisant
l'objet du chapitre 6 est axee sur Ie choix des sites d'observation, la
frequence
de celles-ci,
la conception et la
realisation des puits
d'observation. Elle s'etend aussi
l'exploitation et l'entretien du reseau.

a

Les deux derniers chapitres (7 et 8) sont consacres au sui vi at au
leur
contrale des programmes d'observation des eaux souterraines et
administration.

a
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RESUMEN

En este informe se discute un concepto relativamente nuevo, el programa de observacion de las aguas subterraneas como parte de un sistema de
informacion orientado hacia la gestion y se hace hincapie en la importancia de
este programa para la gestion regional de los recursos de aguas subterraneas.
El informe consta de ocho capitulos: en el Capitulo 1 se expone la finalidad
y el alcance de las observaciones relacionadas con las aguas subterraneas, y
se presta gran atencion al papel de la informacion hidrologica en la gestion
de las aguas subterraneas, asi como al proceso de generacion de informacion.
Los Capitulos 2 y 3 tratan brevemente de la definicion y objetivos, asi como
de la planificacion y gestion de un programa de observacion de aguas subterraneas. El Capitulo 4 trata del estudio de viabilidad en el que se examinan
cuestiones tales como la encuesta sobre las necesidades de datos, el inventario de los actuales datos y programas, la determinacion y formulacion del problema, as, como de decisiones conceptuales y conceptos de diseno.
La parte principal del informe esta dedicada a los disenos preliminares y detallados y figura en los Capitulos 5 y 6 respectivamente. En el Capitulo 5 se discute entre otras cosas la clasificacion y tipos de redes de aguas
subterraneas y el proceso de diseno preliminar. En este capitulo se examina
con detalle el diseno preliminar de la red basica y se tratan temas tales como
los siguientes:
directrices generales, elementos de la red, criterios de
diseno y politicas y metodos. Tambien se presenta en este capitulo un procedimiento para realizar gradualmente el diseno formal de la red.
El diseno detallado de la red basica, tema del Capitulo 6, se concentra en la seleccion de los lugares de observacion, la frecuencia de las observaciones y el diseno e instalacion de pozos de observacion. Tambien se describe con detalle el funcionamiento y mantenimiento de la red.
Los dos ultimos capitulos (7 y B) se dedican a la vigilancia y control
de un programa de observacion de aguas subterraneas y a su administracion.

C HAP T E R 1
PURPOSE AND SCOPE OF GROUNDWATER-RELATED OBSERVATIONS
1.1
Groundwater and aquifers
often constitute an important part
(subsystem) of the water resources system in a region (see Fig. 1). The links
between this system and its environment can either be utilized for the benefit
of many or they can cause losses. Groundwater may serve as a reliable source
of water for various uses; groundwater levels can be manipulated to regulate
springflow as well as to control the exchange of water and solutes between
aquifers and adjacent surface water bodies (rivers, lakes and sea). Aquifers
may also serve as underground storage reservoirs for regulating the supply of
water. On the other hand, an excessive withdrawal of groundwater may result
in land subsidence, seawater intrusion into coastal aquifers, undesired
reduction or cessation of springflow and accumulation of contaminant.
Application of chemicals, disposal of waste products on aquifer outcrops and
leakage of contaminents from pipelines or tanks may deteriorate the quality of
groundwater for a long time.
All of these phenomena, along with many others which may be of concern to
man, show that groundwater and aquifers need to be controlled.
The means of
accomplishing this may be physical (e.g. construction and operation of facilities
for groundwater withdrawal and/or recharge), legal (regulations and permits
concerning groundwater abstraction and recharge, siting and operation of waste
disposal plants, siting and operation of economic and engineering systems which
may effect groundwater or be affected by it, etc.), economic (allocation of funds
for groundwater-related projects, prices and taxes related to the level of
withdrawal, etc.), organizational (division of responsibilities among
institutions, decision-making hierarchy and procedures, etc.), educational
(enhancement of knowledge and awareness) and so on. These require a co-ordinated
effort on the part of many interest groups, professionals and decision-makers.
One cannot hope for effective control of the groundwater subsystem without
a well-defined and duly implemented decision-making process embedded in a
well-defined organizational and methodological framework, referred to as
management. A schematic diagram of the management process is shown in Fig. 2.
Underlying the concept of management are the following premises:
(a)

There are decision-makers who make decisions;

(b)

Decisions affect actions;

(c)

Actions affect outcomes; and

(d)

Outcomes can be valued and ranked according to their effectiveness in
reaching desired objectives.

Implementation of these premises faces serious difficulties. Since the
actual relationships between decisions and outcomes are not known, an objective,
unique measure of effectiveness is not available and its exact relationship to
decisions cannot be determined.
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Figure 1 - The water system (conceptual diagram)
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Therefore, and owing to the fact that decisions are nevertheless being
made and actions are being taken, the only way to improve management is to employ
quantitative models which can aid in predicting outcomes and making decisions in
a more or less rational way. But this raises other questions: Is the mere use of
such models sufficient to ensure improved decisions than those based on intuition?
And if not, what could be done to better the situation?
Here is where
information comes to playa role.
1.2

The role of information in management

Consider a groundwater aquifer system which, according to the needs of
various (present and anticipated) users, is characterized by a set of state
variables. These variables may include groundwater levels or piezometric head,
concentration of various solutes in the groundwater, discharges and water quality
of springs, temperature of the groundwater, etc. Each of the variables may vary
in both space, ~, and time, t.
to

Denoting the entire set of the above variables by the symbol, s, we refer
as the state of the system at any point in space and time within a

§. (~,jJ
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given spatial domain, X, and a given time range, T.

In a similar manner, let
The
demands may include desired rates of pumpage, desired concentrations of solutes
in the pumped water and desired values of the state variables.
The
groundwater-aquifer system is supposed to meet the demands to an extent which is
most beneficial to the entire population of users.

!2. (~,l) represent a set of demands pertinent to the groundwater system.

Considering the actual and prospective links of the system with its
surroundings (Fig. 1) and taking into account the constraints imposed on his
freedom of choice, the manager of the system (decision-maker) defines an
admissible space of variables which he can control (or actions that he can
undertake).
These may include rates of pumpage and recharge, siting of
facilities for groundwater withdrawal and recharge, and so on.
Denoting the
totality of these action variables by the symbol ~' we shall refer to ~(x,t) as
the controlled input to the system. Suppose that ther~ is a monetary measure of
payoff, U, which depends on the controlled input, on the state of the system, and
on the available resources, E, (Ben-Zvi and Bachmat, 1980)
i.e. :

(l)

U

where ~ is a set of monetary parameters, and
actions, states and resources, respectively.

~,

~,

R are the feasible domains of

In accordance with the premises listed above, the set of actual actions,
and the state of groundwater-aquifer system, ~' are related.to each other by a
set of cause-effect relationships (one for each state variable) of the type:

~'

(2)

where
~o = ~(~,o)

e

=a

a

=

is the present (or initial) state of the system;

set of uncontrollable exogenous input variables, either inherently
random ones, such as precipitation, or externally controllable ones,
such as intensity of irrigation, water levels in surface water
bodies, and so on;
a set of geometric and physical parameters of the system, (e.g. area,
depth, porosity, tortuosity, permeability, dispersivity); and

b is a set of boundary conditions.
There is also a relationship between a set of decisions,
actions, a:
a

~,

and the set of actual
(3)

By combining (1) through (3) we obtain:
U

(4a)

5
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where J is the entire set of relationship, and values of parameters and variables
which -is necessary and sufficient for determining the true value of a
decision-set, £(~,t), once the true payoff function, U, is known. In principle
the relationship (Equation (4a»), can be inverted to determine that set of
decisions, £, which will lead to a desired payoff, i.e.
(4b)

d = £(U,,!l.

Thus, the optimal decision-set is that set, £opt' which yields the highest
payoff, namely,
(5)

Since the decision-maker's knowledge of ~ and U (at the time of making his
decision) ~s neither complete nor exact, he employs estimated" values and
functions, U and
and obtains an apparently optimal d~cision set, £opt

1,

(6)

,.
By definition Umax

~

Umax ' thence:

"

"

"

(7)

U[£opt(Umax,~),~l - U[£opt(Umax'~) ,~l =
I=(~,U)

is the Aunkpoiffi perfect information regarding the system and its
behaviour,.while I=(~,U) is the estimated imperfect information employed by the
decision-maker.
"

A

,.

I-I is the information gap or estimation error and l[£opt(I),Il is the
o?portunity loss or payoff forgone by making an apparently optimal decision based
on imperfect information.
It is worthwhile noting that appa~ently optimal decisions based on
arbitrarily chosen imperfect information, I, which has no relevance to the
perfect information, I, may even result in a negative payoff (see Fig. 3).
The loss from an optimal decision based on iwperfect information can thus
be reduced by reducing the information gap, 1-1.
Some components of the
information gap may result from considerations of practical convenience (e.g.
deliberate omission of relevant variables, utilization of simplified functional
forms and tractable computational algorithms).
However, major causes of the
information gap are uncertainty and ignorance regarding the following items:
(a)
(b)
(c)
(d)
(e)

The configuration and performance of the system (X,f,a,b);
The present state of the system (~o);
- - The feasible spaces of future states, actions and resources (S,A,R);
Future exogenous physical inputs to the groundwater system (~);- Future demands (g);
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u

Figure 3 - Actual and apparent payoffs and loss
(tl

(g)

The payoff function (U) or the loss function (1) and the monetary
parameters (~); and
The relationship between decisions and actions (g).

Each of the above items depends on natural and human factors which either
are beyond the decision-maker's control or beyond his awareness. Therefore, I
appears to the decision-maker as a set of random quantities (often referred to as
"tJ(e state of nature"). The anticipated loss associated with the information gap
I-I is, thus, random as well and has to be transformed into some non-random
measure which can be minimized.
An example of such a measure is the expected
loss or risk associated with the estimate I.

(8)
where fell is the (prior) probability density of I, as assumed by the decisio~
maker on the basis of his prior know~edge. A minimization of the prior risk R(l)
yield~ a prior optimal estimate 1*, and a corresponding optimal decision
Qopt (I) •
Let us suppose that there is a set of random variables, Y, which provide
some information regarding I and can be observed. Let yen) = (Yl~Y"""Yn) be a
sample of n independent observations of
The decision-maker can use these

r.
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observations to obtain a revised (posterior) probability density of I, f(I/Y(n))
and a corresponding (posterior) risk (Tummala and Rao, 1973)
(9)
~

Now we obtain a posteri~r optimal estimate 1*/Y(Q) and a corresponding posterior
The reduction J.n risk after observing r = Y(n)
~ptimal decision £opt(I*/Y(n))'
J.s
(10)

The longer the size of the sample, the larger is the reduction in risk.
It can thus be concluded that management decisions can be improved, in the sense
of reducing risk, by utilizing information which is relevant to the anticipated
state of the system. Obviously, the true state can never be known and the information is always imperfect and carries a random opportunity loss. However, the
expected value of this loss over the entire range of possible states of the
system can nevertheless be reduced by correcting the imperfect information on the
basis of observations.
A schematic diagram showing the interrelation between data, information
and management is presented in Fig. 4.
It indicates that rational decision
making is a permanent response to incoming information which, in turn, has to be
permanently updated in order to reduce risks due to changing information gaps.
1.3

Hydrological information for groundwater management

As shown in Fig. 4, rational groundwater-related decisions are made by
employing several categories of information, namely, hydrologic, technical,
economic, ecologic, etc. The present work deals with the hydrologic information
while keeping an eye on its interrelation with the other categories.
The content and level of detail of the hydrologic information may vary
from user to user according to their specific needs in the decision-making
process. Thus, hydrologic information required for planning long-term management
of a regional water resource system will obviously differ in scope, level of
detail and form of presentation. from the hydrologic information required for
selecting the location and capacity of a single pumping well, or for determining
regulations with regard to the siting of waste disposal plants. Nevertheless,
certain basic items of hydrogeologic information are common to many uses and
users. These are:
(a)
(i)

The configuration of the system

Boundaries, subdivision and interconnection of aquifers and
aquitards in the region of interest;
(ii) Components of the water balance and location of sources and outlets
of groundwater within the region of interest and on its boundaries
(surface and subsurface, natural and artificial, point and areal,
present and prospective) ;
(iii) Components of the mass balances of constituents dissolved or
suspended in the groundwater which are pertinent to water quality
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requirements, and location of the corresponding sources and
outlets;
As above, with respect to the heat balance, wherever relevant to
user requirements or to the submission of forecasts pertinent to
water quantity or quality.

The content and the form of presentation of the above .information
items must be compatible with their use in the decision-making process.
However, considering the aspect of rational decision-making, it is
imperative that one of the forms of presentation of the information should
be a mathematical one, (Le. data sets and/or formulae) including the
probability distribution (p.d.) of the actual or anticipated occurrence of
each of the physical components (aquifers, aquitards, sources and outlets
of water and constituents) as well as the p:d. of their locations within a
given coordinate system.
(b)

The present state of the system and its trend

Present value and trend of the following variables:
(i) Groundwater level or piezometric head, or pressure and/or depth to
'water in each of the aquifers in the region of interest at a given
date;
(ii) Concentration of constituents in aquifers, sources and outlets;
(iii) Temperature and other parameters pertinent to groundwater quality
which are of interest to the user (e.g. pH, S.A.R.);
(iv) Position of interfaces and/or transition zones between groundwater
and foreign liquids either immiscible with groundwater (e.g. oil) or
approximated as such (e.g. seawater);
(v)
Components of the groundwater balance for a given recent period of
time (rates of replenishment, inflows, outflows, pumpage);
(vi) As above, for components of the mass balance.
This part of information is needed for detecting problems and for
evaluating their causes.
It also provides the initial conditions for
forecasting future states of the groundwater system.
The information has to be presented in the form of mathematical maps
(i.e. formulae or data sets), one for each variable, holding the spatial
distribution of the statistical parameters of the reported quantity (e.g.
mean and variance) according to a selected probability distribution.
(c)

Future state of the system

(i)

Mathematical model
namely:

for forecasting future states of the system,

• A closed system of state transition equations for forecasting:
• Groundwater head or pressure (flow model) ;
• Concentrations of constituents in groundwater (mass transport
model);
• Temperature of the groundwater (h at transport model);
• Other water quality parameters;
• Land subsidence (aquifer deformation model);
• Maps of the best estimate and of the estimation error (e.g. in
terms of the variance) of each model parameter;
• Boundary conditions and their error of estimate;
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• Mathematical model for estimating the probability distribution of
the error of prediction for each of the state variables;
• Maps of the probability distribution of future rates of
replenishment of water, constituents and heat from natural
sources;

• As above from other exogenous sources;
(ii)

1.4

Forecast of future states of the system under given initial and
boundary conditions as a function of a prescribed rule of withdrawal
and/or recharge and subject to prescribed constraints on the state
variables of the groundwater system.

The process of generating information

The process of generating the foregoing information consists of three
major stages: data acquisition, basic or primary data processing and advanced or
secondary data processing.
A schematic flow chart of. this process is given in Fig. 5. The first
phase of data acquisition is the collection of field data. The collection data
have to be recorded and reported in order to undergo some validity tests. This
phase, called filtering, produces two outputs: accepted data, which are put into
the basic data files, and rejected data, which were found to be erroneous or
doubtful (these are transferred back to the earlier phase for correction or final
rejection).
Insertion of the data into the basic data files completes the data
acquisition stage.
The second stage in the process of generating user oriented
basic or primary data processing.
It includes the retrieval of
basic data files followed by some transformations,(e.g.
interpolation, extrapolation, averaging) which result in two kinds

information is
data from the
aggregation,
of output:

(a)

Data reports (present and/or historic) of general interest (e.g.
water levels, pumpage, recharge, salinity) presented in various
modes (e.g. tables, graphs, maps) or data reports supplemented with
some statistical analyses of the data at the discretion of a
specific user.

(b)

Input data to model data files.
These result from sorting,
aggregating, manipulating and displaying the basic data in a
structure suitable to a particular mathematical model of the
groundwater system.

The third and final stage of the information-generating process is
advanced or secondary data processing, in which data are retrieved from model
data files and transformed into forecasts of effects of alternative decisions
(simulation) or into proposals of preferred decisions (optimization) by means of
a mathematical model of the groundwater system and an adequate algorithm.
A model used for predicting groundwater quantity (e.g. drawdown, head,
inflows, outflows, change in storage) is a flow model, which is based on the
balance of groundwater volume.
Prediction of groundwater salinity or concentration of a particular
constituent requires, in addition, a mass transport model, which is based on the
balance of mass. A heat transport model predicts changes in temperature and heat
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storage, whereas a subsidence model predicts deformations of the land surface.
In essence, each of these models is a balance equation of a certain entity
(volume, mass, heat) expressed in terms of relationships between given (measured
or prescribed) input data and the required output.
The algorithm, on the other hand. is the procedure of deriving the output
when the input is given.
Some models take the· form of an equation or set of
equations whose solution yields a formula from which the output can be computed
for any set of input data. These are referred to as "analytic models". In many
cases, however, the model.takes the form of one or more differential equations,
which cannot be solved analytically.
In such cases, both the mathematical
groundwater model and the associated algorithm are usually incorporated in a
computer code often referred to as a "numerical model".
The use of the computer codes facilitates and standardizes the derivation
of a desired output for a given input.
Both the model of the system and the
associated algorithm playa central role in hydrological data processing. They
determine the level of simplification of the real system, the kind of output that
can be produced and the necessary input data. It should, however, be noted that
there is no unique "true model" and algorithm. The best of them is not the true
one but rather the one which produces the information sought by the user in the
most beneficial way.
Thus various numerical models in the same category (e.g. flow) may yield
different values for the same output variable depending on the differences in the
functional relationships (topology) of the model; the values of the parameters,
the configuration and level of discretization of the spatial domain, the time
step, the algorithm, computational approximations and the kind, amount and
reliability of the input data. Each of these affects· the level of confidence in
the output as well as other criteria which may be of importance to the user such
as availability of input data, cost, simplicity of display, waiting time, etc.
It is therefore up to the user of the information to state his choices with
regard to the various factors by requesting that the output meet certain
requirements.
Apart from the analytic and numerical models, one may also use analog
models whereby the output is derived not by computation but rather by performing
observations on a process which is mathematically analogous to. the process
studied (e.g. groundwater flow) and by translating the observations into
groundwater data.
The term analog model is ascribed to the modelling device
(e. g. electric analog, viscous flow analog) and to the associated translation
rules.
A prerequisite for applying a model to a particular area is the assignment
of estimated values to the parameters of the model in that area. This activity,
called identification or calibration of the model in the given area, should be
aimed at determining those estimates of the parameters which are optimal in the
sense of meeting the obj ectives of the decision-maker as the end user of the
hydrologic information.

An example of such an objective is the minimization of the risk function
based on an available sample of observations of model inputs and outputs in the
past (see the block "Decision Model" in Fig. 4). The assignment of estimates to
the parameters of hydrologic models is thus a part of the set of management
decisions.
On one hand it requires hydrologic information in the form of a
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p~obability dist~ibution

knowledge of the decision

of the unknown pa~amete~s; on the
~ule and of the ~isk function.

othe~

hand it

~equi~es

5 indicates that the gene~ation of use~-o~iented info~mation is an
and dynamic p~ocess. Ite~ations may be made, fo~·instance, in ~esponse
to ~equi~ements of the ~ecipients of the info~mation, or as a pa~t of the
info~mation-gene~atingp~ocess (see Fig. 5).
Figu~e

ite~ative

The dynamic cha~acte~ of the process exhibits itself in the pe~manent
arrival of new data as well as the pe~manent arrival of· new ~equests ~ega~ding
the kind, amount, reliability, f~equency, mode of display and othe~ att~ibutes of
the ~equi~ed;i.nfo~mation. Such requests place new demands on models, algorithms
and computing devices as well as on the collection of ·data.
Figure 5 also
indicates that the info~mation-gene~ating p~ocess involves financial, human and·
mate~ial ~esources.

The human ~esou~ces include data collecto~s, expe~ts in data p~ocessing,
of g~oundwate~ systems (hyd~ologists, geologists), applied
mathematicians, statisticians and systems analysts.
The mate~ial ~esou~ces
include equipment fo~ the acquisition and p~ocessing of. the data.
modelle~s

1.5

G~oundwate~-~elated obse~vations

The te~m "g~oundwate~-~elated obse~vations" will hencefo~th emb~ace all
activities involving collecting the data which a~e needed fo~ p~oducing the
info~mation items listed in section 1.3.
The pu~pose of the obse~vations is to
supplement al~eady existing and potentially available data to an extent which is
optimal fo~ making decisions related to the g~oundwate~ system.
1.6

The value of data

It was shown earlie~ that data can be used to imp~ove the estimates of"
information components which a~e employed in making decisions. Thus, value can
be attributed to information, and hence also to data, according to thei~
contribution to the benefit de~ived f~bm management decisions.
The value of data to a decision-maker is defined he~e as the diffe~ence
between .the expected monetary value of the ~esult of his decision made with the
data and that of the next best decision without the data (Stokey and Zeckhauser,
1978) •

A distinction has to be made between the a p~iori assessment of the value
of a data sample before it has been obtained and its poste~ior worth afte~ it has
been obtained. In the fi~st case, one deals with an unknown random sample whose
wo~th is assessed by the expected (o~ ave~age) ~eduction in the risk that may be
gained over the enti~e ~ange of possible data samples, i.e. E ~R/Y(n) in

Fo~mula

afte~

t~~ry~

(10) of section 1. 2:
the data have been obt·ained
worth is
measured by the actual ~eduction in risk based on the given sample. as exp~essed
in Formula (10),
To assess the value of data, the information ~equi~ed to calculate the
must be known. This includes the info~mation to which the data a~e related,
the ~elevant decision ~ules (i.e. the ~elationship between the information and
g~oundwate~-related decisions),
the posterior probability distribution of the
perfect information once the data are given, the sampling distribution of the
data, the decision-makers' identity and the relevant loss functions.
~isk
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Moss (1982) lists several conditions which hydrologic data must satisfy in
order to be of some value. In our case, the conditions are as' follows:
,(a)

The data must be used at some stage in at least one of the decisionmaking processes pertinent to groundwater related problems;

(b)

The data must actually affect the'decision that is made, i.e. they
must be taken into account when making the decision;

(c)

Their value must be positive, ,Le. the' prior assessment of the
,hydrologic quantities in the absence of the data leads to 'a decision
which is less beneficial than a decision based on' combining the
prior assessment with,the data.

Thus, when data are few or of doubtful validity, or irrelevant 10 the information, or misused, the prior assessment may dominate to the point where the data
have no effect on the ensuing decision or may even have'a negative value.
Davis et al. (1979) proposed some measure of efficiency of a management
system by considering the effect of decision rules and information~ They view
the management system as consisting of two subsystems: an information subsystem
and a response subsystem.
In the information subsystem the field measurements
are collected and transformed to information which serves as an input to the
response subsystem. The latter utilizes the information by means of a decision
rule w)1ich assigns values to decision variables.
These values determine the
design and operation of the system. Finally, the decisions, together with the
values of the actual state of the system, determine the loss or benefit.
Davis et al. define three efficiencies:
(a)

Information efficiency (IE)
J\

IE

RO - R[doptCI)]

(11)

RO - R[dopt(I)]

where RO denotes the risk with no information.
The information efficiency is a measure of how well the information
subsystem meets the needs of the response subsystem.
(b)

Response efficiency (RE)
RE

"
- R[d(I)]
RO - R[d opt (1)]

= RO

(2)

The respons,e efficiency is a measure of how 'well the' response subsystem (Le.
decision making, design and operation) is utilizing the information it obtains
from the information subsystem.
(c)

Overall efficiency (OE)
A

DE = RO - R[dCI)
= IE. RE.
RO -R[dopt(I)]
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As the actual (imperfect) information approaches the perfect information
(for example, as a result of increasing sample size of the available data), the
information efficiency increases and approaches its maximum value, 1.
This,
however, does not ensure an increase in the overall efficiency. On the contrary,
it may even decrease due to an improper response (e.g. misuse of the
information). Any further improvement of the overall efficiency can be achieved
only by improving the response.
It may thus be concluded that gathering additional information by
collecting more data and/or by extracting more information from existing data
before making a decision is not always advisable.
The reasons are twofold.
First, it may be that the response subsystem acts in such a way that additional
information, whatever it is, cannot change the decision; second, even if a
decision can be altered, the cost of acquiring the additional information in
terms of resources and delays may be more than the information is worth.
Therefore, in assessing the worthwhileness of gathering additional data, one has
to seek a minimization of the sum of both risk and cost.
1.7

Summary

Groundwater may serve as a source of water and as a means for providing
desired environmental conditions. On the other hand, it may become a nuisance if
misused or polluted.
It is therefore imperative that groundwater be controlled
by rational management which seeks both optimal and most beneficial decisions.
This would require perfect (Le. complete and exact) information regarding the
system's configuration, its present state, its response to decisions and future
external inputs and the resulting payoffs.
Unfortunately, the information
possessed by the decision-maker (on each of the above items) is always imperfect,
leading to suboptimal decisions and opportunity losses or payoffs because of the
information gap.
A part of the missing information is hydrologic information
which deals with the physical aspects of the groundwater system.
One possible way to reduce the information gap is to improve the estimates
of the statistical characteristics of the unknown information items on the basis
of field data. The value of the data is measured by their contribution to the
reduction in the expected loss from decisions made without them.
Decisions
concerning the collection of data thus become an integral part of the entire set
of groundwater management decisions.
Data which have no relevance to some kind of a specific use, or which are
not usable, not used, misused or have no affect on decisions, are of no value.
Acquisition of information, and hence of data, takes time and resources;
information is therefore an economic commodity. Information acquired by the user
must have a value to the user that equals or exceeds the cost of making the
information available to him.
Finally, i t should not be forgotten that hydrologic information is only
one of the categories of information which are needed for making water resource
management decisions.
Technical, financial, economic, ecologic, social and
political-administrative factors also affect decisions.
Consequently, in
considering the optimal level of information for decision-making, the relative
contribution of each of the information categories to the reduction of loss must
be taken into account.
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THE GROUNDWATER OBSERVATION PROGRAMME
2.1

Definition and objectives

A groundwater observation programme is a system for collecting field data
which pertain to the occurrence and behaviour of groundwater in a given region
over a given period of time. The programme is a part of a hydrologic information
system for groundwater-related decisions in such areas as management of
groundwater as a resource, construction and operation of production and/or
service systems which may affect groundwater or be affected by it, protection of
the environment against losses caused by groundwater and vice versa, preservation
of natural reserves, etc.
Considering the fact that generation of management-oriented information is
a permanent activity (see section 1. 4), the groundwater observation programme
should also be viewed as a durable system which responds' to varying demands for
field data as they develop in the course of time. The objective of the programme
is to meet these demands as effectively as possible.
2.2

Composition and links

A groundwater
elements:
(a)
(b)

observation

programme

is

composed

of

the

following

A set of observation stations, referred to as the network, at which
observations are made as a function of time.
Examples of such
stations are wells and springs;
Equipment and devices for data collection and delivery including
field and laboratory measurements, acquisition of data from external
data sources, transmission of recorded data to points of delivery,
etc. ;

(c)
(d)
(e)
(f)

An organizational set-up and technical services for the development,
operation and maintenance of the above and for managing the
programme;
A model for managing the programme (see Fig. 2), i. e. a clear-cut
decision-making process, decision rules, decision-making hierarchy
and procedures, routes of flow of information, etc.;
An information service for managing the programme;
Resources for all of the above (human, financial and material).

Following Fig. I, the groundwater observation programme should embody
observations made in aquifers and springs. At the same time it has to include or
maintain links of access to the following data-collection programmes:
•
•
•
•
•
•
•

Precipitation data programme;
Geologic data programme;
Surface water data programme:
Land use data programme:
Water abstraction and supply;
Water consumption;
Drainage and waste disposal:
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• Wastewater reclamation;
• Evapotranspiration
and data progranunes of other systems which may have any input or output relationships with the groundwater system in the region concerned, e.g. ecological
data.
2.3

When should a progranune be initiated?

In principle, a groundwater observation progranune as defined above is an
integral part of an information system for managing a region in which groundwater
is one of actual or potential forms of occurrence of natural waters which may
have an impact on the development of the region.
It is therefore reconunended
that a groundwater observation progranune be initiated at a relatively early stage
of economic development of such a region. Although it is true that information
accumulates as the exploitation of groundwater increases, there is still a big
difference between collecting data of some kind by chance at the discretion of an
accidental "data-maniac" and collecting certain kinds of data within the
framework of a management-oriented information system. A failure to realize this
difference often results in heavy losses because of decisions made without
minimal data whose value for justifying the feasibility of a project is extremely
high.
Decisions of this kind carry the risk of wasting means which are needed
elsewhere sometimes even causing irreparable damage to both the resource and the
environment.
At the other extreme are heavy investments in the collection of
data whose applicability and/or utility to water-resource management have not
been taken into consideration.
Therefore, planned gathering of information. which starting at the initial
stage of exploring and developing a groundwater system in a region, may benefit
from the opportunity to allocate funds and other resources (land, manpower,
equipment) and to schedule activities so as to make the necessary information
available and useful to the decision-maker when he will actually need it.
2.4

Progranune management

The process of managing a groundwater observation progranune is basically
the same as that of managing any other system. The stages of this process are
shown in Fig. 2 (see section 1. 2) .
In the present work we shall focus our
attention on the planning and design of the progranune, on monitoring and
controlling implementation of the plans and on the administration of the
progranune.
2.5

Relevant areas of expertise

A review of the activities comprising the management process (see Fig. 2)
and the structure of the water system (Fig. 1) and the hydrologic information for
groundwater management (Fig. 4, sections 1.3 and 1.4) indicates that management
of a ground observation progranune requires a co-ordinated effort of specialists
in the following areas of expertise:
•
•
•
•

Groundwater hydrology;
Applied mathematics and atatistics;
Data processing;
Water resources engineering;
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•
•

•

•

Economics;
Systems analysis (including operations
research and decision
theory) ;
Technology
and
instrumentation
pertinent
to
groundwater
observations (network, measurements, recording the transmissions of
data) ,
Public administration.
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PLANNING A GROUNDWATER RELATED OBSERVATION PROGRAMME
3.1

The planning problem

The problem of planning an observation programme is how to transform
primitive statements about data needs or deficiencies in data collection into a
set of quantitative prescriptions for the establishment or improvement of an
observation programme. The task of the planner is to perform this transformation
by combining professional knowledge, skills and information.
3.2

Structure of the planning process

The process of planning the observation programme has a definite
chronological structure representing a sequence of phases (Asimov, 1962). Each
phas.e may require knowledge and skills which are specific for that phase. The
planning team may therefore be reshuffled with each new phase.
The following is the sequence of the planning phases:

•
•
•
•

Phase
Phase
Phase
Phase
• Phase
• Phase
• Phase

1: Feasibility study;
2: Preliminary design of the programme;
3: Detailed design of the programme;
4: Planning of programme development;
5: Planning of data-collecting operations;
6: Planning of data storage and supply;
7: Planning for the control of programme implementation.

The first three phases deal with the configuration of the programme, whereas the
last four phases deal with its implementation.
A failure to recognize the relationship between the two parts in the
process of planning may result in a collapse of the programme as a whole.
The present work deals primarily with Phases 1-3. Reference to the other
phases can be found in the Unesco-WMO publication on hydrologic information
systems (1972) and in the Unesco report No. 30 (1980).
3.3

Guiding principles

The planning and implementation of the observation programme must be based
on certain principles which provide general constraints to be obeyed and criteria
to be employed at all levels and in all areas of the decision making process.
The following is a set of such principles which underline rational management.
(a)

(b)
(c)

The process of planning a data-collection programme has to proceed
from a general policy level down to a specific detailed design of
each component of the programme. Problems encountered at each phase
should be solved before proceeding to the next phase.
Relevance must be ensured between data, information and decisions.
Any programme of data collection must be physically realizable and
financially supported.
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(d)
(e)

Cf)

(g)

(h)

The design of a data collection programme should be optimal among
the available alternatives.
Economic payoff should be a primary criterion of optimality.
An
optimal programme is one which either has a maximum worth for. a
given budget or one, where the marginal worth of the data is equal
to the marginal cost of the progrannne.
First priority should be
given to data which are critical for decision-making within an
economic and space-time framework.
Management problems and tasks, availability of resources and
decision making models keep on changing in space and time.
Therefore data collection programmes must be revised periodically in
all of their components.
Compatibility must be ensured between the collected data and the
models which use them.
The rationale of the progrannne must be communicable and communicated
to those decision makers whose approval of the progrannne is sought.

C HAP T E R

4

THE FEASIBILITY STUDY
The purpose of the feasibility study is to reveal gaps in groundwater
related data progranunes and to obtain a set of conceptual ways and means for
closing these gaps.
The output of the feasibility study is·a set of tasks to be elaborated in
the subsequent phases.
4.1

Survey of data needs

The feasibility study starts with a survey of data needs, both present and
projected, over a forseeable period of time.
The term "needs" means here
effective needs of users who will be willing to pay for the data when they become
available.
The population to be surveyed should include the various potential
users and uses of the data. A major part of this population is represented by
agencies involved in planning for water-resources development, design of waterresources projects, operation of groundwater supply systems, public works,
regulations for the protection of groundwater resources and/or for the protection
of the environment, disposal of waste products, recreation, etc.
The surveying techniques may include interviews (individual and/or group),
testimonies, invited memoranda, questionnaires and others (see Hoinvile et al.,
1978). However,the final report of the survey must be concise, well structured
and clear cut.
Following
is a list
respondents of the survey:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

of

typical

questions

to

be

answered

by

the

What are the projects and activities for which groundwater-related
information may be needed?
What are the relevant decisions and by whom are they made?
What is the relevant hydrologic information?
How will this information be used in the decision-making process?
What is the loss associated with errors in the hydrologic
information?
Which models may be used to produce the information?
Which data are needed for the formulation, calibration and operation
of those models (Le. the kind of data, the spatial and temporal
distribution and level of aggregation of the data)?
To whom, when and where should the data-be made available (including
long-term supplies)?
What should be the modes of supply and display of the data?
What are the data quality requirements (e.g. accuracy and
reliability levels)?
What is the payoff offered for the supply of the data as a function
of the items specified in questions 7-10?
What are the sources of the information contained in the answers to
each of the above questions?
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With regard to questions 1-6, it is worth noting that their main purpose is to
lead the respondents towards rational answers to questions 7-11 which are
directly related to the objective of the survey.
Also, the answers themselves require a critical review and evaluation.
For example, the amount a user is willing to pay for data should be regarded as
just an estimate of the value that he assigns to the data and not as identical
with its real worth.
The answers to the above questions will always cont"ain some degree of
uncertainty.
The respondents should therefore be encouraged to present their
answers in a probabilistic manner. This, in turn, will enable an assessment of
the effective demand for data as a function of location and time. "
The needed data can be "grouped in three major categories:
Constants - These are primarily one-time data pertinent to the geometric
pattern of the groundwater system (see Section 1.3, part (a)), the lithostratigraphy of the system and technical characteristics of groundwaterrelated facilities. Some cornmon constants are given below:
• Co-ordinates of the lateral boundaries of aquifers, of aquifer outcrops
and of relevant surface-water bodies;
• Elevations of top and bottom of aquifers and aquitards, and of the
ground surface;
• Co-ordinates of locations of point sources and sinks of water (wells,
springs, etc.) and of species contained in water;
• Assignment of sources, outlets and observation boreholes to aquifers and
aquifer cells;
• Elevation of top and bottom of perforated sections of well casings;
• Diameters and depth of boreholes, etc.
Parameters - These are slowly varying and slowly accumulating data which
appear as estimates of coefficients in all of the equations which are used
to generate the relevant hydrologic information (see Fig. 5, section 1.3,
part (c) and section 1. 4) . The statistical parameters of the estimates
also belong to this data category.
Examples of common parameters are hydraulic parameters of
groundwater flow models (e.g. hydraulic conductivity (~) or transmissivity
(:±:l or permeability (~); effective porosity (n); sl:orativity (8); the
coefficients of naturaT replenishment (a) and of return flow (~); leakage
factor (11); spring decay constant, etc.), coefficients of mass and heat
transport equations, etc. Lists of such coefficients can be compiled from
cornmon groundwater hydrology textbooks (e.g. Bear, 1979).
Variables - Variables are dynamic data which are used to produce the
information contained in part (b)" of section 1.3, to derive estimates of
the parameters of the forecasting models and to produce the probability
distributions of the future inputs to the models which are listed in
section 1.3, part (c).
A list of these variables is given below.
(a)

Variables pertinent to groundwater quantity
(i) Piezometric head, or pressure, and depth to water in each
aquifer within the region and on its outer boundaries;
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(ii)

Pumping rate;

(iii) Recharge rate;

)

23

through wells in each aquifer

(iv)

Springflow rate from each aquifer;
Water levels in natural surface-water bodies and in surface
water structures hydraulically joined with aquifers within the
region and on its boundaries (streams, lakes, reservoirs,
ponds, spreading grounds, canals, etc.);
(vi) Precipitation depth over the area;
(vii) Rate of water use in areas overlying phreatic aquifers;
(viii)Rate of supply of effluents to leaking liquid waste-disposal
facilities in areas overlying phreatic aquifers;
(ix) .Rate of supply of solid waste to surface disposal facilities
_overlying phreatic aquifers.

(v)

(b)

Variables pertinent to groundwater quality
The state variables of groundwater quality on which data should be
collected are determined on the basis of the water quality standards
for the anticipated possible uses of the -groundwater in the region
of interest and in the regions hydraulically connected to it (e.g.
water quality standards which have been set by the USEPA (US
Environmental Protection Agency).

The following list includes variables which are pertinent to standards of
water for drinking and irrigation.
Instructions regarding the measurement of
these variables are given in the "Standard Methods for the examination of water
and wastewater" (ALPHA, AWWA and WPCF, 1980).
Total dissolved solids (TDS)
pH
Radioactivity as a
Radioactivity as ~
Calcium (Ca")
Magnesium (MG")
Sodium (Na')
Chlorine (Cl-)
Sulfate (SO.--)
Bicarbonate (HC0 3 -)
Nitrate (NO 3 -)
Aluminum (Al)
Arsenic (As)
Boron (B)
Barium (Ba)
Beryllium (Be)
Cadmium (Cd)
Cyanide (CN-)
Cobalt (Co)
Chromium (Cr)
Copper (Cu)
Fluoride (F)

Iron (Fe)
Mercury (Hg)"
Lithium (Li)
Manganese (Mn)
Molybdenum (Mo)
Ammonium (NH.')
Nickel (Ni)
Lead (Pb)
Phenol (phen)
Phosphate (PO.---)
Selenium (e)
Vanadium (V)
Zinc (Zn)
Dissolved Oxygen
Hardness (as CaCO,)
SAR = Na ' N·""17/2~(r;C<-:a~'·'-+;-;M"-g:<':-'·")
BOD (Biological Oxygen Demand)
EC (Specific Electrical Conductance)
Turbidity (in Jackson Units)
C.C.E.
Detergents

Another water quality variable which may affect the movement, the chemical
composition and the useability of groundwater is its temperature.
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A classification of water quality data for various uses can be found in
Unesco-WMO (1972).
Water quality data pertinent to groundwater include those in the grQundwater per se and in the various sources and outlets of the groundwater listed
under the water quantity data (a) (i) through (a) (ix) above.
Some of the data listed above may be needed at all levels of development
of the region and the resource under consideration. What may vary is the level
of aggregation in space and time. The higher the level of economic development
of the region and the level of exploitation of thei groundwater resource, the
higher the required level of spatial and temporal detail of the data. This is
due to the. increased sensitivity of the resource do man~made .effects which is
accompanied by an increase in the loss associated with estimation errors.
The assessment of data needs is a difficult task because of the following
reasons:

(a)
(b)

(c)

A given sample of data can be transformed to information in
different ways, depending on the function of the information;
Uncertainty always exists regarding the needed information because
of the multitude of possible users of the information at present and
in the future starting from the national planning agencies through
small engineering consulting firms and down to municipalities and
individual well owners;
A long time may elapse between the collection of the data and their
actual use.

In spite of these difficulties, the importance of establishing the need
for data can hardly be overstated. Errors in judging the effective needs may
cause a much greater financial loss than failure to produce a workable
observation programme.
The better the examination of the various information
categories that may be derived from the data, the easier it is afterwards to
assess the value of the data and their cost.
4.2

Inventory of existing-data and programmes

The survey of data needs should be followed by an inventory of already
existing data which are pertinent to the needs. Reference must be made to all
the specifications listed in the statement of data needs (namely the kind of
data, their period of record, their spatial and temporal density, their level of
aggregation, the source of the data, the media and places where' the data are
stored, the quality assesment of the data, the current users of the data, the
terms of access to the data, the mode and frequency of usage of the data, etc.
The data inventory should be supplemented by an inventory of already operating
groundwater observation . programmes with an attempt to cover all the programme
components listed under section 2.2.
The success of the inventory largely depends on the ability to identify
the appropriate data collecting agencies and data sources (especially in
developed countries with a complex institutional set-up) and on the access to the
required information.
An adequate administrative support of higher level
authorities may prove to be helpful in this regard.
It is recommended that the report of the results of the inventory be
standardized as the need for such a report is of a periodic nature.
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Problem identification and formulation

A comparison of the results obtained from both the survey of data needs
and the inventory of existing data and data collecting programmes identifies
actual and prospective gaps in the collection of groundwater-related data. The
gaps may be categorized as follows:
(a)
(b)
(c)
(d)
(e)

(fl

Scarcity - missing data (lack of a particular kind of data or
shortage of collected data) ;
Accessibility - restrictions on access to existing data.
Fit - inadequacies in data and/or in data collection which need to
be corrected;
Use - A gap in use implies that data which are needed, available and
suitable are not utilized or they are misused;
Utility - A utility gap exists if data are used to generate
information which is practically not sensitive to the data or
al ternatively, if the information has no effect on the decisions
that are being made;
Redundancy - A redundancy gap exists when the collected data and/or
some elements of the observation programme are irrelevant and/or
superfluous.

Once the gaps have been identified one can turn to the task of planning an
appropriate data collection programme which will close the gaps in a most
efficient way.
Figure 6 presents a schematic statement of the planning
problem.
The input to the planning problem is information whereas the output is a
set of decisions. The task of the planner is thus to transform information into
planning decisions.
4.4

Checklist of conceptual decisions

Although the statement of the planning problem is the same for all the
phases, the range of the aspects under consideration and the level of detail keep
changing from phase to phase.
At the feasibility phase the number of aspects
considered is maximal while the level of details is minimal. The decisions taken
at this level are of a conceptual nature.
Following is a checklist of such decisions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Which categories of data ought to be collected, in what regions, for
what purpose and in what order of priority?
Who should be in charge of the observation programme?
Should the collection of the data be centralized or co-ordinated?
What kind of co-ordination, if any, is preferable (technological,
operational, others) and among whom? What should be the rules of
co-ordination?
Who may serve as prospective data collectors?
What kind of technology should be employed in the collection of the
various categories of data?
Should the storage and retrieval of data be centralized or
co-ordinated?
What criteria should be employed in planning an observation
programme?
On what terms and to whom can data be supplied?
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OBJECTIVE FUNCTION(S)
INPUT

PROCESS OF TRANSFORMATION

OUTPUT

DEMANDS FOR DATA

ANALYSIS OF GAPS
(Identification of
the causes)

DATA TO BE COLLECTED

EXISTING DATA AND
OBSERVATION PROGRAMMES

CAUSE-EFFECT RELATIONSHIP

DATA COLLECTION
METHODS & TECHNIQUES

GAPS IN DATA COLLECTION

CREATION OF POSSIBLE
SOLUTIONS

DATA COLLECTORS

AVAILABLE RESOURCES
(human, material,
financial)

FEASIBILITY TESTS
(physical, economic,
financial, others)

OBSERVATION NETWORKS
(structures, location,
frequency, maintenance
observers)

RELEVANT MODELS AND
ALGORITHMS

EVALUATION AND SCREENING FINANCING OBSERVATIONS
PROCEDURES
(observations. programme monitoring and
control)
ORGANIZATION AND
SCHEDULE OF PROGRAMME
DEVELOPMENT AND
OPERATION

RELEVANT SYSTEMS
(economic, technologic,
hydrologic, scientific,
legal, politicaladministrative, etc.)
CONSTRAINTS ON INPUT

CONSTRAINTS ON MEANS OF
TRANSFORMATION

CONSTRAINTS ON OUTPUT

Figure 6 - The problem of planning an observation programme
10.
11.
12.
13.
14.
4.5

Who will finance the various parts of the groundwater-related
observation programme?
On what basis should the allocation of funds be made?·
How should the planning process be organized, financed and
monitored?
What kind of constraints (institutional, legal. financial,
environmental, technologic, scientific, human, etc.) should be
employed in planning a groundwater related observation programme?
What kind of information has to be gathered for the next phase?

Design concepts and feasibility tests

After the planning problem is formulated and the list of conceptual
decisions compiled, the next step is to conceive a number of plausible conceptual
solutions (decision alternatives) which might close the identified gaps.
A
successful synthesis of such solutions requires a combination of professional
expertise in all of the relevant areas of knowledge (see section 2.5), an
adequate information base (see input in Figure 6) and a creative mind. Relevant
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professional guidance can be found in the Guide to Hydrological Practices
(WMO, 1981) and in the bibliography listed therein. This, more than any other
step, requires inventive and creative effort (Asimov, 1962). The process is
an iterative one, namely:
the solutions yield new insights and items of
information about the preceding steps which can then be corrected if necessary.
The potential solutions are then ranked and tested on the basis of their
compliance with the guiding principles listed in section 3.3 namely: relevance
to the required information and decisions, physical rectifiability (tractability)
within the given time limits, economic worthwhileness and financial feasibility,
all these under the given and/or projected conditions within the system and in
its environment. In judging the feasibility of a concept, proper weight should
be given to the uncertainties in all of its elements, which will ultimately
determine the chance of turning the concept into a real success.
The financial feasibility of a concept is of major importance. A concept
may be ideal in many respects, but if the financial resources for its execution
are not ensured, no commitment can be made for the subsequent phases of its
design.
The tests listed above are used to screen the proposed alternatives.
Those which pass all four tests comprise the set of potentially useful solutions
to be transferred to the next phase.
4.6

The feasibility report

The feasibility study is concluded by submitting a report to the
appropriate authority which has the power of deciding whether there is enough
evidence supporting the validity of the problems presented in the report and
whether there is enough confidence in the feaBibility of the proposed conceptual
solutions to be passed on to the next phase. It is recommended that the draft of
the feasibility report be discussed at a joint forum of professionals, producers
and consumers of the data.
It is also recommended that the final version of the written report be
presented to the decision-maker along with an oral- communication.
An essential ingredient of the report is a list of recommendations for the
next phase including, among others, the nomination of a programme planning team.

C HAP T E R 5
PRELIMINARY DESIGN

5.1

The process of preliminary design

The preliminary design phase begins with a decision problem:
the
selection of the most promising of the feasible conceptual observation
programmes. The chosen concept is then refined and tested in a sequence of
steps to determine whether it can serve as a guide fo the detailed design.
The first step also includes the formulation of a mathematical model of
the chosen concept. The model is then subjected to three kinds of analysis:
(a)
(b)
(c)

Sensitivity analysis, aimed at identifying critical design
parameters and improving the specification of the constraints:
Compatibility analysis, aimed at accommodating the various elements
of the programme to ensure their successful co-action:
Stability analysis, aimed at checking whether the programme can
withstand uncommon changes in the environment (e.g. changes in
resource allocation, legislation), identifying areas of inherent
instability to be avoided and evaluating the consequences of
disturbances that might cause the programme to collapse or
malfunction.

I f the concept survives the analyses, the next step would be a formal
optimization of the. programme by extremizing its objective function and fixing
the optimal values of the design parameters.

At this stage, the preliminary optimal configuration of the programme has
to be tested from the dynamic point of view. A projection of anticipated trends
in the environment (physiGal, technological, economic, organizational, etc.) and
a prediction of the performance of the programme make it possible to assess its
worthwhileness as a function of time and the required frequency of review and
updating.
Needless to say, uncertainty should be taken into account in all of
the steps of the preliminary design process.
A physical small-scale test of some critical elements of the programme
(e.g. technical, organizational) in a part of the region may contribute to the
confidence in the results of the analytical tests and may generate ideas about
possible simplifications of the programme.
The groundwater-related observation programme is quite a complex system
(see section 2.2) whose preliminary design may require a major professional and
organizational effort.
It is therefore recommended that the prograinme design
task be divided into a set of subtasks, one for each element of the programme,
while taking into account its boundary conditions with the other elements. Each
subtask could then be handled by an appropriate team, whereas the optimal
preliminary design of the programme as a whole would require a co-ordinating
mechanism. Following is a tentative list of the subtasks (see Section 2.2):
(a)

Preliminary design of a groundwater observation network;
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Preliminary design of a
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data acquisition system from exogenous

sources;

(c)
(d)
(e)

Preliminary design of an organization at set-up for managing the
programme;
Preliminary design of a technical support system for the prograrmne;
Preliminary design of a programme management model.

The rest of this chapter is devoted to the preliminary design of a groundwater
observation network.
5.2

Classification of groundwater observation networks

Groundwater observation networks can be classified on the basis of
characteristics which may serve as design parameters of a network (Rodda et al.,
1969; WMO, 1981; Moss, 1982). These are:
(a)
(b)
(c)
(d)
(e)
(f)
(g)

The purpose of the network;
Geographical scope of the network;
Observed variables;
Spatial layout of the network;
Temporal distribution of the observations:
Type of field record;
Period of record.

As already stated in section 1. 3, the collected data are generally used to
produce hydrologic information regarding the present state of the groundwater
system, as well as to produce mathematical models for predicting future states of
system and their impact on the environment as a result of man-made effects.
However, different projects or different phases of development of the same
project may require different levels of detail of the same information. It may,
therefore,
be useful to classify networks according to the purposes of the
related groundwater management projects. These are:
(a)

(b)

(c)

Master plan of regional water resources development
At this stage, the purpose of the network is to furnish data needed
to identify groundwater resources available in the region and to
obtain a preliminary estimate of their exploitable yield (see
section 1.3(a». Uncertainty in estimated yields and costs carries
losses, due to selection of a suboptimal plan, which can be reduced
by data collection.
The co-ordination of groundwater data with other data
categories is of primary importance at this stage. Regionalization
of information by transferring data from observed to unobserved
parts of the region may be used to save expenses.
Design of groundwater-related projects
Once the regional master plan is developed, individual projects can
be delineated and their groundwater data needs identified.
Sitespecific data related to the proj ect area, as far as the present
state of the groundwater is concerned, and information regarding the
response of the groundwater system to various project design alternatives become important at this stage. The value of these data is
primarily from reducing the risk of overdesign or underdesign of
facilities (Moss, 1982) and of their premature or delayed construction.
Operation of groundwater resource projects
At this stage, historical data are used to develop operating rules
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(d)

(e)

while current data are used as inputs to these rules. Improvement
in the operating rule is a measure of the value of the historical
data, while the effectiveness of the rule depends on the quality of
the current data.
Conversely, the value of the current data is
conditioned by the utility of the rule:
Monitoring and control
The actual operation of groundwater resources in a region usually
deviates from that prescribed by the operating rule.
The actual
response of the system to man-made effects also differs from that
predicted by the mathematical model of the system.
The resulting
effects may be a continued depletion of groundwater storage and a
deterioration of groundwater quality, especially at sites of
excessive withdrawal. At this stage, the value of the observations
sterns primarily from reducing the risk of a delayed action against
anticipated losses either by modifying and/or refining the operating
rules up to the level of individual wells or by finding substitute
sources of water supply in due time.
Planning and evalution of water resources policy
This is a periodic activity of a national water resources management
system which requires a condensed valuation and evaluation of the
state and tremd of the groundwater resources in all parts of the
country in relation to the prevailing policy of water resource
development and operation. The basis for such a report is the data
collected for all of the aforementioned purposes.

The geographical scope of a network is closely related to its purpose.
Thus, a master plan of regional water resources development may be nationwide.
Groundwater-related projects within the framework of the master plan (e.g. water
supply, drainage, irrigation, dams and surface water storage reservoirs) are
restricted to subregions, whereas monitoring networks may be confined to small
localities.
The type of the observed variables also varies with the purpose of the
network, the necessary information and the particular characteristics of the
groundwater and its regime in the area.
As to spatial and temporal densities of the observations, these usually
increase with the transition from the national or regional level to the projectspecific sites and/or to the level of local warning requirements. The type of
field record (e.g. autographic, telemetered, manual) is highly dependent on the
available technology of data transmission and processing. Finally, the length of
record depends on the duration of the purpose of the network.
5.3

Types of groundwater observation networks

A feasible procedure to be followed when planning a network is to consider
the multiple purposes and to design a network for each one of them.
Subsequently, the several designs can be combined into one project (Van der Made,
1982) .
In this connection the following types of networks are distinguished:
basic or principal networks, specific networks (or special hydrogeological
networks - SHGN) and temporary networks.
The basic or principal network serves the general purpose of collecting
groundwater quantity and quality data in a given area for an indefinite period of
time. It forms the basis for hydrogeologic studies and for data transfer in time
and space, covers a relatively large area up to an entire country and consists of
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a set of selected points (e.g. observation wells) at which routine observations
are performed according to fixed and possibly unified schedules and methods of
observation.
Details concerning the design, construction, operation and
maintenance of the basic network can be found in "Groundwater studies", published
by Unesco (1972).
The design of the principal network should provide for observation points
along the boundaries between the main hydrogeologic formations and along the
boundaries of recharge and/or discharge areas of water and solutes.
The
collection of groundwater quantity and quality data should be co-ordinated. To
this end, the area should be subdivided into geophysiographical regions taking
into account factors which govern the groundwater quality regime (topography,
geology, geochemistry, climate, etc.).
The specific network (SHGN) is an extension of the basic network.
It
serves the particular needs of a groundwater-related management system in a
region whose groundwater affects the system I s operation or is affected by it.
The SHGN may be restricted to a particular type of data and a specific frequency
of observations.
Each SHGN should be designed simultaneously with the corresponding water
management system it is supposed to serve and put into operation prior to its
establishment. Data from the specific networks are incorporated in the national
groundwater data bank.
SHGN are operated as long as the particular water
management system is functional, after which some of the observation points may
be incorporated in the basic network, i f necessary.
(For further details
regarding the SHGN, see Van der Made, 1982.)
Temporary hydrogeological networks are set up in order to collect
groundwater-related data which are necessary for designing a particular
groundwater-related project. These networks are constructed a year or two before
a project is designed.
Once the design and construction of the project are
completed, the observations in the temporary network are terminated.
Subsequently, some of the observation wells of the temporary network may be
included either in the special network or in the principal one.
5.4

Preliminary design of the basic network

The following text deals only with the basic network. The concept of the
basic network is extended here to include all those observations which are needed
to report on the state of the groundwater in all aquifers of the area, to predict
future states of the groundwater in response to man-made and natural effects, and
to evaluate the dominant components of the groundwater balance. The products to
be derived from the observations are:
(a)

Maps showing contour lines of state variables (water levels, solute
concentration, temperature, etc.) at any desired date in any part of
the region (see section 1.3, part (b));

(b)

Graphs showing the variation of state variables in the course of
time at any desired location;

(c)

Input data to hydrological forecasting models and operating rules
(initial state data, historical data for calibration of the models
and for generating synthetic data).

MANAGEMENT OF GROUNDWATER-RELATED PROGRAMMES

32

5.4.1
In compliance with the extended concept of the basic network, it should
consist of the following elements:
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)

Groundwater level observation wells;
Groundwater quality observation wells;
Seawater intrusion observation wells (in coastal aquifers);
Groundwater discharge measurement (pumping) wells;
Groundwater recharge measurement (injection) wells;
Spring discharge and quality observation stations;
Precipitation gauging stations;
Stage observation posts in major surface water bodies (freshwater
and wastewater) hydraulically connected to the groundwater; and
Other observation installations pertinent to groundwater monitoring
and/or balance.

All observation sites must be selected for each of the above elements,
except for each pumping and/or recharge well which automatically becomes part of
the network as soon as it is put into operation.
5.4.2

General
Guidelines
-------

The design of the basic network, as part of the entire observation
programme, is not a one-time job.
On the contrary, it has to be updated from
time to time in order to accommodate varying conditions, needs and means.
The data derived from the observations are supposed to affect decisions
made by the users of the data.
The design process must therefore ensure a
relationship between the requirements of the user of the data and the design
parameters of the network such as the number and configuration of the observation
sites as well as the frequency and methods of observation (see sections 1.4 and
3.3) •

The benefit from observations lies in reducing opportunity losses because
of estimation errors in the information underlying management decisions. These
errors usually contain a random ·component (see section 1.2) -and must be expressed
in statistical terms.
An ideritification of the errors and an adequate
quantification of their relation to both the losses and the parameters of the
network are essential elements of a good network design practice.
The value of the data provided by the network is measured by the excess of
the expected benefit from the data over their cost. Thus, a realistic. appraisal
of the cost of the data as a function of the design parameters of the network
must be an integral part of designing an optimal network. Moreover, if benefits
cannot be assessed, costs may become a measure of efficiency of a suboptimal
network.
The regional extent of aquifers requires that the information for managing
them pertain to a region. Since observations are made only at a finite set of
sites and times, the design of the network must also include analytical data
transfer models for extrapolating and interpolating data in space and time as
well as models for estimating averages of variables over finite spatial
sub domains , referred to as aquifer cells.
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Planning future development and operation of a groundwater system involves
decision-making with uncertainty regarding the time series of exogenous inputs
(precipitation, return flow, etc.) to the groundwater system over future time
spans corresponding to the planning horizons. Another source of uncertainty are
the values of the parameters linking those inputs to components of the
groundwater balance. The utility of historical data sequences is measured by the
extent to which they may be used to reduce this uncertainty. Often, it may be
easier to incorporate existing wells in an observation network than to drill new
ones. It is therefore recommended that the design of the basic network take into
account the possibilities of utilizing existing wells whether they already
function as observation wells or may become such in the future.
Limited
resources may preclude the expansion or continued operation of an existing
network even if it is economically worthwhile.
In such a case a redesign of the network may be recommended with a view to
improving its efficiency by better utilizing the transfer of data within the
network and/or by deleting observations and observation points.
Design of a comprehensive basic network as defined in section 5.4.1
requires an appropriate allocation of resources among network elements taking
into consideration their relative contribution to the net benefits from the
network in both space and time.
If a master plan of regional development has
been prepared beforehand and probable project sites have been identified, the
preliminary design of a basic network can be considered as a master plan for data
collection (Acheampong, 1982).
The currently available formal tools of network design are usually
inadequate to identify the best alternative by direct optimization.
It is
therefore advisable that several alternative designs be considered and evaluated
by means of simulation as a basis for further review, as outlined in section 5.1.
In this connection, it is important to remember that the network is only part of
the observation programme which in turn is part of the hydrologic information
system.
Thus, while seeking an optimal network one should not over look the
quality and limitations of the models and algorithms which are supposed to use
the data in the information-generating process (see Fig. 5).
Otherwise, the
designer of the network may find himself designing a more efficient yet less
effective network within the information system itself, with an end result of
poorer decisions (see Davis et al., 1979).
In order to avoid such a situation from occurring i t may be worthwhile
basing the design of the network on several alternatives of models with their
respective chances of being implemented at some stage in the future.

Figure 7 presents the network design problem in terms of the necessary
intput and the required output from the design.
The input includes the following information categories:
(a)

Hydrologic information in the form of models and data which link
groundwater-related decisions in the region (e.g. resource
development, operation and protection, drainage, waste disposal)
with hydrologic field data. To this category belong items 1 through
3 in the input column:
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OUTPUT

INPUT
Spatial and temporal
distribution of management
decisions which may have
relevance to groundwater.
2.

3.

Models (decision rules)
relating the decisions to
groundwater-pertinent
information.
Models relating the
information to input data
that can be estimated from
groundwater-related
observations.

(Design parameters and
evaluation of the network)
1.

Observation region and
subregions (geographic
and hydrogeologic).

2.

Types of data to be
collected in each
subregion.

3.

Number of observation
sites for each type of
data in each subregion.

4.

Spatial density and/or
location of observation
sites.

4.

Loss functions associated
with estimation errors in
the input data.
5.

5.

Present status of
groundwater-related
observation networks (see
output items)

Frequency and duration of
collection of each data
type at each site.

6.

Equipment and techniques
to be used.

Existing relevant data
records.

7.

Rules of data transfer in
time.

Costs pertinent to data
collection.

8.

Rules of data transfer in
time.

9.

Rules for estimating
required hydrologic data
from observations.

6.
7.
8.

Available resources.

9.

Proposed set of feasible
conceptual alternatives of
groundwater observation
programmes (see checklist
in section 4.4).

10. Rules for updating the
design.

10. Constraints on the design
(input, output, process,
mode of presentation,
deadlines, compatibility,
stability, etc.).

11. Preliminary schedule of
network development.

11. Design criteria.

13. Cost of the data.

12. Range of uncertainty in
all of the above.

14. Estimated value of the
objective function before
and after the design.

12. Preliminary allocation of
resources.

Figure 7 - The preliminary groundwater network design problem
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Economic information including loss functions owing to errors in
the hydrologic data, costs of data collection, interest rates, and
budgetary constraints (items 4,7,8);
Physical and technical information including existing networks and
data records, equipment and instrumentation, manpower, etc. (items
5,6,8);

(d)

(e)
(f)

Administration information including procedures and jurisdiction
(item 5);
Policy guidelines. Feasible set of conceptual groundwater
observation programmes, required output, design criteria and
prescribed constraints (items 9 through 11);
Evaluation of the quality of the information (item 12).
The output includes:

(a)
(b)
(c)

Design parameters of the network, i.e. variables and functions which
prescribe the configuration, operation and development of the
network (items 1 through 10 in the output column);
Preliminary allocation of resources (manpower, budget) among
networks (item 11 in the output);
Preliminary evaluation of the network in terms of the cost and value
of the data produced by the network (items 12 and 13 in the
output) .

A comparison of alternative feasible observation networks requires an
evaluation of each alternative on the basis of design criteria or measures of
effectiveness which are of importance to both the data collecting agencies and
the data users.
A quantitative representation of the design criterion as a function of the
design parameters of the network is referred to as the objective function of the
design.
The first and probably most important criterion is the economic one,
namely the total expected net benefit from the data provided by the network. The
benefit from data is measured by their contribution to the reduction of the
expected loss (= risk) in the absence of the data.
On the other hand,
acquisition of data has a cost. Hence, the total net benefit from the network is
given by
(14)

where (Rp,rior - ERpos t ) denotes the difference between the risk level at the
present size of the network, prior to its redesign, and the expected risk at the
updated (posterior) size of the network. EC~ denotes the expected cost of the
data acquired from the redesigned (or newly des~gned) network.
The symbol I stands for the sum of the various kinds of data collected,
the entire population of data collectors and users, the variety of data
applications and all possible kinds of cost involved (including losses from
delaying decisions until data become available) over the planning horizon of the
network.
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As a network expands (e.g. in terms of the number of observation sites and
observations) the risk, on the average, decreases, whereas the cost of the data
increases.
Hence, there must be a point (Le. a given set of levels of the
design parameters of the network) at which the net benefit from the network will
reach its maximum while satisfying the feasibility constraints. At this point
the marginal worth of the data provided by the network becomes equal to their
marginal cost.
The network corresponding to this point is referred to as the
optimum network from the economic point of view.
The level of information provided by the optimal network is also apt to be
optimal in the sense that decisions based on the information become insensitive
to any further increase in information (Dawdy et al., 1972).
It is often claimed that there are criteria which cannot be quantified and
transformed into monetary terms (e.g. safety, convenience, tradition, acceptance
by the public, etc. ) .
In such cases the design of the network becomes a
multi-objective design problem for which special methods have been developed.
It is also claimed that the complexity of designing an optimum network
(e.g. difficulties in assessing the expected benefits from the data) and the lack
of adequate analytical tools are the reasons why an optimum design has not been
attempted and achieved as yet anywhere in the world. Under these circumstances
alternative criteria are often substituted which make the design problem
tractable yet lead to a suboptimal network whose effectiveness may be difficult
to assess.
One of the said alternatives is an exclusion of the benefit
contributed by the data from the objective function and its replacement either by
a constraint on the accuracy and reliability of the data, or by a constraint on
the information level supplied by the network. In this case the objective of the
design is to find a least-cost network, subject to a prescribed quality level of
the data, i.e. to optimize the network on the basis of its efficiency instead of
its effectiveness.
Moss (1982) lists several other surrogate criteria and
objectives.
One of them seeks to minimize the weighted sum of the error of
prediction that results from a data network and the cost of the network with the
prescribed weights being the key to the degree of deviation of the resulting
network from the true optimum, which is not known.
The simplest and possibly most widely used criteria in designing a
groundwater observation network are purely physical surrogate criteria such as
the minimum number of wells and/or observations, which are sufficient to ensure a
prescribed maximum error level of the product to be obtained from the network
(e.g. a contour map of a given variable or prediction of future values of a given
variable at some point in an aquifer).
In this case the relevance of :the
resulting network to the optimum, is merely accidental.
Finally, there are· the designs which are based on adherence to some
prescribed general instructions based on professional practice with no relevance
to a. specific quantitative criterion of the design.
5.4.5

-Relevant
- -. - - errors
.,.... - - -and
-

~r!o! ~e~s~r~s

As was already shown in sections 1.4 and 5.4.4, the driving force in data
collection is the reduction of losses owing to decisions based on incomplete and
inaccurate information.
Consequently, the design of an obs.ervation network as
part of a data collection programme must involve an identification of those
information errors which are affected. by the design parameters of the network.
Once these errors are identified, the task of network design is to select that
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optimal set of design parameters which extremizes the objective function while
satisfying the prescribed constraint.
Figure 8 shows that the process of
generating information is accompanied by an accumulation of errors which are
contributed by the various stages of the process. At least four categories of
errors are directly related to the design parameters of the network, namely:
(a)
(b)
(c)
(d)

Errors associated with measurements (e,);
Errors associated with basic data processing (e s );
Errors associated with the calibration-of forecasting models (e);
Errors associated with the generation of synthetic data records
(e. ,e,.).

An error is defined here as the difference between the estimated value of a
desired quantity and its true value. Thus, if Ztrue is the true value of an
observed quantity and Zm is its value estimated by a measurement, then
(15)
is the measurement error of Z. In general, measurement errors may be caused by
the technique (direct or indirect measurement), the measuring device (calibration
error, instability, drift, insensitivity, hysteresis, etc.), the observer
(reading error, interpolation error, out-of-range measurement), mis1ocation and
improper installation of the observation station (e.g. an observation well which
interconnects two different aquifers, inadequate contact of the observation well
with the adjacent aquifer); mistaken assignment of an observation post (well or
spring) to an aquifer, environmental conditions under which the observation was
made (e. g. insufficient duration of shutdown of pumping wells in the
neighbourhood of a water-level observation well), etc.
Some of these errors, or parts of them, may be spurious (i.e. resulting
from human mistakes or instrument malfunction), systematic (i.e. remaining
constant over time or varying according to a definite law when conditions change)
or random, (i.e. errors which vary in an unpredictable manner in magnitude and
sign when measurements of the same value of a quantity are repeated under the
same known condition~.
Spurious errors can be detected and eliminated by means of data-filtering
techniques (e.g. statistical outlier tests). Systematic errors, once detected,
can also be eliminated by correcting or replacing the measuring device, by
changing the conditions of measurement and/or by correcting the measured value.
Random observation errors, however, cannot be eliminated, but they can be reduced
in the statistical sense by means of repeated observations.
Indeed, let e, = S, + €, where S, and €, are the non-random and random
parts of the measurement error, respectively.
Subtraction of S, from the
measured value ~ yields a corrected observation
(16)
Substitution of (16) and (15) yields
(17)
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Now, let the measurement of Z be repeated and corrected n times under the
same known "conditions and let the mean of the obtained values be chosen as an
estimator, Ztrue' of the true value of Z.
By definition
n

/\

Ztrue

1

=

n

1
+ Ii ,I (e:,)J.'

I

Ii i=l

J.=l

(18)

Then, if the repeated observations are independent, we obtain. according to the
law of large numbers
n

lim

E [( Zm) corr.

n-+co

1.

=

,I (e:,) J.'

n ~=l

o

(19)

i.e. the expected value of the mean is the true value.
A common statistixal
measure of the estimation error is the mean square error (mse) defined by E(i Z)'. In our case

E [(Zm) corr.

- Ztrue]' :: Var (Zm) corr.

=

no'e:,

--nr-

=

o'e:,
11

Since the true value of the variance of the random error is not known it can be
estimated from the sample of the n observations as follows (Ven Te Chow ~.,
1954):
A

o'e:,

1

n-l

The estimated mean square error then becomes
1

n(n-l)

n
•
.I (e:,)J.'
J.=l

(20)

Thus, as the number of repeated independent and corrected observations of
the same value of a quantity increases, the mean value of the observations
approaches the true value and the mean square error of the estimated true value
decreases.
Usually, the true value of a groundwater state variable in an observation
well (e.g. water level, density, temperature) remains practically constant for a
short period of time under ordinary field conditions. Repeated observations of
the variable during this period can therefore be used to estimate the mean square
error of the observation as given in (20). Further details on observation errors
are given by Starosolszky (1982). Basic data processing includes operations of
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interpolation, extrapolation and numerical integration.
The conunon feature of
these operations is the estimation of the true value of a given quantity by means
of a function of observations on other quantities.
As an estimator. such a
function, referred to as a data transfer function, is likely to produce in each
individual case an estimation error. Since the true value is not known the error
of the estimated value is also unknown. Nevertheless, given certain reasonable
assumptions the statistical parameters of the estimation error can be estimated.
This is illustrated by two typical cases.
Suppose that the value of a variable or parameter at an unobserved point.
Y. is estimated by a linear combination of the values of that variable.
Yi (i = 1.2 •.•• K) observed concurrently at K observation wells. i.e.
(21)
1\

where ai are weights.

The error of the estimate is e. = Y - Y.

As in the case of the observation error, the quality of the estimator is
judged by the following measures:
(a)

The bias
E (e.) = lim{

~

lim e.

n--

I f E(e.)

:: E(Y-Y) = 0 the estimator is unbiased. Le. the mean value of the
estimation error approaches zero (in the statistical sense) when the estimation
is repeated on an increasing number of occasions.
(b)

The size of the estimation error
E (e.)

1\

E (Y-Y)

or

2

Let the expected value and variance of the variable at the ungauged
and gauged points be assumed identical. i.e.
(22)

Var Y = Var Yi

EY

which implies that the space is homogen~ous with respect to Y.
the mean square error of the estimator Y is given by
K

E( l: a.Y·-Y)
i=l ~ ~

K

2

Then

2

l: a· VarYi + VarY
i=l ~

+

2

K
l:

i=l

(23)
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Since the values of the variances and covariances are not known they can
be estimated from a sample of sets of observations Yi (i = 1.2 •.•• K) at the K
points by means of a variogram (O'Connell. 1982). The mean square error of the
point interpolation function (21) thus reduces to a function of the weights ai'
the number of the observation points. K. and their relative positions. All of
them are design parameters of the network.
The second case deals with the error of estimation of an areal value.
Consider. for example. an aquifer cell of a given size and shape. An operating
rule prescribes the pumpage from the cell in any year as a function of the
average groundwater head in the cell at the beginning of the year. This average
has to be estimated from observations of water levels located within the cell.
Let K be the number of observation wells and let n be the number of observations
made in each well within a time interval t ± Ot/2 centered at the required time
point t. The actual average head in the cell at the t~me t is gt. whereas its
estimate on the basis of the n x K point observations is H.
Let Hti . denote the value of the head. H. obtained from the jth sample (j
= 1.2 ••.. n) a( the i th point (i ~ 1.2 ••.. K). Assuming that the point data are
randomly distributed about the actual average Ht the relationship between them
can be represented by the model:
(24)

€ti is a random deviation which depends on the location of the observation well
only whereas ~tij also depends on the time of observation. The statistical
parameters of € and D are assumed to be common to all points within the cell and
within the time range Ot. and they are given by:

p,(i.i') is the coefficient of cross-correlation between observations in
the wells i and i ' • p,(j.j') is the coefficient of serial correlation between
observations at the time j and j'.
Equations (25) state that observations made in the same well at different
times or at the same time in different wells are statistically correlated.
whereas observations made in different wells at different times are
uncorrelated.
i.e.

An unbiased estimate of Ht is the average of the n x K point observations,
1
nK

K
L

n
L

i=l j=l

K
L

i=l

K
L

n
L

i=l j=l Dtij)

(26)
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and the mean square error becomes

[~

2

+-

K

K-l

L
Pl(i,i')]
K' i=l i'=i+l

2

n-l

n'K

j=l

L

L

L

(.

~

")

n
j'=j+l
P, J,J

(27)

or
1 (VarE +

1 Var~) + ~
n

K

+

-1....
n'K

K'

n-l

n

L

L

j=l j '=j+l

K-l

K

i=l

i'=i+l

L

L

c.ov(~iJ' '~iJ")

which shows again the dependence of the mean square' estimation error (or the
variance of the estimation error in the case of an unbiased estimator) on the
design parameters of the network, namely, the number and configuration of the
observation points in a cell and the number of observations at each point within
a time interval.

0:,

As in the previous case, the statistical parameters (either o~,
P" P,
or the variances and covariances) must be estimated from a sample of observations
by employing data transfer functions.
In the absence of such observations the
estimation of the parameters can also be based on data transfer models.
The processed data serve among others as historical data for estimating
both the coefficients of various hydrologic models and the statistical parameters
of random input data to those models.
Consider, for example, a decision rule
according to which the annual pump age from an aquifer cell is constant and equal
to its long-term mean annual value under steady state conditions. The problem
becomes one of estimating this value.
Suppose, for illustrative purposes, that the pumpage from the cell in any
year i is related to the other components of the groundwater volume balance in
the cell by means of a linear model of the type
(28)

where Ri , J i and (~U). are measurable quantities, i.e. annual volume of
precipitation over the cell area, mean annual slope of the groundwater head from
the cell outwards and annual increment of groundwater storage in the cell,
respectively.
a, ~ and S are hydrologic parameters and u is a random residual
due to measurement errors in P and errors in the specification of the model. R
is an inherently random variable.
It will be assumed that
EUi = 0 for all i
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_ {i for i=s
°is - 0 for i~s
Cov(u,X) = 0

for X = R, J,

~U

(29)

ER i = ER :: J-lR
VarR i = Var R
for any

i~j

i.e. residuals in different years are not correlated, the mean and variance of
the annual volume of precipitation are constant in time, and the value of
precipitation in one year has no effect on its value in another year.
The required long-term mean annual pumpage under steady state conditions
is given by:
EP :: J-lp = UJ-lR - Q

(Q :: ~J)

(30)

If Q (the mean annual outflow from the cell) is prescribed, only U and J-lR
must be known to determine J-lp •
Both a and J-lR can only be estimated. In the absence of data the estimates
can be based on some prior, possibly indirect and subjective, knowledge.
However, as soon as relevant data become available they can be used to revise the
prior estimates and to reduce the risk associated with the estimation error (see
section 1. 2) •
Suppose that T years of operating the network will produce T processed
data sets Pi' Ri , J i , which belong to the model (28) and represent a system of T
equations:
(31)

where

are deviations of the processed data from their true average values. Suppose,
for example, that the processed data are obtained from point observations by
means of the data transfer model presented earlier in equations (24) through
(26). Then, by (27) and (29):
JI

0

VarRi = Var(Ri+Ri ) =

(1
A

+ ~

n-l

,

aR
n

A-

K

);
);
+ l[a'(l+~
p,(r,r l ))+
K _'
K r=l r'=r+l

);
t=l t'=t+l P, (t, t' ~RJ
);

K-l

,

a,

n
(32)

Now, let a and J-lR be chosen as linear unbiased estimators of a and J-lR'
i. e. :
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T
l:

A

a

i=l

'ilR = T1

CaiPi' Ea' = a
T

A

T

T

A

" = 1 l: ER
R EIlR = T1 l: ER
i
T i=l
i=l iJ
i=l
l:

(33)

IlR

Note: E(O) = 0 by (25)
likewise

A
~

=

where cai' cSi and csi are coefficients (yet to be determined) which satsify the
condition of unbiasedness.
The estimator of EP is chosen to be (see (30»
1\

,,1\

EP = a IlR - Q,

Q

constant.

The estimation error of EP is then
/\

EP - EP =
(34)

(35)

By (34), (33) and (32):

Var

/\

E

IlR

= Var IlR

1

/\
T
l: Var Ri = 1 (Var R + Var
T' i=l
T

R)

(36)

Let a, ~ and S be least square estimators of a, ~ and S. Then, neglecting the
restrictions caused by introducing the data processing errors (0) in (31) we have
(Maddala, 1977):

= Var

~ = 0'( i=l
I

c,.)
a~

Finally, substitution of (33), (36) and (37) into (35) yields:

(37)
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A

E(EP - EP)

,

",

= [(a)
=

+ Yar E:al • Yar E:)lR +

t[( I

+
i=l coP)'
a~ ~

o'(Ii=l

...
()lR)

,

'Yar E: a

c,)]
a~

,
1 [ 0,,(1 +K2 K-l
K
• {0R+K
I
I
p,(r,r'))
r=l r'=r+l

,

+

0,

n

+0'
T'

1 + ~
n

n-l
I
t=l t'=t+l P,(t,t'»)]}
R

¥

"A)

T ",
T
I R + 2 T-l
I
I
RoRo T
I c'
i=l j=i+l ~ J i=l a~
i=l i
0

(38)

It can thus be concluded that the mean square estimation error of the
long-term mean annual pumpage depends, among other things, on the number of
observation points of each observed variable (K), on the number of observations
made at each observation point around a given time in the year (n), on the length
of the observation period (T) as well as on the correlation between the different
variables, between observations of the same variable at different points and
observations of the same variable at the same point at different times.
An increase in the length of the observation period (T), in the number of
observation points (K), and in the number of observations at each point (n),
reduces the mean square estimation error of the planned pumpage. On the other
hand, correlations between observations contribute to an increase of the mean
square error.

The task of network design is to select that set of values of the design
parameters (see output in Fig. 7), for which the objective function of the design
(Section 5.4.4) obtains its desired extreme value (minimum or maximum) while
satisfying the prescribed constraints.
Although the method of design may vary
from one case to another it is advisable that the design process be carried out
through a logically coherent sequence of steps as outlined below.
Step 1:

COLLECT, ORGANIZE, CONDENSE, QUANTIFY AND EYALUATE THE INPUT TO
THE DESIGN PROBLEM (SEE FIG. 7)

The outcome of this step is a quantitative definition of the task at hand,
whether it is one of redesigning (e.g. reducing) an existing network or designing
a new one, for what purpose, under what terms (e.g. constraints, criteria), at
what level of detail, etc. Even though many items of the relevant professional
information may be missing, this step is indispensable as it clarifies the
problem situation. In this connection, it is worthwhile noting that quite often
network designers tend to start the design process with the formulation of a
problem which suits an available technique. The resulting design may then be a
right solution to a wrong problem.
Quoting Moss (1982), "the process of
designing a hydrological data network is often almost completely unrelated to the
principles of the optimum network. Frequently •••. the availability of a technique becomes the controlling influence of the network as opposed to the data
needs that the network is established to satisfy".
Network designers should
therefore be encouraged to invest a major effort in defining the design problem
before rushing to the technique of solving it.
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Step 2:

SUBDIVIDE THE ENTIRE REGION
OBSERVATIONAL SUBREGIONS

(OR

COUNTRY)

OF

INTEREST

INTO

The purpose of this step is to identify and delineate areas which are
homogeneous
in the
sense of administrative jurisdiction, hydrogeologic
continuity, similarity of hydrogeologic characteristics, state and behaviour,
common purpose of observations and priority as it is determined by the scope and
timing of the required decision.
Step 3:

RELATE DECISION· ERRORS
HYDROLOGIC INPUT DATA

IN

EACH

SUBREGION TO

ERRORS

IN THE

A decision error is defined here as the difference between an optimal
decision based on the available information and the true optimal decision based
on perfect information.
An error in a hydrologic quantity is the difference
between the estimated value and the true value of the quantity.
This step is
performed for each type of decision and for each of the various purposes which
the network may serve (see section 5.2).
A prerequisite for Step 3 is the
availability of models which relate decisions to groundwater pertinent
information (item 2 in the input. Fig. 7).
Let d opt (H) = f(H, ,H" ••. Hie') be an optimal decision as a function of the
true values of K hydrologic quantities, Hi' (i=l,) •••• K). Let the available
optimal estimates", of these 'huantit).e~
",be R.. The value of d which
7orresponds to the Hi'S is dopt(H) = f(H"H, •••• HK). wtere as the decision error
J.S

'"

€d = dopt(H) - dopt(H)
Denoting the error in the value of a hydrologic quantity Hi by
i = l,2, ... K

we obtain

which is the required

relationship.

It is worthwhile noting that an analysis of the sensitivity of the
decision error to the various errors in the hydrologic input data (€i) can serve
as a basis for assigning weights to a unit error in each of the data categories.
Obviously. these weights may vary with the values of the data· and with their
error levels.
.

Step 4:

FORMULATE STATISTICAL MODELS WHICH RELATE THE· REQUIRED HYDROLOGIC
(INPUT) DATA AND THEIR ESTIMATES TO OBSERVATIONS
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The required hydrologic data (see Hi above) may be values of constants,
variables and parameters (see sections 4.1 and 5.4), either local or averaged
over finite domains in space and time.
Observations, however, are discrete in space and nonsimultaneous in time.
Moreover, the quantities observed may even differ from those which are supposed
to be measured (e.g. observations of electrical conductivity to infer estimates
of salinity).
Models are therefore needed which transform the actual
observations into estimates of the required data.
These models belong to the
category of data transfer functions which have been discussed earlier in section
5.4.5. The selection of the functional form of such a model (one for each of the
quantities) may be based both on theoretical knowledge and on considerations of
technical convenience. In any case, the model will contain the design parameters
of the network (see examples in section 5.4.5).
Step 5:

EXPRESS THE TOTAL ESTIMATION (OR PREDICTION) ERROR IN EACH OF THE
HYDROLOGIC (INPUT) DATA AS A FUNCTION OF THE ERRORS IN THE DATA
TRANSFER MODELS AND OBSERVATION ERRORS (SEE EXAMPLES IN SECTION
5.4.5)

Step 6:

ASCRIBE STATISTICAL DISTRIBUTION FUNCTIONS TO THE VARIOUS ERROR
COMPONENTS LISTED IN STEP 5 AND ESTIMATE THEIR PARAMETERS

Step 7:

COMBINE THE RESULTS OF STEPS 5 AND 6 AND DERIVE THE JOINT DISTRIBUTION FUNCTION OF THE TOTAL ERROR IN EACH OF THE HYDROLOGIC
(INPUT) DATA

Steps 6 and 7 are mandatory for designing an optimal network. If a suboptimal network is designed (e.g. least-cost, see section 5.4.4), some statistical measure of the error such as mean square error may suffice without specifying
the distribution"function. In any case, the statistical parameters of the total
error will depend on the design parameters of the network.
Step 8:

FORMULATE THE OBJECTIVE FUNCTION OF THE DESIGN AS A FUNCTION OF
THE PARAMETERS OF THE NETWORK (SEE OUTPUT IN FIG. 7)

The objective function is the "driving force" of the design. Its formulation is determined by the selected design criteria, the available information,
the know-how of the designer, time constraints, technical and budgetary
constraints, etc. Depending on the choice of the objective function the resulting design is optimal or suboptimal.
More details concerning the role of the
objective function in the formulation of the network design problem are given in
the next section.
Step 9:

CHECK, UPDATE AND REFINE THE CONSTRAINTS

The foregoing steps may have required the adoption of assumptions and
conditions which have not been included in the first step. These may require a
modification of the original constraints on the design"parameters of the network
and a check of its compatibility with other parts of the observation programme.
Step 10:

USE THE OBJECTIVE
PRESENT NETWORK

FUNCTION AND CONSTRAINTS TO EVALUATE THE

The information derived from this step is supposed to serve the decision
maker as a reference measure when he will compare the anticipated advantage from
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modifying an
quantified.
Step 11:

existing

network

against

disadvantages

which

have

not

been

DERIVE AN OPTIMAL SET OF VALUES OF THE DESIGN PARAMETERS OF THE
NETWORK SUBJECT TO THE CONSTRAINTS AND ESTIMATE THE CORRESPONDING VALUE OF THE OBJECTIVE FUNCTION

This step may be repeated several times, whereby the set of values of the
design parameters is gradually improved until a satisfactory level of the
objective function is obtained.
Step 12:

ALLOCATE RESOURCES TO THE VARIOUS DATA CATEGORIES AND NETWORK
MANAGEMENT ACTIVITIES (DEVELOPMENT, OPERATION, MAINTENANCE AND
CONTROL)

A policy of ne.twork design is defined here as a set of criteria and
constraints which provides a framework for decisions to be made in the process of
designing the network. These decisions pertain to the mathematical model of the
design problem, the method and procedure of solution, the data to be used, etc.
A policy of network design is characterized by the role it assigns to the
benefits from the observations provided by the network, the cost of the network
and the errors in the data obtained from the observations.
Figure 9 presents some typical network design policies along with the
major mathematical functions and methods required for designing the network in
each case. Three types of networks emerge from the policy alternatives:
(a)
(b)

(c)

The optimal network which is governed by both benefits and costs,
while the error level, is a design parameter;
Optimally designed suboptimal networks which ignore the benefit from
the observations and either minimize the cost or the network subject
to a prescribed error level or minimize the error level subject to a
budgetary constraint;
The common network which is governed by prescribed requirements and
guidelines concerning the spatial and temporal pattern of the
observations and their level of accuracy.
Budget may also be a
common constraint. A distinct feature of the common network is its
reliance on accumulated professional experience rather than on
formal methods.

Following is a list of some mathematical methods which can be employed in
designing a groundwater observation network:
(a)
(b)
(c)

Correlation and cluster analysis which can be used for dividing the
region of observations into relatively homogeneous hydrogeologic
subregions (Duran and Odell, 1974);
Regression analysis and krigging which can be used to regionalize
point data and to assess errors in estimating processed data and/or
point data at unobserved sites;
Statistical inference, which is used to estimate statistical
distribution parameters of a population.
The methods include
classical inference (i.e. classical estimation and hypothesis
testing) which are based on sample information alone and Bayesian
methods which also take into account ·a prior distribution;

Policy characteristics
Type of
Network

Objective
Benefit
reduction

Cost

of risk)
Unconstrained
optimal network

Maximum expected net
benefit from the
observations

Measures
of error
level

Relevant
functions

Loss function

Criterion

Cost function

Criterion

Observation-data

transfer functions
Decision....data
relationships
Prob. Distr. of errors

o
P
T
I

in the above as
functions of network
parameters
Prior observations

M
A

L

Methods of
network design

Regionalization
methods (correlation,
regression, krigging,

etc. )
Statistical decision
theory
Bayesian methods
Optimization method
simulation

and/or knowledge
Budget-constrained
optimal network

As above, under a

Criterion

Constraint

"

budgetary constraint

"

~

H

:;::
H

Z

Error-constrained
least-cost
network

Satisfy a prescribed

Criterion

Constraint

error level at

minimum cost

S
U

B

o Budget-constrained
P
T

minimum-error
network

Minimize the error
level under a given

Constraint Criterion

Cost function.

Observa- Regression analysis
tion data transfer
Regionalization
Optimization method
function. Parameters
of estimation error as
function of network
parameters

.

budget

~

g

1ZI
H

~

Classical statistical
inference. Optimization methods

I
M Error-constrained

A

minimum network

Satisfy a prescribed
error level of the

Constraint

data with a minimum
of observations

L

Constrained common
network

Provide observations
subject to prescribed
configuration and
accuracy constraints

Parameters of estimation
error as function of
network parameters

Constraint Constraint

"

Classical statistical
inference. Ad hoc
solutions based on
general guidelines

...
\D

Figure 9 - Network design policies and methods
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(d)

(e)

(0

Statistical decision methods which associate the error in estimating
statistical parameters to losses and risks and seek estimates which
extremize some criterion of total expected loss or net benefit.
Special attention is devoted at present to Bayesian decision
analysis which evaluates the benefit from data in reducing risk by
taking into account prior information and risk levels;
Mathematical programming techniques for direct optimization of
solutions;
Simulation techniques.
Details concerning the various methods can
be found in the professional literature (see list of references).

More information about application of some of the above methods in
hydrological network design can be found in Operational Hydrology Report No. 8
(WMO-No. 433), Operational Hydrology Report No. 19 (WMO-No. 580) the WMO Casebook
on hydrological network design practice (WMO-No. 324), in Sanders et a1., 1983
and in Van der Made, 1986.

Following is a simplified example which illustrates the essence of a
formal approach to the network design problem (Ben-Zvi and Bachmat, 1980).
Although the example does not cover all the steps of the preliminary network
design process listed in section 5.4.6, it does show how the various policy
alternatives lead to different networks with different degrees of effectiveness.
Statement of the Problem
Let C denote a state variable of groundwater quality (e.g. total salinity
or concentration of a specific solute) such that the utility of groundwater
management operations depends on the resulting distribution of C in both space
and time.
An exact forecast of such a distribution would require an analytic
solution of an appropriate differential equation subject to given fields of
parameters and source functions as well as given boundary conditions and a given
initial distribution of C (Bear, 1972).
There is no general method for deriving an analytic solution for C. Also
the initial (or present) values of C as well as the relevant parameters can be
measured only at a finite number of sites and not always simultaneously.
Therefore, in order to reduce the error of prediction, it is customary to adopt a
numerical model of the system whereby predictions are made of average values of C
over finite spatial domains (aquifer cells) and finite time intervals (= time
steps).
Let k denote the number of sampling sites in a cell and let n denote the
number of samples taken at each site within a time interval (t - Ot/2. t + Ot/2).
L = (n,k) is the set of decision parameters which characterize the sampling
programme of C. The actual average value of C within the cell at the time t is~C.
whereas its estimate on the baXis of the point samples within the cell and within
the time interval t ± Ot/2 is CL(t).
A
The difference between the actual average and its estimate carries a loss
a(CL-~)' As this is a random quantity one cannot evaluate the loss in each
particular case. But, givenAa statistical model, one can evaluate the expected
loss over the population of CL• The latter, denoted R(L), is referred to as the
risk at the level of information supplied by L.
By definition
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A

R(L) = E a(C L - ~).

(39)

'C L

Obviously. R(L) can be reduced by increasing both the number of sampling
sites and the number of samples. This. however. is counteracted by the cost of
the program. CS(L).
The problem of designing an optimal sampling programme can thus be stated
as follows:
Given an aquifer cell A and given a time interval T: (t - Ot/2. t + Ot/2).
find a sampling program L = Lopt _ L(Kopt,nopt) such that
F(Lopt )

=R(Lopt )

+ CS(L opt ) = min. within A and T.

(40)

Since R decreases and CS increases with L the problem must have a solution.
Procedure of Solution
Solution of the above problem necessitates the adoption of three models:
(a)

(b)
(c)

A statistical model which relates an observation of C at any point
within a cell and within a given time interval t ± Ot/2 to the
corresponding actu~l average. Ct
A loss function a(C L - ~t)
A cost function CS(k.n).

The statistical model serves to derive the estimate. CL • from point data
of the sampling programme and to express the variance of the error CL-C in. terms
of the decision parameters k and n.
This variance, together with the loss
function. can be used to evaluate the risk (1) as R(k.n). Finally. R(k,n) and
CS(k,n) determine the objective function (2) which can be solved for Kopt and
nopt by one of the available optimization techniques.
Statistical Model
Consider a set of k sampling points in a cell with n samples taken at each
of these points during the time inttrval Ot centered at t. Let Ctij den~te the
value of C obtained from the jt sample (j=1,2, ••• n) at ttle it point
(i=1,2 •••• k). We shall assume that point data Ctij are randomly distributed
about the actual average ~t in the form:
(41)

Eti is a random deviation which depends on the location of the sampling point
only. whereas ~tij also depends on the time of sampling. The statistical
parameters of E ana ~ are common to all points within the cell and within the
time range at. and they are given by:
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,
,"

Ee =

a

var e =

0

Ell

a

var 11 =

0"

cov(e,ll) =

cov(ei,ei') =

a

for i # i'

cov(llij,lli'j') =

a

for any i = i'

a

(42)

or j # j'

An unbiased estimator of Ct is the average of the n x k point

observations, i.e.

k
l:

n

l:

j=l

k
l:

¥

i=l j=l .ll t :L·

i=l

J')

(43)

(44)

Indeed, by (42), EC t = Ct.
By (42) through (44):
~

~t)

l'

= K (0,

,
+ a,/n)

(45)

where o~ is the variance of the error in estimating Ct.
Loss Function and Risk
In general, the loss due to the estimation error may vary with the level
of the actual average concentration. Also, for a given magnitude of the error
the loss due to an underestimate differs from that of an overestimate.
An
example of a loss function which possesses the above characteristics is given
by:
(46)
where
h(u) = {

u for

a

a
<a

u:2:

for u

A, (C) and A,(C) are monetary values of losses incurred to the water resources
management due to a unit of underestimate and overestimate of the average
concentration in a cell, respectively.
Obviously, A1 and A, may be stepwise
constant over given intervals of C.
For the sake of illustration let us consider the following simple model:
A A,
"

= const;

1\

CL -

C~

N(O, 0t)

i.e. the estimation error is normally distributed.

(47)
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Substitution of (46) and (47) into (39) yields the risk function

(48)

R(L)

Cost Function
The cost of a sampling programme includes the cost of construction and
maintenance of sampling posts, acquisition and maintenance of equipment,
sampling, laboratory analyses, reporting and primary processing of data, design,
.review and updating of the programme; inspection and control, and administrative
services. Altogether, the cost can be evaluated on the basis of a time interval
over which the average values have to be estimated. A possible form of the cost
function is:
a
a
a
a
CS(L) = Cok 0 + C,k ' + C.(n'k) • + C3 (n'k) 3 + '"

(49)

where ai (i=1,2, ••. ) denotes parameters which have to be evaluated on the basis
of professional expertise. As a rule 0 ~ ai ~ 1, reflecting the fact that the
marginal cost of each component decreases with the size of the programme.
The case study presented below employs the simple model
CS(L)

=CS(n,k)

= Cok + C,nk

(Co + C,n)k

(50)

where Co is the cost of a sampling well per time interval of sampling. Thus, if
C is an average annual concentration then Co = liN where I is the cost of
construction and maintenance of a sampling well during its lifetime, while N is
the lifetime of the well in years. C, is the total cost of an observation.
Optimal Program
substitution of (48) and (49) into (40) employing (45) yields in this case
the objective function

F(n,k) =

1

2
1
2
1
[ <t<: (0, + o./n)J

1 "2

+ (Co + C,n)k

( 51)

Minimization of F (as if nand k were continuous and differentiable)
yields the optimal sampling programme:

(52)

=J L [1/2(I>.,+I>..)O,J'
I 2TT
Co
J

•

(53)
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Constrained least-cost programme
At early stages of development of the water resources management system
evaluation of the risk may present a difficulty. In this case the risk function
can be replaced by a constraint on the variance of the estimation error,
The
design problem is then reduced to finding a constrained least-cost program, as
follows:

at.

,

Given:

aL' CS(n,k)

Find:
Such that:
Subject to:

(54)

,

aL

,

= (0 ,

,

+ a,/n)/k

In the particular case of CS(n,k) given by (50) we obtain

(55)

It is worthwhile noting that the imposition of a constraint on the variance
of the estimation error is also justified when the penalty for violating the
constraint is so high that the optimal programme must practically obey it.
Const::...aiEe~ ~stim~t~I1.-e£.I"~in_te.Em~ ,£fJ'::...e'Lctib.il<!.l!£'cJ:!::...aqy .1'f,lli_r~ial2j.li1;y

Minimal programme
Users of data often prefer to express their requirements regarding the
quality of the data in terms of prescribed levels of accuracy and reliability
instead of the standard deviation of the error. With reference to our problem,
let us consider the absolute value of the deviation CL-~ as a measure of the
accuracy of estimating~. By Chebyshev's inequality (Rao, 1967):
.
(56)
where ~ is a~given level of accuracy. Equation (56) expresses the idea that the
deviation ICL-~I exceeds the value ~ in no more than (aL/~) x 100 per cent of
cases, on the average. Equation (56) holds for any distribution function of the
estimation error.
Now, let the requirement of the recipient of the data be given by:

(57)
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where A isa prescribed bound on accuracy and I-a is a prescribed reliability
level of that accuracy. Equation (57) will always be satisfied if:

Attempting-a minimal program (in terms of nand k) which is sufficient to
satisfy the requirement (58) we obtain the constraint:
(58)

,a can

at

A

thus be used as a substitute for
in determining the least-cost
programme given by (55). Also, by combining (45) and (58):
,

1

A a = k-

(0

,
1

,

(59)

+ o,/n)

'Equation (59) can be used to evaluate the quality of the data supplied by a given
sampling programme or to review options of minimal sampling programmes which
satisfy prescribed levels of accuracy and reliability of the data supplied by the
programme.
This practice is particularly useful whenever financial data
pertinent to the worth and cost of the programme are either lacking or highly
unreliable.
Estimation of parameters
Selection of an optimal sampling programme by any of the methods outlined
above requires that the variances of the random fluctuations of observations in
space and time, o~ and
be known. Actually, these parameters have to be
estimated by employing various possible sources of information (e.g. historical
observations of concentration in the region of interest, transfer of information
by inference from other regions or other kinds of data, etc.).

0:

Consider the entire sample of historic observations around the time points
t = 1,2, ... T.
Assuming that the variance of point observations at a sampling
point, 0', is independent of the time t, we can estimate 0' by the residual sum
of squares of the deviations:

0'

=var Cti • = .t=lTI
A

[

k
I

i=l

(C,

tl.

-

(60)

where
,
Ct 1.

0:

1

n

n
I

j=l

CtiJ·, Ct

= r.1
1<.

*
..

i=l

Ct <
~

(61)

The estimate of
= var ~ is obtained by considering all historic deviations of
local observations at each sampling point from their average, for each t
separately:
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-

T
~

k

n

~

(62)

~

[ t=l i=l j=l

By (3):

0' -

var Cti . = var €ti + var
,
0,

1

(63)

~ti.

n

+ var (n j;l ~tij) =

"
0,

+ o,/n.

Hence:

"',
0,

° - "'1
o,/n

I\z

(64)

Case study
The methodology described above was implemented in designing a new
groundwater quality sampling programme in the coastal aquifer of Israel.
The
aquifer is subdivided into rectangular cells corresponding to a numerical model
for simulating flow and transport of solutes.
Observation wells in each cell
have been sampled for chlorides twice a year, a routine that was based on
tradition and budgetary constraints.
A new design aimed at maximizing the
utility of the programme to groundwater management was based on the following
data:

Q• P
where Q is the annual pumpage from a cell and P is the loss per unit deviation of
the mass of chloride in the pumped water from its planned value (in $/(Q • ~C).
The value of P was estimated to be 40 ~~~$~----~
(MCM/Y) • mgll
The value of Co was estimated on the basis of the formula:
Co =

El
T

where. I is the cost of the well, p is the fraction of I needed to prepare and
maintain the well suitable for sampling purposes and T is the lifetime of the
well. With I = $6000, P = 0.1 and T = 15 years
Co

= $40·
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The annual cost of an observation was estimated to be:
C, = $10 ($7 field work and $3 lab analyses & reporting).
Table 1 presents a comparison of three sampling programs in a set of
cells:
The previous (old) programme
The optimal programme
50 mgCl/liter
A least-cost programme subject to the constraint (~ : 0.1
TABLE 1
Comparison of alternative sampling programs

Cell
Q
No. MCM/Yr

Parameters
0,

13
15
18
22
42
43
44
45
48
49
51
52
74
75
76

.21
.28
3.15
.19
9.70
10.20
7.62
10.20
.35
.46
1.92
1.32
7.89
11.5
2.03

0.

Previous
programme
N=2
K

F
($)

396
38 38 4
272
24 13 6
297 343 4 19514
382
27 19 5
3
6 6 1016
27 18 3 5790
14 21 11 2156
6
6 4 1436
540
25 19 7
14
8 6
450
19 24 7 1010
42 26 18 1535
52 23 6 5960
2 3
883
3
304
7 12 3

Least-cost programme
Optimal programme
ex = 0.1
K n

2
2
45
2
4
21
10
8
2
2
5
7
28
5
2

2
1
3
2
4
2
3
2
1
1
3
2
1
1
1

F, 6F,=F-F,
($)
340
250
8430
236
976
3335
2124
1323
342
266
990
1131
4100
839
265

56
22
11084
146
40
2455
32
113
198
184
20
404
1860
44
48

K

n

17
4
1168
7
1
7
3
1
7
2
5
16
20
1
1

2
1
3
2
4
2
3
2
1
1
3
2
1
1
1

F.
($)

6 = 50
6F =F-F F.-F,
• ($) • ($)

-464
520
860
-6
278
28
74783 -55269 66533
-69
215
451
2134
3110
-2094
1537
918
4253
2763
-607
639
3666
-2230
2343
500
40
158
266
184
0
990
20
0
1336
199
5
1760
100
4200
1370
-487
531
283
21
18

The annual benefit from replacing the previous programme by any of the new
programmes is given by: 6F, = Fpld - F,(Lo~t). 6F, = Fold - F, (least cost L).
whereas the loss due to the replacement of" risk by a constraint is given by
F, -F,.
It is worth noting that since Co and C, are estimates, an evaluation of
the sensitivity of the optimal sampling programme to perturbations of these
estimates, as a means for assessing the worthwhileness of revising these
estimates, is advisable.
A more rigorous approach would treat A as a random
variable.
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Section 5.4 dealt with the preliminary design of the basic network with an
emphasis on the availability of formal quantitative methods which can improve the
design process. Needless to say, the preliminary design phase must also entail
the other components of the observation programme (see section 5.1).
The final product of the preliminary design phase is a report which
describes the design process for each component of the programme and presents the
resulting configuration of the programme and values of its quantitative
parameters •
. The report is concluded by a set of recommendations for the detailed
design of the programme. Among the recommendations should be a proposed plan and
schedule of activities, an estimate of the required budget and prospective team
for executing the detailed design phase;
The report is submitted to the same authority which requested the
preliminary design and has the power to decide whether there is enough confidence
to move to the next phase or whether there is a need for some revisions. It is
assumed that the authority will make its decision after an adequate unbiased
professional review.

C HAP T E R

6

DETAILED DESIGN
6.1

General

The preliminary design of a groundwater observation progrannne provides a
framework for the detailed planning of each element .of the progrannne (see section
2.2).
Thus. while preliminary design calls for the implementation of
mathematical techniques which seek optimal solutions "on the average" (e.g.
spatial density of observations). it is the task of the detailed design to come
up with specific solutions (e.g .. location of individual observation points) which
also take into consideration additional factors and conditions which cannot be
treated by formal methods. Accordingly. detailed design of theprogrannne should
be .viewed in terms of stages, accompanied by a gradual development of the
network. Information derived from an observation point at a given stage should
serve as an input to the next stage of the design. and so on. Also. detailed
design must rely heavily on accumulated field practice which can be found in the
professional literature. such as the Guide to Hydrological Practices. WMO (1981).
the Unesco International guide on groundwater studies (1972). etc.
For this
reason, one should consider this chapter only as a concise summary of general
guidelines on the relevant items.
6.2

Detailed design of the basic network

Observation of groundwater levels and sampling. of groundwater for water
quality determination are the major operations in a .groundwater observation
network.
The selection of observation sites in the common network is usually based
on the following considerations:
(a)

(b)

(c)

Geostratigraphic zoning
If several aquifers are present in the area with differing
piezometric heads and/or different chemical composition or differing
concentrations. separate observation wells must be installed in each
aquifer;
Coverage of spatial heterogeneity
Each aquifer should be subdivided into zones of relatively common
major characteristics that influence the hydrodynamic and
hydrochemical balance and regime of the groundwater (relief,
vegetation. soils, lithology, degree of natural drainage, thickness
of the zone of aeration, confinement, porosity, transmissivity or
hydraulic conductivity, intensity of recharge and discharge, T.D.S.,
temperature. concentrations of major ions, etc.).
At least one
observation well should be placed in each zone. The zoning may be
both horizontal and vertical,
Hydrogeologic continuity
The spatial density of the network is supposed to be determined in
the preliminary design phase. If this has not been done by one of
the formal methods it is recommended that the distance between any
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(d)

two observation and/or sampling points be much smaller than the
distance over which the hydrogeologic characteristics of the aquifer
can be extrapolated;
Coverage of boundary conditions
Pervious lateral boundaries should be dissected into "typical
stretches and pairs of wells should be placed on short lines normal
to the boundaries for the sake of computing the slope of the
piezometric head.
At the subsurface boundary, with no
discontinuities, there should be one well on each side of the
boundary. At a surface water boundary both wells will be located on
the same side of the boundary.
I f the latter is penetrating the
aquifer partially, the well closest to the boundary should be
installed at a distance of 1. 5 to 2 tiiiles the saturated thicknes!l
away from the boundary . This will eliminate errors, which result
from neglecting the vertical flow component near the boundary (Bear,
1979) •
Observation wells near surface water boundaries can also serve
the purpose of evaluating the hydraulic diffusivity T/S on the basis
of water level fluctuations in the walls and in the surface water
body.
The distance from the boundary to the most distant well
should be somewhere between

0.5,(~

(e)

(f)

t

and

1.0,(~

t

where t is the time over which the most significant change in water
level at the boundary occurs (Unesco. 1972).
The aforementioned
also applies to the neighbourhood of a spring or the seashore.
Observation wells near surface water bodies may also serve the
purpose of monitoring the position of interfaces or transition zones
between the groundwater and the water in the adjacent water body if
the latter is of a different chemical composition (e.g. seawater).
Whenever two aquifers are separated by a semi-pervious layer,
close pairs of observation wells should be placed one above the
layer and one below it for monitoring the leakage from one aquifer
to the other.
The exact configuration of fixed impervious boundaries is never
known. It is therefore recommended that pairs of observation wells
be placed on short line normal to the boundary for monitoring the
slope of the piezometric head at a number of typical points along
the boundary.
Satisfaction of prescribed error levels
Most of the suboptimal networks (see Fig. 9) are designed subject to
a constraint on the. accuracy and reliability level of estimation
errors and/or errors of prediction of water levels, solute
concentration, permissible pumpage, etc.
Formal methods which
determine that the required density of observation points meet those
constraints have already been discussed in sections 5.4.3 and
5.4.8.
Utilization of existing wells
Groundwater level observations are made in small-diameter wells
termed piezometers which are specially drilled and constructed for
this purpose.
It is usually not recommended to use large pits or
production wells as water level observation wells in as much as the
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piezometric head measured in them may differ from the one in the
adjacent aquifer due to local head losses in the pumping well and/or
to the storage of large-diameter wells or pits.
However, under
certain conditions such as limitations of budget and/or high spatial
density of production wells, it may be possible and even useful to
incorporate carefully selected production wells in the groundwater
level observation network.
Wells that have been drilled for various purposes in the past
and abandoned (e.g. exploration for oil or gas, geophysical surveys)
may also be considered as potential observation sites.
Thus, the
selection of observation sites should be preceeded by a thorough
survey of existing wells.
A prerequisite for incorporating an
existing well in the network is a reliable identification of the
aquifer to which the well belongs. If the well is a dug well, i t
may be considered for incorporation in the network, provided the
depth of water column in the well exceeds the seasonal water-level
fluctuations.
If it is a pumping well, the circular space between
the outer casing of the well and the pump column should be large
enough to allow free passage of a measuring tape or cable to the
water level in the well (or use of pressure air line) for measuring
depth to water level.
Following is a list of additional conditions for incorporating an existing
well in an observation network:
1)
2)
3)

4)

5)
6)
7)
8)

Fit of the location of the well to the geometric pattern of the
network;
Possibility and right of access to the well for measuring depth to
water at desired frequencies and for making the necessary provisions
for such measurements;
Possibility to ensure sufficient duration of shutdown prior to
making an observation (to allow recovery of the local cone of
depression). The latter condition is also valid for an observation
well if it is located within the radius of influence of a pumping
well;
Possibility of measuring depth to water in the well at the desired
level of accuracy. A common obstacle to that is the presence of a
layer of lubrication oil above the water whose depth is unknown or
difficult to measure;
Possibility of levelling the reference point from which measurements
of depth to water are made;
Possibility of protecting the well against clogging, or penetration
by any liquid, other than groundwater. This condition is of special
importance with regard to open dug wells;
Safety of access and measurement;
The cost of ensuring the above conditions at an adequate level of
confidence and for a sufficiently long period of time should be less
than the cost of installing a new well under the same conditions.

Existing wells, which have been designated as observation sites, should be
tested as to the compatibility of their water levels with the head in
neighbouring observation wells in the same aquifer.
New observation wells are added to fill gaps in an existing network. If
no wells are present in the area, the first observation wells should be located
at selected grid points of the planned network with an emphasis on
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(g)

(h)

(i)

geohydrologically strategic sites.
Only upon having completed
this set of wells and on the basis of the information drawn from
them, one can improve the network and fill the gaps by additional
wells. In some instances an existing network for one kind of data
(e. g. water levels) may have to be thinned out to permit the
initiation or expansion of observations on another kind of data
(e.g. concentration of a pollutant).
In such cases one is
confronted with the problem of deleting observation sites. This
problem can be tackled with the criteria of preference listed
above while maintaining a prescribed level of the total error.
Adherence to a prescribed geometric pattern
A regular geometric pattern of observation points may be useful
for preparing groundwater balances as well as for mapping and/or
forecasting the state of groundwater by means of numerical
techniques (section 1.3).
If such a pattern is proposed at the
preliminary design phase, the actual placement of observation
points should adhere to it as closely as possible.
Colocation of observations
It is desirable that the points where" observations of water
quality are made should also serve as water level observation
points, and vice versa.
Thus piezometers should also serve as
hydrochemical sampling sites.
Elimination of short-term dYnamic effects
It is recommended that observation wells be placed beyond the
radius of influence of operating (pumping or recharging) wells
whose time and duration of shutdown cannot be controlled. Further
details concerning the placement of groundwater observation points
can be found in "Groundwater studies" by Unesco, section 7.1.

Groundwater systems respond rather slowly to external influences; thUS,
there is no general need to register groundwater levels and groundwater quality
variables continuously.
To establish a rational frequency of groundwater level measurements at
the phase of detailed design it is recommended to ascertain the temporal
pattern of groundwater replenishment and discharge, both under natural and
disturbed conditions taking into account the influence of natural and artificial factors and the variable hydrogeological conditions in each of the
observational subregions (see Step 2, section 5.4.6).
The selected frequency of observations must ensure that the principal
fluctuations, as related to natural and artificial factors responsible for the
change, are recorded insofar as they are worthwhile from the management point
of view.
For example, in areas with distinct wet and dry seasons the groundwater
table rises during the period of precipitation and declines during the dry
season. The same applies to groundwater levels in aquifers, which are fed by
rivers during the flood period when the river stage rises, and drained by them
during the period of recession when the river stage falls. Artificial factors,
which may have a significant effect on groundwater level fluctuations include
pumpage, irrigation and artificial recharge.
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Following is a list of some basic considerations
selecting the frequency of observations:
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to be employed in

(a) Coverage of temporal heterogeneity;
(b) Coverage of temporal continuity;
(c) :Satisfaction of prescribed error levels (mapping, prediction);
(d) Ease of access;
(e) Trade-off between frequency and spatial density;
(f) Saving of cost of observations by data transfer in time;
(g) Closeness to a temporal pattern prescribed by the preliminary
design.
As stated earlier, the frequency of observations need not be uniform
either throughout the area or throughout the year. It is therefore recommended
that at. the beginning of the observations, when details of the groundwater system
are not yet known, water levels at key observation sites (e.g. at boundaries,
recharge and discharge sites) be observed with continuous recorders or at regular
short time intervals (e.g. 10 times a month for water table conditions and five
times a month for artesian conditions). Graphs of water level fluctuations are
then constructed for several frequencies of measurement and compared. As long as
the graphical error which arises from plotting the reduced number of measurements
does not exceed the aeceptable accuracy, the number of observations can be
reduced.
The graphs will also aid in detecting those periods of the year in
which the accuracy of the observations is sensitive to their frequency.
The
number of observations for artesian conditions in the common network is usually
only one per month and for deep-seated water table conditions perhaps only three
per month.
In areas bordering a river or lake, registration of groundwater
levels during flood periods may have to be carried out daily. Stage measurements
of the adjacent river or lake should be of the same .frequency and at the same
time.
Permanent continuous records may be useful at key points along boundaries
and at operationally strategic sites (e.g. areas of concentrated recharge or
pumpage, areas of shallow groundwater). Short-term continuous records are useful
in investigations related to the identification of the groundwater system
(pumping tests, correlation between surface and groundwater levels, etc.).
Regular observations of chemical composition and total mineralization of
groundwater in aquifers and of surface waters associated with aquifers are
carried out by sampling a grid of key wells seasonally or once or twice a year.
In unconfined groundwater, samples should be taken at several depths. at
intervals depending on the extent to which the lithology and hydrochemical
properties change with depth.
Frequency of sampling may also be reduced with
depth. For the first 10 metres quarterly observations are advisable, and below
this depth twice a year. The points where observations of chemical composition
of ground water are made should coincide with the points of water level
observations.
In areas of groundwater development and/or mining, chemical and
bacteriological composition as well as temperature, dissolved gas composition and
other variables pertinent to the use of the water should be determined in all
production and observation wells and surface water bodies associated with
groundwater.
The degree of encroachment of brackish or polluted water from a nearby
stream, the sea or an adjacent aquifer is followed by lines of observation wells
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along sections normal to the boundary of the respective water body. The wells
may have to be drilled in groups with individual screens placed at selected depth
intervals so that the full range of conditions can be suitably sampled.
In the absence of any specific danger of pollution in an area of
groundwater exploitation, samples for determining chemical and bacteriological
composition should be taken four times a year. When pollution or degradation of
water quality threaten, the frequency of observations should be at least once a
month. The most suitable times for collecting water samples are when the water
table reaches its minimum, maximum and average annual positions; water and salt
balances can thus be calculated for the various seasons of the year.
It is worthwhile noting that the actual determination of sampling
frequencies often involves a trial and error procedure (Everett et a1., 1980).
The first step in this procedure is selection of a set of strategic groundwater
quality observation sites.
Samples taken at these sites at relatively short
intervals of time for a period of a year at least are.analysed for the relevant
water quality parameters. Graphs of these parameters as a function of time can
aid in the selection of adequate sampling frequencies.

The common elements of an observation well, listed from bottom to top, are
the following (see Figure 10):
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Figure 10 - Design features of an obs.ervation well
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Plug seal, to ensure a reliable isolation of the aquifer to be
observed from any other aquifers;
The sediment sump - a blank pipe in unconsolidated deposits (or a
hole in consolidated rock formations) for collecting accumulated
sediments or trash;
Screen (in unconsolidated deposits) or open hole (in consolidated
rocks) to ensure free interchange of water between the aquifer and
the well.
The screen should also protect the well from sloughing
and caving;
Casing, which extends from the top of the screen (or the open hole)
to the surface of the ground for the purpose of isolating the rest
of the borehole from other aquifers and surrounding strata;
Casing extension - above ground to a height convenient for the
observer (about I metre);
Reference mark - at the upper edge of the casing from which depth to
the water level is measured;
Casing cap fitted with a locking device to protect the well from
damage or external effects on water level and quality

Screens
A serviceable screen (Fig. 11) consists of:
(a)
(b)
(c)

the screen proper or strainer, which is a perforated length of pipe
with or without an open mesh or net jacket;
the sedment sump - a blank section of pipe one to two metres long
secured to the lower end of the screen; and
a section of blank pipe above the screen.' Screens without a jacket
are installed in fissured consolidated rocks or in gravel deposits.
Such screens are made of metal or polyethylene perforated pipe, the
perforations being round or slotted.

Screens with mesh or net jackets are used in sand deposits (Fig. 11).
They consist of a core (commonly made of perforated pipe), a wire two to three
millimetres thick that is wound spirally around the core, and an outer mesh or
net. The wire ensures that the outer mesh jacket will be held out away from the
core and therefore will be less subject to clogging.
The choice of mesh with respect to type, size and arrangement of openings
depends on the texture of the water-bearing sand. A disadvantage of screens with
mesh jackets are their complicated manufacture and their comparatively low open
area for admitting water. A type of screen which offers a maximum open area per
unit length is the continuous slot-type weir-wrapped screen.
It is formed of
wire of a number of different cross-sectional configurations wrapped spirally
around a series of equally spaced rods, which extend the length of the screen.
Anti-corrosive screens are manufactured from perforated polyethylene pipe
covered with a plastic mesh jacket. Blocks of porous ceramic can be fitted over
a perforated pipe, but they may be clogged in the presence of iron or clayey
suspensions in the water.
Gravel pack
In aquifers with fine or silty sand or poorly sorted sand and gravel, the
screen should be protected from clogging. For this purpose a "gravel pack" is
made around the screen.
The gravel pack is an annular layer of artificially
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Figure 11 - Well screen design feature
graded coarser material placed between the screen and the wall of the drilled
hole. The thickness of the packing should be at least 35 to 70 mm. The gravel
should be placed through a guiding pipe of a small diameter and its amount should
be sufficient to fill the annual space from the bottom of the hole up to 50 cm of
the casing above the perforation.
At present,
available.

PVC

pipes

coated

with

a

prefabricated

pack

are

also

Well diameter
The common inner diameter of an observation well should be small enough to
reduce the cost of drilling yet large enough to permit a measurement of the water
level without difficulty, to install a recorder float i f necessary, to use a
water sampler if observations of groundwater quality are a part of the programme,
Considering
and to allow periodic removal of accumulated sediment and trash.
these factors, observation wells are commonly constructed with inner diameters
ranging from 5 to 15 centimetres.
Casing
In the past, the casing was primarily a metal pipe; recently, however,
polyethylene plastic pipes have found wide application.
In zones with highly
corrosion waters fibreglass pipes are appropriate.
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Drilling and sealing
The methods of drilling and completion of observation wells vary with the
depth of the aquifer, the kind of rock material and the number of aquifers in the
area.

Shallow aquifer: Where groundwater is 5 to 15 metres deep hand boring may
be a practical method of installing an observation well.
Peep aquifers: Observation wells to deep aquifers are drilled by either
the hydraulic rotary or the cable-tool (percussion) method.
The cable-tool
method has the advantage of yielding good samples of the excavated material as a
basis for an accurate lithologic well log, ~hich is not the case with the cutting
obtained by the rotary method.
The usual diameter of the borehole drilled by the percussion method ranges
from 100 to 200 millimetres to allow for the observation well-pipe to be two to
six inches in diameter.
If the aquifer of interest is overlain by other aquifers, the latter must
be sealed off so that the chemical quality and piezometric head in the aquifer
under study are not impaired.
Sequence of aquifers: At a given location observations may be required in
several aquifers lying at different depths and separated from each other by
impervious or semipervious layers. In this case, it is advisable to install in
each aquifer a small-diameter observation pipe with a proper screen. The pipes
may be placed either in separate closely spaced boreholes (cluster setup) or in a
single large-diameter borehole drilled to the lowest aquifer (multiple-screen
installation).
In the latter case each aquifer must be sealed off by grouting
from the aquifer above it. Although the multiple-screen installation is cheaper,
its adequacy highly depends on the reliability of the seals.
Electric logs:
These are made in open small-diameter deep boreholes
before the casing pipes are inserted.
The logs yield vertical profiles· of
resistivity and of the self-potential (spontaneous potential), Analysis of the
curves helps to determine the lithologic stratification of the well.
A log of intensity of the natural gamma radiation aids in checking the
presence of the clay sealing plugs above the aquifer under observation.
Screen installation:
The screen is commonly installed at a depth that
will ensure its remaining below the lowest point in the aquifer at which
measurements of the piezometric head and/or water quality have to be made.
In general, the screen length need not exceed two metres to ensure good
response to fluctuations of the piezometric head. However, if logging of water
quality (e.g. total dissolved solids) is required, the screen may be made longer
insofar as effects of vertical flow within the well or clogging are insignificant. Another alternative may be a group of wells with individual short-length
screens (up to 0.5 m) placed at various depths. When installing a sand or gravel
pack screen the annular space between the screen-column and the outer well casing
(80 to 100 mm thick) is filled with graded sand or gravel.

MANAGEMENT OF GROUNDWATER-RELATED PROGRAMMES

68

Well finishing: A seal is made at the land surface along the outside of
the well casing in order to keep the pipe tight in the drilled well and prevent
seepage of precipitation or surface water along the casing into the aquifer. The
casing extension should be painted a bright color to make it clearly visible from
a distance.
Development and cleaning:
After installation, observation wells are
developed and cleaned by means of a bailer or a pump until the water clears. If
the hole was made by hydraulic rotary method - using drilling mud - the cleaning
and the development process must ensure that mud and fine particles collected in
the sediment sump be removed to the extent possible.
The depth from the
reference mark to the bottom of the well should be measured and compared with the
total length of pipe to verify that the sediment sump is clean.
Testing: Upon completion of. an observation well, it should immediately be
tested in order to verify its response to water level fluctuations in the aquifer
it taps. The test is done in either of two ways:
(a)
(b)

A known volume of water is poured into the well and the subsequent
decline of the water level in the well is measured; or
A given amount of water is pumped from the well and the recovery of
the level is measured after the pumping is stopped. The quicker the
recovery of the water level the better is the contact between the
well and the aquifer.

Levelling:
At the upper edge of the casing extension a reference point
should be marked from which depth to water is measured.
The elevation of the
reference point should be determined in relation to a precise levelling datum.
6.3

Operation of the network

Observations may be direct or indirect, in situ or removed, nearby or
remote, automatic or manual, continuous or discrete, simultaneous or nonsimul taneous.
An observation is direct when the quantity concerned is the one
measured. It is indirect when the measure of the quantity concerned is inferred
from a measurement of another quantity on the basis of a quantitative (empirical
and/or analytic) relationship between the two.
For example. observations of
total salinity are direct when determined by a chemical analysis, and indirect
when inferred from electrical conductivity.
Direct observations are more
accurate, as they eliminate the error of the "transfer" function. On the other
hand, they may be more expensive and tedious.
In situ observations are those performed at the pertinent site, whereas
removed observations are those performed on samples removed from the site. Thus,
electric conductivity can be logged in a well or can be measured in the
laboratory on samples taken from the well.
In situ observations have the advantage of being performed in a relatively
undisturbed environment. On the other hand, measurements on samples removed from
the site may be more accurate, although they require more effort.
Remote observations are made at a distance from the· object.
They
eliminate difficulties of access and, depending on the device, may cover a large
area within a relatively short time. However, they may be expensive and in some
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cases even not feasible at the present level of technology, Thus, observation of
groundwater levels by remote sensing would constitute a major breakthrough in the
cost of groundwater observation programmes by eliminating the need for installing
and operating observation wells,
However, this is still a task for the
technology of the future.
Automatic observations eliminate the need for an observer when the
observation is performed. Thus, one may place an automatic water level recorder
in a well and return at some later time to remove the chart of recorded data.
The obvious advantage of saving visits to remote observation sites is lost by the
lack of warning in case of a breakdown of the measuring device, unless some kind
of remote control is available.
Continuous observations have the advantage of g1v1ng complete freedom in
selecting data at arbitray points in space and time enabling any level of detail
of models based on the data.
They are also helpful in detecting disturbances
(such as sudden changes in water levels due to shutdown or operation of wells).
On the other hand, continuous observations may be too expensive or superfluous.
Moreover, when performed automatically, they may not ensure the enforcement of
necessary field procedures for obtaining reliable data (e.g, shutdown of pumping
wells in the neighbourhood of an observation well prior to performing an
observation).

General Requirements
Instruments
should be:

and equipment used

in groundwater observations

(Fig.

12)
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Figure 12 - Classification of observation instruments
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(a)
(b)
(c)
(d)
(e)
(f)

simple and easy to transport and use;
reliable and durable under widely varying climatic conditions;
sUfficiently accurate;
inexpensive;
standardized, so that parts and units are interchangeable; and
Capable of measuring in accepted international units of measurement.

The various kinds of electronic equipment operating on punched cards or
magnetic tapes from water level, water quality and temperature recorders must be
reliable and must allow primary. processing of information by computer (e.g.
sums, means, error criteria, data tables, plots of graphs and maps).
This section presents a general review of some common instruments used for
groundwater observations in the basic network. Further details can be found in
the WHO Guj de to Hydrological Practices, Vol. I, (Unesco, 1972) section 2.12
(1981), "Groundwater studies", section 7.2 (Unesco, 1972) and in the Unesco-WHO
report "Hydrologic information systems" (1972).
Instruments for measuring groundwater levels
--_.-~-----~--------------------------------

Tapes: Water levels in observation wells are usually measured with steel
tapes. Ordinary steel tapes are adequate for measuring depths of 100 m or more
with an accuracy of tlO mm. At great depths to water (250 m or more), the tape
is kept on a reel and spooled directly from the reel into the well and back. In
this case a motor-driven arrangement is usually used.
When using a steel surveyor's tape at very great depths and at high
temperatures, corrections for stretch and temperature expansion should be made.
In measuring great depths to water, with relatively small amplitude of
fluctuations under natural conditions, steel measuring cables may be used and may
be left hanging in the well.
Electric meters: Portable electric groundwater meters are convenient for
measuring depths to water iIi both observation and pumping wells, especially in
narrow spaces (e.g. the space between the column of the immersed pump and the
casing in a pumping well).
The electric meter is based on the principle of
closing an electric circuit when a cable touches the water. In very deep wells
an armoured cable is used which is wound on a reel, the reel being moved by a
motor assembly with mechanical handbreaks.
The cable has to be calibrated by
comparing cable measurements with steel tape measurements in the well within a
short time interval.
Observations of water levels in pumping wells must take into account the
possible presence' of an oil layer (lubrication oil) above the water. in the
casing.
The check is made by simultaneously measuring depth to water with an
electric meter and depth to top of the liquid in the well by means of a steel
tape.
The difference between the two. if significant" yields the thickness of
the oil layer. The depth of the oil column multiplied by its density yields the
length of an equivalent column of water to be subtracted from the measured depth
to water 'below 6ilcolumn in order to obtain the true depth to water in the
aquifer near the well.
Pressure gauges:
In pumping wells a small~diameter copper or iron pipe
(referred 'to as "air pipe") can be installed vertically in the shaft with its
bottom end open and extending at least one metre below the deepest possible
drawdown level. By supplying compressed air into the air pipe until the pressure
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stabilizes, one obtains on the pressure gauge a reading in meters of water which
indicates the length of the expelled water column. This gauge reading is added
to the known absolute elevation of the bottom of the air pipe to obtain the
absolute water level in the well.
Speed and simplicity make this "airline" method very practical. However,
it is not as precise as the direct method of mesuring lengths of tape or electric
cable. Errors in measuring depth to the water level are in the range of ± 20 cm.
The accuracy of the airline method may be increased by calibration (i.e.
comparison of its readings with those of one of the direct methods).
Pressure gauges are also used to measure the piezometric head in flowing
wells.
Water level recorders:
Water level recorders are used for continuous
observations of water levels.
Standard water level recorders are operated
mechanically by floats fluctuating with water level in the well. The changes in
water level are recorded on a chart.
Automatic recorders are available with clock mechanism for the collection
of records for a week, a month or several months.
Multichannel recording
instruments are available that can register on single charts several variables
simultaneously (e.g. water level and salinity).
Pneumatic water level recorders with a mercury manometer are also used in
boreholes.

small~diameter

Strain gauges are presently used as pressure sensing devices which convert
pressure to voltage in a uniform proportion. The expected· accuracy may be 2 per
cent of the whole range potentiometer.
Miscellaneous:
In permafrost or other areas subject to freezing conditions, water levels can be measured by pouring a protective layer of oilon top of
the water surface. This layer should be of known depth and of known density.
The depth of the oil column multiplied by its density yields the length of an
equivalent water column which should be subtracted from the measured depth to the
water.

Digital recorders
Automatic data processing by computers requires that charts of ·continuous
observations be transformed into sequences of numbers· by means of special
digitizers. This can be avoided by using digital recorders whose output can be
processed directly by computers. Further details on such systems, including the
possibility of automatic transmission of the data from the field to the computer,
can be found in the professional literature (e.g. Unesco~WMO, 1972).
Measurement of discharge
Discharge of wells or springs is measured by volumetric or hydrometric
methods.
Discharges of production wells are most commonly measured by
commercially produced flow meters designed for installation in water supply
facilities. The design specifications and pertinent technical data are given in
industrial literature.
The selection of a flow meter is based on proven
reliabilty and utility as well as expected range of flow rates.
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Hydrometric methods include the use of an orifice or of a water level
recorder in conjunction with a weir or flume. Spring discharges exceeding one to
five litres/second are prefereably measured by means of thin-wall weirs which,
under properly controlled conditions, have a high degree of accuracy.
Weir
construction and measuring techniques are discussed in the WMO Guide to Hydrometerological Practices. Spring discharges can also be measured in a channel by
wading provided that flow velocities do not exceed one metre/second. Large well
discharges are also measured by orifices.
Observations of groundwater quality
Samples size. The following volumes of water samples are recommended:
0.5 litre - for a partial chemical analysis in the field (conductance,
hardness, Cl-, SO.-, HCO,-, CO,-, pH);
1.0 litre - for an extended partial analysis in a fixed or well-equipped
mobile laboratory (as above plus NO, -, Ca--, Mg--, Fe--,
Fe---, pH, CO, (free), dry residue, NH.- (redox potential);
2.5 litre - for a complete analysis (as above plus F-, Na+. K+, Mn++,
R,O" SiO" H,S).
Sampling methods
(a)

(b)

Lowering a sampler
The simplest equipment for lifting samples of water from an unpumped
well is a bailer, consisting of a certain length of a tube with a
ball-valve at the bottom.
While descending, the tube is open at
both ends allowing a free flow of water. Upon reaching the required
depth the sampler is closed by a falling weight;
Pumping
Pumping of water from wells is the simplest way to sample groundwater. The problem is to avoid the effect of mixing within the well
of different chemical compositions at different depths. The methods
used include - screened intervals within a borehole separated by
impermeable plugs, separate boreholes to different depths and packing of the sampling intervals. A detailed description and evaluation of those and other groundwater sampling methods is given in
section 1-3 of the Unesco report on aquifer contamination- and
protection (Unesco, 1980).

Salinity loggers
Electrical resistance of water decreases with the increase of its
salinity.
The usual -procedure is therefore to find the concentration ofdissolved minerals by measuring water resistance to -the passage of an electric
current.
The instrument used for measuring resistance may be a very simple
transportable sinall resistivity bridge measuring in situ the resistance of a
water sample pumped or bailed from the well.
In cases where a point measurement of salinity at 'acertain point below
the water table is required (e.g. in the screened part of the observation well
casing) .or. if a chemical log of the' whole column' of water in the well is required
(e.g. seawater/freshwater transition zone) ,an electric salinity logger is used.
This consists of a dip-cell attached to a cable. Two electrodes (contained in
the dip-cell) pass an eletric current Via the inter vening water.
The water
resistance is measured and indicated by a digital potentiometer on the resistance
meter to which the end of the cable is connected. Simultaneously, measurements
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of temperature are made by a thermistor contained in the dip-cell. As resistance
also varies with temperature, the effect of the latter is eliminated by referring
all resistance readings to a common standard temperature of 25°C.
The
concentration of dissolved minerals at each point of the well-water is calculated
by using a calibration curve, drawn through points of measured resistances
corresponding to respective known concentrations of KCL in standard solution.
Instead of a calibration curve derived from a standard solution, a curve
representing the statistical relationship between electrical conductivity and
salinity in samples taken from the wells can be used. In this case resistance
readings of the logger must be converted to conductivity at the standard
temperature prior to using the curve.

Water Level Observation Procedures
(a)
(b)

(c)
(d)

(e)

(f)

(g)

Routine observations of groundwater levels· in a given aquifer should
preferably be made simultaneously or within a small time interval
around a fixed scheduled observation date;
Owners of pumping and/or recharge wells within a radius of 500
metres from observation wells should be notified of the scheduled
date of an observation far in advance, and arrangements should be
made to shut those wells off for a sufficient time prior to the
measurement·of the water levels. The duration of required shutdown
should be determined by recovery.and/or interference tests;
I f a pumping well belongs to the water level observation network,
the water level in it should be measured in any case, note being
made if the well was in operation;
To facilitate the conduction of simultaneous observations, the
observation wells can be grouped in clusters, and measured
simultaneously by several teams, or measured one after the other by
the same team.
The water levels in a cluster of wells should be
measured within a day or two, preferably at the same time of day.
Pumpage in the neighbourhood of a cluster can be resumed upon
completion of the observations in that cluster. The round of water
level measurements in a cluster should also include a visit to
groundwater level recorders in the area of the cluster and reading
charts;
Measurements of depth to water are made from fixed levelled reference points.
The commonly accepted accuracy of a water level
measurement is flO mm. The water level should routinely be measured
twice. If the two measurements do not fall within a desirable range
of accuracy, additional measurements should be made until the reason
for the discrepancy in the levels is determined or until the results
are shown to be reliable;
The measured depth to water should be compared with the last
previous measurement in the same well in order to ensure the
consistency of the two.
If a change seems to be unreasonable,
comparison may be made with the change in neighbouring wells. I f
necessary, the measurement has to be repeated and a note of it
should be made;
The observations of water levels and discharge are entered in field
registers which are kept in duplicate. The record of an observation
should include the name of the well, its location (e.g. coordinates), number of cluster or route, date and time of observation, name of observer and his affiliation, measuring device, depth
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(h)

(i)

(j)

(k)

to water (and depth to oil if an oil layer is found on top of the
water), pumping wells in the neighbourhod of the observation well
and their operating conditions (including duration of shutdown prior
to the observation), and cause of failure to make an observation;
All entries are made by the observer himself in the field;
Disturbances pertinent to the observation well, the reference mark,
the measuring device andlor the possibility of performing measurements, as well as environmental changes which may affect groundwater
levels in the neighbourhood of the observation well (e.g. changes in
land use, installation of a new well, intallation of facilities for
disposal andlor reclamation of liquid and solid wastes) should be
reported on a special form (see section 7.2);
The field records and reports are transferred to the office and the
original field notes filed;
Standard forms of field registers with preprinted headings of
entries and lists of observations wells with their constant data
(e.g. location, reference point) are recommended.

Water sampling procedures
_______ w

(a)

(b)
(c)
(d)

(e)

(f)

(g)
(h)

_

Before collecting water samples from any excavations or wells,
stagnant water should be pumped out as it may have a composition
different from that of groundwater in situ. The minimum volume of
water pumped should amount to 1.5 to 2 times the volume of water in
the excavation or well. However, pumping may be recommended until
approximately constant levels of the measured quantities are
reached;
When collecting water samples from a group of neighbouring excavations, the shallowest should be pumped and sampled first in order to
minimize perturbations along the vertical;
Water samples from unpumped wells should be taken from wells at the
depth of the screen by means of a special depth sampler;
When collecting a water sample from an unpumped well enough water
should be passed through the bottle by means of a tube lowered to
the bottom of the bottle to renew the water in the bottle two to
three times. This is mandatory if the sample is intended for determination of gases dissolved in water (e.g. free carbon dioxide);
As some dissolved constituents (Ca++, Mg++, Fe++, Fe+++) may precipitate from a water sample during storage under laboratory
conditions the analyses should be completed as soon as possible
after samples have been collected.
Acidification as a means of
preventing precipitation is recommended;
Samples stored in glass or plastic vessels can gain or lose minor
constituents.
I f a determination of such constituents is to be
made, the sample must be collected in a container which is appropriate for the particular constituents of interest, and preserved at
the time of collection by acidification;
The water sample in the bottle must be identified by indicating the
well, the date and time of sampling, and the name of the collector
and his affiliation;
Samples for bacteriological tests are to be collected in sterilized
bottles provided by a health authority. The sample should be taken
as close to the well as possible to avoid picking up bacteria from
the piping systems. The sample has to reach the laboratory within
30 hours.
Packing samples in ice at 4°C is often used to reduce
biological activity.
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Maintenance

Maintenance of the groundwater observation network includes the following
activities:
(a)

(b)
(c)

(d)

(e)

(f)

Care of access to the well and its identification
The area around the well should be kept clear of vegetation and
debris. A round brass disc may be anchored in the concrete seal at
the land surface bearing the label "Observation well" and the name
of the agency or organization.
A clearly visible identification
number of the well should be marked on the casing extension;
Care of well stability and protection
The casing cap, the casing extension and the seal around it should
be periodically checked and repaired if necessary;
Care of reference mark
Any change in casing extension which may have damaged the reference
mark and/or changed its position must be immediately corrected. If
a new reference point is selected it should be appropriately marked
and levelled:
Prevention of silting
The depth from the reference mark to the bottom of the well should
be measured'and reported once a year. If the measurement shows that
sediments have reached the top of the sump or even a part of the
screen, steps should be taken to remove as much of the accumulated
sediment as possible in order to prevent clogging of the screen.
Air-lift pumping is a possible method for a sufficient ratio of the
submerged part of the air pipe to its total length (above 0.3):
Prevention of screen clogging
It is recommended that a water level decline test be repeated from
time to time (e.g. once every two years) to check whether the screen
has become clogged (see WMO Guide to Hydrological Practices, section
2.12.3).
A decrease in the rate of water level decline for two
consecutive tests is an indicator of clogging, which may be remedied
by redeveloping the well by pumping or bailing:
Well abandonment
Observation wells may be abandoned for the, following reasons:
(i)
Failure to complete;
(ii) Cessation in functioning (e. g. because of depletion of water
level below screen):
(iii) Replacement by another well:
(iv) Completion of duty: and
(v)
Land-use requirements.

Abandoned wells should be filled and sealed in order to prevent damage to
the environment and to the groundwater.
Filling is done by placing in the well sand or another suitable inorganic
material opposite formations where impervious sealing material is not required
and by placing impervious inorganic material opposite confining formations to
prevent water interchange between different aquifers or loss of artesian
pressure.
The layer of impervious material should extend at least three metres above
and below the confining formation outside the well. If the exact depths of the
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various formations in the aquifer are unknown, alternate layers of impervious and
pervious material should be placed in the well. In creviced or fractured rock
formations cement or concrete grout should be used to seal the well opposite
these strata. If such formations extend to considerable depths alternate layers
of coarse stone and concrete grout should be used to fill the well.
In all caseS the upper five metres of the well should be sealed with
inorganic impervious material.
All maintenance activities should be recorded and reported.

Maintenance of groundwater observation instruments inclUdes the following
activities:
(a)

(b)
(c)

(d)
(e)

(f)

(g)
(h)
(i)

(j)

Acquisition of new instruments
New instruments need to be acquired either at the stage of
installing a new observation network or when instruments in use fail
to meet the required conditions and cannot be repaired or modified
locally. The acquisition of a neW instrument must be preceeded by
the following activities:
market survey of available instruments
which may meet the specifications prescribed by the planner of the
observations (e. g. accuracy, size, weight, range of measurement,
lifetime, cost); inspection of the field conditions under which the
instrument has to operate; selection of instruments to be tested;
test of the selected instruments in the field: and selection of the
most adequate instrument:
Adjustment of new instruments to local field conditions.
Rarely
will a purchased instrument fit local conditions. Most often it has
to be somewhat modified and/or improved;
Installation of fixed measuring devices in the field;
Instruction and training of observers in the use and care of
instruments in the field;
Ad-hoc service: repair or replacement of instrunients or of their
parts in case of malfunction or breakdown.
This activity is
performed on the basis of a special report by the observer and/or
the digression reports mentioned in Chapter 7;
Periodic service.
This includes inspection of performance in the
field, calibration, check of mechanical and electric components,
overhaul of defective parts, replacement of parts on a scheduled
basis, cleaning and lubrication. The periodic service belongs to
preventive maintenance and should be carried out on each instrument
at least once every two years by qualified technicians;
Maintenance of an instrument shop;
Maintenance of a warehouse of spare parts, aUXiliary equipment (e.g.
working tools, clothing) and materials;
Record of instrument history.
A book of instruments or an
instrument data file must be maintained and updated. The file must
contain one-time data on the technical specifications of each
instrument, its cost, its date and source of acquisition as well as'
records of activities and events pertaining to the placement of the
instrument, cases of malfunction and performed services operations:
Reporting.
Submission of an annual report on the state of
instrumentation with an emphasis on problems and recommended
solutions.
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MONITORING AND CONTROL OF A GROUNDWATER OBSERVATION PROGRAMME
7.1

Programme execution control

The best observation programme may lose much of its utility unless
implemented as planned (e.g. location, frequency and accuracy) and within the
limits of allocated resources (e. g. budget, manpower and equipment).
It is,
therefore, recommended that the execution of the programme be followed up
regularly and that steps be undertaken to avoid excessive delays between planning
and implementation. (One should bear in mind that a deleted observation is lost
forever and has a long-range impact on future benefits or losses.)
A common vehicle for following up and controlling the execution of the
observation programme is a periodic report of digressions from planning. The
report should contain two parts: (a) digressions pertinent to observations, and
(b) digressions pertinent to the use of resources. It is advisable that part (a)
be grouped in data categories (e.g. water levels, pumpage, recharge,
precipitation, springflow) and cover the following items in each category:
(a)
(b)
(c)
(d)
(e)

Planned observations which have been omitted;
Planned and performed observations which have been rejected;
Observations beyond the scope of the programme;
Causes of items (a) through (c);
Instructions which followed from the review of the previous report
and have not been carried out.

Included in the report should be only those observations which have not
passed through all· stages of data acquisition and have not been incorporated in
the basic data files.
The frequency of the report should coincide with the frequency of data
collection.
It should cover the period between any two consecutive data
acquisition dates.
A minimal time lag between the collection of the data, their acquisition
in data files and the publication of the digression report will allow time for
repeating or performing necessary observations within acceptable time limits.
The report has to be reviewed immediately upon submission. The outcome of
the review must be decisions and instructions concerning the following:
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

Checking of field records;
Repetition of rejected observations;
Performance of omitted observations;
Checking of suitability of an observation site:
Replacement of an observation site or equipment:
Repairs or changes at observations sites;
Changes in observation and reporting procedures (including change of·
observers); and
Changes in observation programme.
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Monitoring the network

In addition to the information obtained from the digression report, it is
also necessary to exercise a systematic inspection and control over the
observation posts, their equipment and the work of the observer.
It is advisable that a routine inspection of each observation site be made
at least once a year by the monitor of the network together with the observer.
The following items should be checked:
(a)
(b)
(c)

Adequacy of the surroundings (ease of access to the site,
identification, etc.);
Accuracy of elevation of the reference point;
Condition of measuring equipment and instruments. This is checked
by calibration.
Automatic water level recorders are checked by
measuring the water level manually and comparing the result with the
recorded value. The measured depths to the water are noted at the
beginning and at the end of the recorder record and adjustments made
to correct the record for instrumental error in both the vertical
and time sense;

(d)
(e)

(f)

(g)
(h)
(i)

7.3

Clogging.
This is checked by (1) measuring the depth of the well
and comparing it with the depth of the screen, and (2) testing for
water level decline (or recovery);
Representativeness of observations.
This is checked by comparing
the water level and/or water quality data of the well with other
wells in the area tapping the same aquifer Changes in regression
lines may be a good indicator of a disturbance or inadequacy. The
presence of an ail layer or ather impurities may affect the
representativeness of observations. If present, the depth of such a
layer should be measured;
Fit to the purpose of the observations
As an example, wells in which salinity logs are made to follow up
the transition zane between fresh water and seawater cease to serve
their purpose when the entire perforated section of the well is
already filled with seawater;
Well stability and protection;
Safety conditions (in and around the site);
Environmental factors which may affect the functioning of the
observation post (actual or anticipated construction, changes in
land use and/or ownership, etc.). The results of the inspection are
presented in a periodic report on the state of the network.

Updating the programme

The review of the reports an digression and on the state of the network
may lead to changes in the observation programme. Furthermore, the observation
programme may became outdated because of changes in data demand. It may also be
improved by utilizing accumulated data and technological innovations.
Changes in data demand include addition and/or deletion of certain kinds
of data pertaining to the management of groundwater resources in the area in view
of accumulated knowledge and in accordance with varying information needs as
development of the resource advances. Thus, intensive development of an area and
of its water resources cause problems of mining and pollution, requiring better
water quality control and hence more kinds of water quality data. In addition,
data demand may also change in terms of required accuracy, location and frequency
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of observations. Present and anticipated changes in the mathematical models of
the groundwater system also have a major impact on changes in data demand,
especially with regard to the relative amounts of various types of data.
While changes in data demand are induced from outside by data users, some
changes in an existing observation programme can also be promoted from inside by
the data collection agency itself. Given accumulated data records, one may use
methods of regression analysis for evaluating relationships between data of the
same type but at different locations and/or times (e.g. relationship between
water levels in different wells, relationship between water levels in different
months for the same well). Relationships may also be determined between different types of data obtained at the same location and time (e.g. relationship
between specific electric conductance and total salinity). If established relationships allow a transfer of data via regressions within the range of prescribed
accuracy, some observations may be terminated. Resources can then be saved or
transferred to the collection of other data.
In view of the foregoing it is recommended that all decisions pertinent to
the groundwater observation programme as listed in Figure 6 be revised and
updated regularly, approximately once a year.
Any change in the,programme of observations should immediately be followed
by an adjustment of the plan in the digression report.
7.4

Updating the network

Updating the network means changing the set of observation points due to
changes in the programme and/or inadequacies of the existing network. Updating
the network includes all network maintenance activities listed in section 6.4.1,
activities pertinent to the location and installation of new wells and other
observation posts, as well as all activities pertinent to the maintenance of
equipment and instruments listed in section 6.4.2.
Decisions on network updating actions should immediately be incorporated
in the digression report for the sake of follow-up and adaptive control.
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PROGRAMME ADMINISTRATION
8.1

Organizational Set-Up

Groundwater and surface water observation programmes are usually administered by a common agency which collects and disseminates hydrologic information.
Such an agency may be a national Hydrological Service or a similar
institution, preferably affiliated with a national water resources information
centre. A possible organizational set-up of a Hydrological Information Service
is presented in Fig. 13.
The main task of the organizational set-up is to
provide a framework for generating hydrologic information on a permanent basis
in an adequately planned and controlled manner.
Duties and subordinations
within .the organization must be well defined in order to avoid gaps, duplications and redundancies.
Procedures of decision-making, implementation and
control of operations must ensure purposefulness, consistency, efficency and
adaptability to changing conditions and demands.
The set-up presented in Fig. 13 is based on three professional departments which together cover all the phases of the information-generating process
(Fig.
5) .
Each of the departments is further subdivided into divisions
according to areas of expertise. Each division is further split into sections
according to types of activity. An exception in this regard is the Division of
Data Collection.
Its sections (district offices) are based on a geographic
subdivision.
It is noteworthy that the size of the service may vary from one country
to another according to local needs and conditions. However, the principle of
separating planning, implementation and control always seems desirable for
reasons of overall efficiency.
8.2

Responsibilities

The Department of Planning and Development is in charge of the following
functions:
(a)
(b)

Updating the demand for hydrological information;
Establishing and updating models needed to

produce

the

information;

(c)
(d)
(e)

Formulating programmes, methods and procedures and designing
networks for collecting the necessary data;
Designing data files and data acquisition and retrieval systems;
Design of the various reports.

In pe~forming these duties, the Department of Planning and Development
maintains a permanent contact with exogenous data sources and users, and keeps
up with scientific and technological innovations.
The Department
activities:
(a)

of

Observations

is

responsiblie

for

the

following

Construction and maintenance of networks and laboratories;
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Figure 13 - Organizational set-up of a hydrological service
co
....

MANAGEMENT OF GROUNDWATER-RELATED PROGRAMMES

82

(b)
(c)
(d)
(e)
(f)

Acquisition and maintenance of observation instruments
equipment;
Selection and training of observers;
Performance of field measurements;
Collection and analysis of water samples;
Transfer of reports to the Data Department.

and

The Data Department is responsible for gathering data reports from
internal and exogenous sources; filtering the incoming data and filing them;
programming and maintenance of a library of computer codes for automatic
acquisition and processing of data; processing of data and preparation of
reports; maintenance of data-processing equipment and training of employees in
techniques of data processing and analysis.
The Inspection and Control Unit (ICU) is in charge of:
(a)
(b)
(c)
(d)

Formulating and scheduling work plans (of the service as a whole and
of its departments);
Following up the execution of the plans;
Adjustment of plans as needed;
Transfer of resources between units in order to meet deadlines and
standards of performance.

On the whole, ICU functions as a co-ordinator between the directorate of the
Service and the departments and between the departments themselves, in order to
ensure that all units function as components of one system to meet common
objectives in the most efficient way. All inputs and outputs pertinent to work
plans flow through ICU, as illustrated in Fig. 14.

DIRECTORATE
I

DEPARTMENT OF
PLANNING AND
DEVELOPMENT

INSPECTION
AND CONTROL
UNIT

I

ADMINISTRATIVE
SERVICES
DEPARTMENT OF
OBSERVATIONS

I

DATA
DEPARTMENT

-----> Flow of guidlines,
recommendations, work
plans, instructions and
inquiries
-----> Flow of reports,
recommendations,
memoranda and answers
Figure 14 - Flow of information pertinent to the control of programme planning
and execution within a Hydrological ~ervice
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Administration of groundwater observations

Groundwater observations are administered within the framework of the
organizational set-up presented in Fig. 13.
Observation progrannnes are planned and updated by the Department of
Planning and Development. Through the Inspection and Control Unit the progrannnes
are incorporated in the work plan of the Department of Observations, which
includes activities, deadlines and allocated resources.
The implementation of the plan is administered by the needs of the
Divisions of Data Collection and Construction and Maintenance, which must carry
out the plan in close co-ordination.
Data reports are transferred to the Division of Data Acquisition in the
Data Department whereas reports concerning the execution of the work plan are
submitted to the Inspection and Control Unit. These include the following:
(a)
(b)
(c)
(d)

Report on digressions from the work plan (pertinent to data
collection, construction and maintenance, use of resources (budget,
manpower, equipment, materials, etc.)), causes and reconnnendations;
Report on the state of the network;
Report on the state of laboratories;
Report on the state of instruments and equipment.

An additional report of digressions by the Division of Data Acquisition in
the Data Department closes any possible gap between reported and rejected data.
The lCU reviews the reports and works out adjusted work plans in
consultation with the Departments of Planning and Development and of
Observations. Upon approval by the Assistant Director for Professional Affairs,
the adjusted work plans return to the Department of Observations for
implementation.

The field work of groundwater observations is administered by the Division
of Data Collection.
This Division is usually split into Regional or District
Offices (Fig. 13); the same may apply to the Division of Construction and
Maintenance, depending on political, geographic, economic and other
considerations. The collection of data in each district is performed by field
teams of observers (including individual observers) who cover a given area.
Surface water observations and groundwater observations in a given area may be
performed by the same team or by separate teams depending on considerations of
efficiency. Each team head administers the observations in his area and reports
to the District Office which, upon inspection of the report, transfers it to the
Central Division of Data Collection.
Remote-control installations and associated data records also fall within
the area of jurisdiction of the District Office.

A P PEN D I X
SOME CONCEPTS FROM PROBABILITY AND STATISTICS
A process is deterministic if its outcome can be predetermined.
A process is random if its outcome cannot be predetermined (i.e. fixed in
advance) and can be from among a set of possible outcomes. Referring to the
entire set of outcomes as the sample space, a single outcome is a sample point.
Outcomes may be grouped into events (symbol "E") according to the interest
of the observer. Each event, E, may be assigned a probability of occurrence,
P(E), defined as the ratio of the number of possible outcomes in E to the total
number of outcomes in the sample space.
Probabilities must satisfy three basic requirements:

1.

If S is the sample space, pes) = 1;

2.

For every event E, 0

3.

For any two mutually exclusive events (i.e. events' which have no outcomes in
common). E, and E"

~

peE)

1;

~

peE, U E,)

peE,) + P(E,),

=

where E, U E, is any event consisting of event E, or E,.
Sometimes the probability of an event, say E" may depend on another
event. say E" that has already occurred. Such a probability is denoted P(E,IE,)
and called the conditional probability of E" given that E2 has occurred.
Two events, E, and E2 , are independent if the occurrence of one of them
does not affect the probability of the other. For independent events
P(E,IE 2 )

=

peE,)

(1)

where peE,) is the unconditional probability of E,.
The joint probability of two events, E, and E2 , is the probability of the
E2 ) . It can
joint occurrence of the two events. It is denoted P(E,E,) or peE,
be proven that

P(E , E2 )

For independent events

=

{P(E,) :~(E, IE,)

(2)

P(E 2 ) 'P(E , IE 2 )

(3)
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peE,E,) = P(E t

)

•

peE,)

(4)

A random or stochastic variable is a variable which, corresponding to each
outcome of a random process, obtains a particular value, called a realization of
the process. The set of possible values of the random variable comprises its
sample space. A random variable may be discrete or continuous. Random variables
are denoted by capital letters, whereas their realizations are denoted by small
letters.
Probabilities are assigned to the values of a random variable, X, as
follows:
(a)

(b)

For a discrete variable
P(X=x)
p(x) is the probability of the event
outcomes for which X assumes the value x.

=

comprising all

For a continuous variable
dF(x) = P(x < X S x + dx) is the probability of the event compr1s1ng
all outcomes for which X assumes values in the interval (x,
x+dx) •

The probability distribution function of a random variable X is defined
by
P(xi) , if X is discrete
sX

L

_ { xi
F(x)

P(X

(5)

S x) -

+'"

f

dF(x) , if X is continuous

-'"
hence
Pea < X s b) = F(b) - F(a)

F(-"')

= 0, F("') = 1.

For a continuous variable, i f F (x) is also differentiable with respect to x,
then
b

f(x)

= dF(x)/dx;

Pea s X s b) =

f

f(x)dx

(6)

a

f(x) is the probability density function of X.
The expectation (or mean, or expected value) of a random variable X is
defined by
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.. f
Ilx -

E (X)

~XiP(Xi)

1f +<0xdF (x)

if X is discrete (summation OVer all xi)
(7)

if X is continuous

The variance of a random variable X is defined by

Var

(X)

.(~
f

[x

for a discrete X
(summation over all xi)
(8)

- IlxJ'dF(x) if X is continuous

The pOSitive square rOot of the variance is the standard deviation, a.
An example of a most extensively used probability distribution of a
continuous random variable, X, is the normal distribution.
Its probability
density function is given by:

f (x) ..

-.l.......

exp [_ (X- Ilx )']',

Ox v,21T

20'X

(9)

Thus, a normal distribution is fully determined by two parameters: the mean, Il,
and the variance, a'. The statement that X is normally distributed with mean Il
and variance a' is given in the form X ~ N(Il,a').
E(X) and Var (X) are examples of parameters of a given probability
distribution function of a random variable, X.
By definition, these are
nonrandom quantities. In practice, however, we encouter a different situation,
whereby observations xi(i = 1,2, •.. n) of a given quantity are assumed to
represent realizations of an unknown random process whose probability
distribution is preselected (and one only wants to estimate a parameter, a, of
the distribution on the basis of observations of the random variable). One way
of obtaining a" point estimate of a is to choose a certain function of the
observations, a = f(xl'x" ... x n ) as an estimator of 8. Once a given sample of
observations, say xi(i .. 1,2, ..• n), is available, ·the value of the chosen
estimator for the given sample of data serves as an estimate of the parameter.
For example, let X be a random variable and let a Ilx be the parameter we want
to estimate. A common estimator of Ilx is:

=

A

Ilx

n

- X = 1n i=lt Xi

where xi(i = 1,2, •.. n) is a sample of n observations of X, and is the sample
mean. By definition, an estimator is a random variable since its value may vary
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In this sense one may

from one sample to another in an unpredictable manner.
speak of a distribution of the estimator.

Following are some properties of an estimator which are often used as
criteria of preference among estimators:
(a)

Bias, defined by
A

A

B(8)

E(8

(10)

8)
A

= 8, i.e. the expected value of
the estimate of the parameter coincides with its true value.

An estimator is said to be unbiased if E8

(b)

Variance
A

Var 8

A

= E(e

"'-2

- E8)

(11)

The variance measures the spread of the estimates obtained from different
samples around their mean over the population of randomly taken samples.
In the case of an unbiased estimator, its variance can be used to
evaluate the maximum possible probability of a given error. Thus, if 8 is
an estimate of e,
i\
p(le-81
~ a) ~ a ' "e
2
a

(Chebyshev's inequality)

(12)

i.e., the probability of the absolute estimation error being no less than a, is
bounded from above by the ratio of its variance to the square of the error.
(c)

Mean square error (MSE)
A.

MSE (8)

=E(8-e)

I\:a

1\

=

A

A

E[(8-E8) + (Ee-e)]

:1

:1

=

A

A

B (e) + Var 8

(13)

The mean square error measures the spread of the estimates of the parameter
around its true value.
An estimator is often sought that has the minimum MSE
among a given set of possible estimators.
A particular class of estimators often sought are those termed BLUE (Best
Linear Unbiased Estimator), i.e. estimators that are linear functions of the
sample data, unbiased, and have a minimum variance.
It is worth noting that
although a BLUE estimator also yields the smallest MSE in its own class, it is
not necessarily the best among all possible estimators in the sense of minimizing
the MSE.
Rational mangement of a system requires the quantification of relationships between variables for both explaining the behaviour of the system in the
past and predicting its behaviour in the future.
Thus, let X and Y be two random variables.

The quantity
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is called the covariance between X and Y. If Cov (X.Y) ~ o. X and Yare said to
be correlated.
Independent variables are uncorrelated. since then E(XY) =
E (X) 'E (Y) and Cov (X .Y) = O.
However. the converse need not be true. i. e.
variables may be uncorrelated, yet dependent.
The covariance between X and Y measures how X and Y vary together. A
dimensionless measure of the correlation between X and Y is· given by the
correlation coefficient.
Cov (X,Y)
[Var (X)'Var (Y)J1',

(15)

For uncorrelated X and Y. p
= O. It can also be shown that Ip I ~ 1. In the
particular Case of an exact finear relationship between the two v~iables. e.g. Y
= aX + b, where a and b are constants.
1 if a

-1 if a

>0
<0

The coefficient of correlation Pxy can thus be regarded as a measure of the
degree of linearity between X and Y. Values of Pxy near +1 or -1 indicate a high
degree of linear relationship, whilepxy near 0 indicates a lack of such
relationship between X and Y.
A quantitative relationship between variables is often expressed by a
mathematical model which represents a variable. for example, Y. as a
deterministic function of a set of variables. for example e(=X1.X' •... ~). at
least some of which may be random. Y and e are referred to as explained variable
and the explanatory variables. respectively. As a rule. the chosen relationship
is never perfect. Thus, given a set of values of X = x. the chosen function does
not yield the exact value of Y (e.g. because of missing or redundant explanatory
variables and/or due to an error in the chosen structure of the function).
Therefore. the general form of a model which relates Y to ~ should be:
(16)

Where f denotes the chosen function. ~ is a set of values of parameters. and
a random variable. called residual or error.

~

Consider, for example, the particular model
Y=aX+b+~

where a and b are constants.

FOr a particular value X = x, (17) reduces to

(17)

is
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Ylx

= ax + b + e:

(18)

With respect to the probability distribution of the residual,
assumptions will be made:
Ee: = 0
Var € = a'
Cov(e:,e:') = 0

zero mean
common variance
independence

1 for

the following

all x.

(19)

for e: l' e:' \

Hence:

EYl x

= ax + b; Var Yl x = a', Cov (Y,Y') = 0

(20)

Let the objective*be to select a predictor of Ylx, nwnely to choose a
deterministic function y (x) which yields a single value Y = yonce x is given.
Also, let the predictor be required to satisfy the criterion of optimality
MSE (Y-y*)

=E[(Y-y*) Ixl'

= min.

where MSE (Y-y* ) is the mean square error of prediction.

By definition

= E[(Y-EY)!x + (EY-y*) Ixl'
= E[(Y-EY) Ixl' + [(EY-y* ) Ix]' = Var Y+[EYlx-y* (x)l'

(21)

Since Var Y = a' is a constant, it follows from (21) that the mean square error
of prediction is at minimum for
y * (x)

=

EYl x

=

(22)

ax + b

i.e. the minimum MSE predictor of Yl x is the expected value EYl x ' However, since
EYl x is not known (due to the unknown values of the coefficients a and b) one can
use as a predictor only an estimator of EYl x ' Denoting the latter 9, we have

"'y, x =- EYl'" x

" + '"b
ax

(23)

.

,/\".

where a and b are est~mators of a and b, respect~vely.
required to be unbiased, then by (22) and (23):

,..
Eylx

= y* (x)

for

The mean square error of prediction is

Ea"

= a, EB

b

If the predictor is

( 24)
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A

2

A

1\

E(yIX-YI X) = E(a-a)x + (b-b) + €]

2:1

=

X

A""

A"

Var a + Var b + 2x Cov (a,b) + a'. (25)

Hence
A

E(y1x - Yl x )' = min

Var~

for

min.

A

J

Varb = min.

(26)

The task of selecting an unbiased m~n~mum MSE predictor of Yl x has thus been
reduced to one of selecting unbiased, min:pum variance estimators of the
coefficients a and b.
If the optimal 11 and b are sought within the class of
linear estimators (i.e. BLUE estimators), then
a" =

n
Z

(27)

j=l
whereYj = YI~j are observations of Y corresponding to the model (18)-(19), and
A',U' (J = l,l, .. . n) are constants to be determined. The optimal values of Aj
arld Jj which yie Id BLUE ~ and ~, are:
x' - nx
J

where C) =

(28)

, \lj

1 n
Z ()i' and Sxx == n(x' n i=l

x').

Substitution of (28) into (27) yields:
a" = ~
S:?QC

, Sxy

A

A-

n
==

Z xiYi - nxy

i=l

(29)

b = Y - ax

whence, by (23):

y+

(X -

x)

(30)

Similar results are obtained by the method of the so-called ordinary least
squares. By (29):

=a'/Sxx

Var "a
A

Var b = a'(l/n + x'/S xx )
A

,..

_

Cov (a,b) = a'(-x/Sxx)'

(31)
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The mean square error of prediction (25) thus becomes:

~

= 0'

+
+1
n

(x-x) , ] .

(32)

Sxx

An extension of the simple linear regression model (is)-(19) presented above to a
general linear regression model containing a set of explanatory variables ~ (=
multiple regression) with possibly correlated residuals and/or a set of explained
variables, !, (= multivariate regression) can be found in the professional
literature (e.g. Rao, 1967).
As stated above, at least some of the explanatory variables may be random
themselves. Consider, for example, the linear model:
Y=aX+e:

(33)

where X is a random variable, a is a constant and

,

Ee: = 0, 0e: = 0', Cov (e:,e:')
Cov (X,e:)

0

0, Cov (X,X' )

Hence

,

lly= allx ' 0y =
Suppose an estimator is sought of lly'

for e: 'f e: I

,

= 0 for X 'f X' .

, ,

a ax +

0

,

(34)

(35)

Let the chosen form of the estimator be
(36)

A

so that

Ea

= a,

A

E~

= llx.

(37)

The expected value of the estimator is
(38)

Introducing the notation
a"

=a +

0
a,

(39)
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and assuming that
A

A

Cov (a, 1-1,,)

00

E(a1-1,,)

~

(40)

0

we have

o
i.e .• the estimator of 1-1y is unbiased.
therefore:
o
0
00
E(a1-1x +a1-1x +a l-lx) 2

2

(41)

O~0l-ly

The mean square error of the estimator is

0

A

A

1-1x Var a + a 2 Var I-lx + Var a • Var I-lx

(42)

(see. for example. equation (35) in section 5.4.5 of the report).
In the previous examples the probability distribution of a random variable
and its parameters were considerd to be fixed.
In practice. however. they may
vary in the course of a process both in space and time in an unpredictable
manner. In this case the ordinary notion of a random variable has to be extended
to the notion of a random function. Thus, a function X(t) is said to be a random
function of time. t. if at any instant. t ~ to' X(t o) is a random variable.
Likewise, XC.;) is a random function of location in space (indicated by the
position-vector E) if at any point E ~ Eo. X(!o) is a random variable. A random
function can thus be considered as a set of random variables. each defined at a
given point of the argument (t and/or E) .
A realization of a random function X(t) is the particular nonrandom
function x(t), assumed by X(t) while having tranversed the domain of t.
In a groundwater system any of the parameters and variables listed in
section 4.1 of this report is actually a random function of position in space
and/or time. Examples of such random functions are considered in section 5.4.5
of the report.
The parameters of the probability distribution of a random
function considered there are the expectation, the variance and the covariance
between values of the function taken at any two different points of the
argument.
A particular class of random functions are those for which the probability
distribution is independent of the argument, i.e. remains constant throughout the
domain of the argument.
A function belonging to this class is said to be
stationary.
In particular, for a stationary random function X(t), Cov (X(t)).
X(t')) ~ f(t-t'), i.e. the covariance between the values of the function at two
different points of the argument depends only on the distance between them and
not on each of them individually.
If the argument is the position vector of
points in the space, E, the distance between the points is a vector as well.
While classical statistical inference employs estimation methods based on
sample data alone, Bayesian inference considers the parameter of interest. a. as
a random variable and assigns to it a Erior. unconditional probability
distribution. Once the sample data y (~ y2.y2 ••.. yn) are available, they are
used to obtain a revised post:erior (conditional) p.d. function of a, by using
Bayes' theorem, which for a continuous a takes the form

APPENDIX

f(aly)

=

f(yl a) 'h(a)
ff(yl a)h(a)da
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(43)

where h(a) is the prior probability density function of e and f(a Iy) is the
posterior probability density of e given the sample data, y.
Finally, statistical decision theory takes into account the fact that
estimates are inputs to decisions and that any deviation of a from the true a
carries a loss. Accordingly, statistical decision theory employs a loss function
lCd,a) which represents the loss resulting from decision d when a is the true
value.
The objective is to select a decision d which minimizes the expected loss
(: risk) defined by
R(d) = ElCd,a)

a

Given the prior information and the prior probability density h(e),
continuous a, the prior risk is
~rior(d) =

f

l(d,e)h(a)da

(44)

of a

(45)

Given the sample data, and using Bayes' theorem (43). we obtain the posterior
risk
~osterior(dly)

=f

l(dly,a)f(aly)de

(46)

The optimal posterior decision, dopt ' is the one which minimizes the posterior
risk.
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