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ABSTRACT

Multicriterion Approach to the Evaluation of Irrigation
Systems Performance

In recent years the importance and the lack of comprehensive methodologies
for measuring the performance of existing irrigation schemes has been widely
expressed. The objective of this study is to develop a systematic procedure
by which some use can be made of the large quantities of data, already
routinely collected in irrigation schemes, for the purpose of their regular
seasonal evaluation. Consideration is confined to the performance of the main
irrigation system of small-holder, canal-fed irrigation schemes of the
developing countries. A generalized conceptual framework has been developed
for a methodology by which the performance criteria for any irrigation system
can be identified and combined together into a single index which measures
the overall performance of the system.

Six criteria have been identified as adequate for characterizing the important
features of the performance of any irrigation system. These are; adequacy,
equity, water losses, water user convenience, cost and durability. New methods
for characterizing each of adequacy, equity and water user convenience have
been developed and tested using data from the Gezira scheme, Sudan.
Characterization of adequacy, equity and water Ilosses involves the
development of a soil moisture simulation model and characterization of the
water user convenience involves the use of the concept of the fuzzy set
theory.

Identification of the criteria to be used in evaluating any particular system(s)
and evaluating the trade-offs between them requires the participation of the
decision-maker in the system(s) to be evaluated. This is achieved through the
use of the multi-attribute utility theory. It has been applied with a group of
Sudanese officials in order to derive their utility functions. The utility
function reflects the decision-maker’s strength of preferences over different
achievement levels of each objective and his trade-offs between different
objectives. The derived utility functions are reported and their usefulness is
discussed.

The methodology developed provides a useful tool for measuring the
performance of irrigation systems, comparing the performance of different
systems and assessing improvement in performance resulting from
rehabilitation investments.
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CHAPTER 1

INTRODUCTION i

1.1. Prelude:

Irrigation developments have been and are expected to continue to be a major
component in the national development plans of many developing countries.
They have been identified as one of the major engines for accelerating the
development of these countries. This is not only because of the importance of
irrigation in securing and increasing food production, but also as a tool for
creating opportunities of decent life for their rural population. This view is
supported by the willingness of donor and lending agencies to finance
irrigation projects and by the large sums of money committed to them by the
national governments in developing countries. According to the World Bank
estimates, up to the year 1980, $15 billions were invested in irrigation in
developing countries (Carruthers, 1986, pp.265). The Asian Development Bank,
for example, from its commission in 1960 up to 1988, has channelled $3 billions

to irrigation. This amounts to 12% of all the bank’s approved loans in this

period (Kobayashi, 1989).

Despite the high priority enjoyed by irrigation in the development strategies
of many developing nations and the substantial part of these nations’ limited
financial resources invested in it, in recent years there has been an
increasing concern and steadily expanding body of literature about the
performance of existing irrigation systems. The performance of large number
of the gravity-flow canal systems, which are the most common in developing

countries, is said to be below expectations (Wade, 1982, pp.8). The



dissatisfaction with the performance of existing systems is also evident from
the fact that, in recent years, rehabilitation and betterment have become
increasingly more attractive than investing in new systemé. In the 1977 United
Nations water conference, for instance, the FAO estimated that in the period
from 1975 to 1990, in developing countries, 45 out of the 92 million hectares

irrigated at that time would have to be rehabilitated (costing $ 22 billions at

1975 prices) as compared with only 22 millions hectares potential for new

construction (FAO, 1977).

Although these figures may be outdated now and usually reliable estimates like
these are difficult to obtain, they reflect the sheer size of the problem and
the popularity of rehabilitation can easily be seen from the frequency of

conferences dealing with the subject in recent years (Weare, 1989).

The general concern about the performance‘ of existing irrigation systems and
the large sums of money injected in the rehabilitation of some of them has
generated wide realization of the importance and general neglect of the
regular monitoring and evaluation of the performance of these systems. Lenton

(1986, pp.50), for example, stated that:

"One of the extraordinary characteristics of irrigation systems management is
that, despite the fact that large irrigation projects generate revenues far in
excess of the largest business corporations, there is virtually no information
on the extent to which these Iirrigation systems are achieving performance

objectives..."

A team from the International Institute for Land Reclamation and Improvement
(ILRI) Netherlands, evaluated 12 African irrigation systems situated in six
different countries (ILRI, 1985). Some of the main conclusions from these
evaluations stated that: " The results of most irrigation projects fall below pre-

project expectations ..." and that: "... The valuable management instrument of

2



monitoring and evaluation are not used to full advantage.". Based on these
conclusions, one of the main recommendations stresses the importance of

taking systematic monitoring and evaluation as an integral part of any

irrigation system.

On the other hand, in many large-scale irrigation systems, particularly those
controlled by governments, enormous quantities of data on water levels and
discharges at various levels in the canalization system is regularly collected.
Virtually no use is made of these data. It may remain locked in cupboards
without even being checked. This study is based on the premise that the
reason for not using these data for performance evaluation despite the
realization of its importance comes a from lack of systematic methodologies by

which this performance can be measured.

Performance evaluation methodologies are urgently needed by financing
agencies and irrigation departments. If such methodologies exist then different
design approaches and/or management policy alternatives can be evaluated,
the performance of two or more systems, or that of the same system over time,
can be compared and investments on reforms (i.e. rehabilitation of physical
structures and/or upgrading of management techniques) can be decided on.
Several "management strategies" have been advocated by the research
community as useful for improving the performance of irrigation systems
(Lenton, 1986). These include, for example, farmer participation and water
scheduling. Performance evaluation methodologies are needed to test the
usefulness of these strategies in field conditions. The availability of
performance standards is equally required by those who are involved in the
management of irrigation. With clear performance standards managers can be

guided in the direction in which they must strive for improvement and can



have clear priorities for actions.

In recent years the need for performance evaluation meﬁhodologies has been
recognized by many researchers. The literature review in the next chapter
shows that it is now generally agreed that adequate evaluation requires the
use of a set of criteria to describe the system behaviour with respect to a set
of characteristics. Several such criteria have been proposed. In our view,
however, some work still needs to be done in this subject. Firstly, the
definition of some of the proposed criteria is very general. For example,
important criteria have been offered without precise definitions of their
meanings or methodologies for measuring their achievement levels. Sometimes
several criteria are proposed for characterizing the same aspect of the system
performance. Secondly, although it has been recognized that different
priorities should be assigned to each of these criteria depending on the

physical, economic, social and environmental setting in which the irrigation

systems are operating, no work has been done in order to evaluate the trade-

offs between these criteria.

1.2. The Objective and Scope of the Study:

This study is meant to be part of the overall efforts towards the improvement
of the performance of existing irrigation systems. Its broad objective is to
develop a methodology by which one can measure how these systems are
performing in relation to expectations. It is hoped that this can be achieved
through the use of the type of data already routinely collected in these
systems. The site-specific and the multidisciplinary nature of the irrigation
systems make it difficult to develop an evaluation methodology which is

applicable to any system and covers all the aspects of the performance. For



this reason, in this study, we set out first to establish a general conceptual
framework for a standard approach which can be followed in evaluating any
irrigation system regardless of its size, geographical locat:ion, technical type,
socio-economic or environmental setting. The development of a specific
evaluation procedure based on this framework, however, requires: 1)
specification of the type of systems to be evaluated, 2) definition of the
system boundaries, and 3) specification of the purpose of the evaluation. At
this stage certain restrictions are imposed on the scope of the study and the
focus is concentrated on the performance of medium and large-scale, small-
holder, government-controlled, canal-fed irrigation systems. Canal-fed
irrigation systems are by far the most common in developing countries. Among
these, the government-controlled small-holders systems impose special
management challenges because of the numerous, often conflicting, benefits
anticipated from these system by the different parties involved in them.

At this stage it may be necessary to define what we exactly mean by
"irrigation system'", i.e. define the boundaries of the system, and define the

aspects of the performance we are looking for.

The allocation of responsibility of the water distribution and application in
irrigation schemes differs from one place to the other. But generally, with the
exception of schemes which are communally or privately owned and which are
usually smaller in size, the water control task in medium and large scale
small-holder schemes is shared between two parties. A government supply
organization (usually the irrigation department or its equivalent) and water
users. The government supply organization runs the main distribution system
up to and including some point in the canalization network. Below this point

the water management responsibility is handed over to the water user who



may be an individual farmer, a farmer organization or an agricultural
organization (Chambers, 1980). In this study, by "irrigation system" it is
referred to the part of the scheme in which the water control is conducted

by a government supply organization and is taken to consist of:

1) Physical facilities, such as: dam or pumping plant, network of
canals and their associated structures, roads and communication
facilities.

2) Management structure including personnel.

3) Operation rules, i.e. set of rules set out to govern the way

in which the physical and management facilities should be

operated.

As concerning the aspects of the irrigation system to be considered in the
evaluation, attention in this study is confined to one aspect of the system
performance. Irrigation schemes are usually expected to serve various broad
objectives. Examples of these are: foreign exchange earning, security of food
production and improving the income of the rural population. Many of these
broad objectives are expected from the irrigation scheme as a whole including
the farming system and their achievement is largely determined at the
planning stage in decisions concerning, for example, the area to be irrigated,
the sizes of the land holdings and the types of crops and cropping
intensities. If the evaluation is aiming at improvement in performance then,
once the irrigation system is built, all the potential for improvement lies in
the hands of the system manager and all of which can be achieved through

water control measures., It is this water control which is the central focus of

this study.



It is perhaps useful also to state the purpose of the evaluation in mind when
developing this methodology. The main emphasis is on a methodology suitable
for the seasonal or annual evaluation. For example, for ;an evaluation to be
included in the annual report. We believe, however, that the methodology
developed can equally be suitable for assessing if some improvement has been

achieved by some investment in rehabilitation or some change in the

management policy.

With these restrictions, the objective of the study is narrowed to the
development of a methodology which can be used to measure the quality of
services provided by the irrigation system (as defined above) to the water

users. This is to be achieved through the following:

1) Identification of the performance criteria.

2) choice of a measuring scale by which each of these criteria can be
quantified.

3) A methodology for evaluating the trade-offs between these criteria
in order to combine them into one overall performance index which

reflects the overall picture of the system performance.

1.3. Overview of the Thesis:

Following this introduction, Chapter 2 reviews the relevant literature. It
consists of two sections. In the first section irrigation performance criteria
proposed in the literature are reviewed and their usefulness and limitation are
pointed out. In the second section multiobjective and multicriterion evaluation
techniques are discussed. Special consideration is given to the application of

these techniques in the field of water resources



In Chapter 3 a conceptual framework of a generalized approach for the
evaluation of irrigation systems performance is developed. The chapter starts
with a discussion of the types and nature of irrigation s;'stems performance
criteria in a generalized manner without reference to any particular type of
systems. Hierarchical structure of objectives is then used for selecting the
performance criteria for the type of systems considered in this study. The

chapter ends up by identifying a set of six criteria for this purpose. These

are: adequacy, equity, water losses, water user convenience, cost and

durability.

For testing the applicability of the methodologies developed in the study, the
Gezira scheme, Sudan is used as a case study. Chapter 4 contains a brief
description of the irrigation systems in Sudan in general and the Gezira
scheme in particular. The chapter also contains a survey of the data which is
relevant to performance evaluation and routinely collected in these systems.

The quality, completeness and reliability of these data is also discussed.

In Chapter 5 a soil moisture simulation model is developed and validated using
field data. Two methods of characterizing the adequacy of water supply from
the output of this model are developed. One method consists of constructing
a graph which summarizes the intensity-duration characteristics of the stress
experienced during the season. The other method consists of formulating a
procedure through which all the characteristics of the stress are combined
into a single number called "Irrigation Adequacy Index (IAI)". The chapter
then uses data from the Gezira scheme with the soil moisture simulation model
to calculate each of the IAI, water losses and equity at three levels in the

irrigation system. The results are presented and discussed.



In Chapter 6, using the concept of the fuzzy set theory, a method is
developed for characterizing the water user convenience. This is a measure
of the suitability of the water supply schedule to the irrig'ator. Three factors
are taken to determine this convenience. These are: predictability, timing of
the water supply and supply flow rate., The fuzzy set theory is used to
estimate the overall convenience from judgements given by the water user to

each of the three factors and their importance. The method is applied with a

sample of six farmers from the Gezira scheme to demonstrate the applicability

of the approach.

In Chapter 7 we set out to evaluate the trade-offs between the six
performance criteria selected in Chapter 4. The Multi-Attribute Utility Theory
(MAUT) is employed for this purpose. Using the MAUT approach, eight
Sudanese officials involved the decision-making in irrigation were interviewed
in order to let them explicitly state their dpinions on what evaluation criteria
are to be used in evaluating the Sudanese irrigation systems and the trade-

offs between these criteria. The result is presented in this chapter with some

discussion and conclusions.

Finally, in Chapter 8, a summary of the main conclusions of the study together

with outline recommendations for future work related to the study are

presented.



CHAPTER 2

LITERATURE REVIEW

2.1, Criteria for Irrigation Systems Performance Evaluation:

In order to be able to judge whether a particular irrigation system is
performing satisfactorily or not, it is first necessary to define the
performance criteria against which the judgement can be based and then
determine how far the system was able to go in satisfying these criteria. In

this section some of the irrigation performance criteria proposed in the

literature are reviewed.

2.1.1. Historical Background:

With the development of modern irrigation methods and the expansion of the
irrigated area, demands for water from the available resources increased. With
the surge of increasing competition over the available water and the need for
its allocation to new users, some problems within the existing irrigation
systems were identified as deserving attention and their consideration carries
some potential for increasing the benefits from these water resources. Some
of the early problems identified were: (a) Large quantity of water is wasted
without being effectively used. (b) Some areas are receiving more water than
others. In trying to deal with these problems, irrigation engineers developed
the concept of irrigation efficiency, which is a measure of the extent to which
water is effectively used, and the concept of irrigation uniformity, which is
a measure of the extent to which water is evenly distributed. With irrigation

efficiency and uniformity the sole criteria for judging irrigation systems
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performance, the traditional wisdom was that the problems are principally at

farm level and exclusively of engineering nature.

It was only in the late 1970’s and early 1980’s when the multi-disciplinary
nature of irrigation started to be recognized and social scientists began to be
involved in researching irrigation management, particularly that of the large-
scale small-holder schemes. Those social scientists brought with them some
changes in the way of thinking. New issues in irrigation management started
to attract increasing attention and to be looked upon as carrying large
potential for improving the performance of existing systems. These include the
study of the management of the main supply and distribution system, (Wade
and Chambers, 1980; and Bottrall, 1981), and the management of the people and

institutions which manage the systems (Chambers, 1980; and Chambers, 1981).

Concurrently with this, dissatisfaction with the performance of existing
systems was widely expressed. Improving the performance of existing systems
through rehabilitation has been widely advocated as more cost-effective than
investing in new systems. This has helped the change in the way of thinking
to extend and include the methods of evaluating the performance of existing
systems. Instead of concentrating on the engineering problems at the farm

level, a wider view emerged and a more comprehensive evaluation approach

started to be attempted.

Building on the traditional evaluation criteria originally devised for the farm
level system (i.e. efficiency and uniformity) which were then adapted for use
in the evaluation of the main system, large body of literature now exists on
other criteria for evaluating the irrigation system as a whole, including the

main and farm level systems. The following sub-sections review some of the
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numerous performance criteria which have been put forwards in the literature.

Their appropriateness, relevance and methods of measurement are also

discussed.
2.1.2. Irrigation Efficiency:

One of the earliest formal definitions of the concept of irrigation efficiency
was introduced in 1932 by Israelsen. This definition is given by equation (2.1)

(Israelsen, 1950, pp.18-19).

W
E; = 100x—= (2.1)
W

r
Where E;, = Irrigation efficiency (percentage).

Wc = Water consumed by the crop during its growth period.

W, = Water diverted from the river or other natural source.

Clearly this definition was designed to measure how much of the irrigation
supplies were used to meet the crop evaporative demand and, therefore, how
much were lost. Since this definition was introduced several workers have
developed, modified or redefined the concept of irrigation efficiency. Most
noteworthy of these are the works of Jensen (1967) and Hall (1960). Jensen
pointed out the importance of the consideration of: (i) the contribution of the
rain, (ii) the change in the soil moisture storage, and (iii) the volume of water
required for leaching the salts from the soil. Accordingly, he proposed the

definition given by equation (2.2).

W"+W,-R‘+AW

E;, - 100x
W,

(2.2)
Where E; = Irrigation efficiency (percentage).
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Wet = Volume of water consumed by the crop evapotranspiration.

WI Volume of water required for leaching the salts.

R

. Volume of effective rainfall.

AW = Change in soil water storage.

W, = Volume diverted or pumped for the purpose of irrigation.

Hall (1960) pointed out the limitation of the concept of irrigation efficiency in

that it fails to tell whether enough water has been supplied for a decent crop

growth or not. He stated:

.. an efficiency of 100 percent can be obtained in a 40-acre field if one
gallon of water is sprinkled lightly over a portion of the surface. Though the

"efficiency" is perfect, the purpose of irrigation has been ignored."

To deal with this limitation of the definition, he introduced the concept of
system application efficiency which he defined as the efficiency of the

irrigation system when at least 95% of the land has been adequately irrigated.

Many other definitions of the term "irrigation efficiency’' has been suggested
in the literature. Karmeli, et.al. (1985, chapter 13) reviewed some of them.
Although the irrigation efficiency is the criteria most widely quoted by
irrigation managers in describing the performance of their systems, people
differ in their precise conception of its meaning and the factors to be
considered in calculating it, probably each affected by the particular
circumstances in his system. The lack of a standard definition and the
confusion which may arise from using different formulae for calculating the
efficiency of different systems led the American Society of Civil Engineers

(ASCE) and the International Commission on Irrigation and Drainage (ICID),
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separately, to try and standardize the definition of irrigation efficiency at

different levels of the irrigation system.

The ASCE definition of irrigation efficiency is similar to those designed to
measure how much of the water delivered was effectively used. This

definition is given by equation (2.3) (ASCE, 1978).

I - Average depth of water beneficially used

(2.3)
average depth of water supplied

Although the definition was originally meant to describe the efficiency of a
single field, it can be applied for the scheme as whole. "Beneficially used" in
this definition includes: salt leaching, crop cooling and pesticides and

fertilizers applications.

The ICID (Bos, 1979), for the part of the main distribution system, defined the

conveyance efficiency as:

V,+ V.
e, - 100x-4" 2 (2.4)
et ¥y

Where e, = Conveyance efficiency (percentage).
Vd = Volume of water delivered to the users.

V, = Non-irrigation deliveries from the main system.

<
1]

¢ Volume of water diverted or pumped from the river or ground
water.,

Vl Inflow from other sources.

Because the definition of equation (2.4) was designed to evaluate the

performance of the main system alone, the concept of irrigation efficiency here

14



is different. The distribution network is treated in a similar manner to that
of the thermodynamic engine. The efficiency of an engin’e is measured by the
ratio of the work output to the energy input. Equation (2.4) also measures the
efficiency of the distribution system by the ratio of the water input to the
water output. It, therefore, has always a value of less than or equal to 100%.
The wvalue of efficiency calculated in this way tells us how well the
distribution system was able to transport the volume of water imposed on it,
safely, to its destination at the users’ outlets. It does not, however,
distinguish between whether this water was delivered to satisfy some demands

at these outlets or was delivered when it was not needed and therefore found

its way to drains.

It must be noted here that neither of the ASCE and the ICID definitions
(equations (2.3) and (2.4)) tells how much of the irrigation requirements were
met. A basic limitation of the concept of ifrigation efficiency pointed out by
Hall (1960) as mentioned previously. Both definitions are basically measures of
the water losses. The ICID definition measures transmission losses (i.e. canal
seepage and direct evaporation from the canals network water surface) and

the ASCE definition measures water losses in all the scheme.

A different conception of the term irrigation efficiency was taken by Bhuiyan

(1982). He defined irrigation efficiency (IE) as the ratio of the net irrigation
requirements to the supply (equation (2.5)).
ET + SP - RF

IE - 100x : (2.5)
IR

Where ET = Evapotranspiration requirements.

SP = Seepage and Percolation requirements.

RFe = Effective rainfall.

15



IR = Irrigation water supply.

With this definition, irrigation efficiency is a measure of how much of the
irrigation requirements were met. The target value of IE is 100%. A value
greater than 100 means that the supplies were less than the net requirements
and, therefore, the crop must have suffered some water stresses. A value of
IE less than 100, on the other hand, indicates the water supplies were more
than the net requirements and, therefore, some water must have been lost.
The reciprocal of the ratio in equation (2.5) is exactly a measure of the
adequacy with which the irrigation requirements were met. The difference
between the definition of irrigation efficiency in equation (2.5) and the ASCE
definition {(equation (2.3)) is that the definition of equation (2.5) compares
between the net requirements and the supplies, whereas the ASCE’s definition
compares between what was actually used and the supplies. The definition of
equation (2.5) assumes that the irrigation requirements are satisfied first
before any water can be lost anywhere. As such it was clearly designed with
rice systems in mind. This is because rice fields are usually flooded and the

bulk of the water losses takes place as an unnecessary deep percolation in

the field.

The forgoing review indicates that there are numerous different definitions of
irrigation efficiency put forward in the literature. All of them take efficiency
as a measure of output to input, but differ in what exactly are these inputs
and outputs. Some times there are differences in the meaning of the concept
of irrigation efficiency itself. Moreover, all the definitions offered in the
literature are concerned with over-a-season total water supply. They do not,
in any way, comment on how these supplies were distributed with respect to

time or space.
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A serious mistake associated with the concept of irrigation efficiency is that
it is some times taken as if it is a comprehensive criterion adequate for
complete evaluation of the performance of the irrigation system. Chambers
(1976) discussed why such an exaggerated importance is sometimes given to
efficiency. For a proper characterization of the performance, together with
efficiency, other criteria are needed. Some of these are discussed in the

following sub-sections.
2.1.3. Equity:

Equity is a measure of the spatial distribution of the irrigation water over the
command area. The problem of inequity between users is known to exist in
many large—scale small-holders irrigation systems around the world., It is
commonly known as the top-tail ends problem and has been well documented
in many field studies (e.g. Tabbal and Wickham, 1979; and Abernethy, 1985).
At the main system level, inequity between users can result from wvarious
engineering, management and social factors. Engineering factors include
inadequate system capacity caused by, for example, siltation and/or weed
growth in the canals or can result from excessive seepage losses. Management
factors include corruption of the operation staff and lack of proper sanctions
for misuse of water. Social factors include differences in the social status
between users. Inequity problems at the main system level are always
associated with water shortage, because as the water supplies are reduced,

competition on the water increases.

Like irrigation efficiency, numerous ways of measuring uniformity, or equity,
of water distribution have been offered in the literature. Karmeli, et.al. (1985,

chapter 13) reviewed some of them. Almost all of these measures were
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originally proposed for quantifying the uniformity of water application at the
field level. Several of them have also been adapted for measuring the equity
of the water supply to different users. In this sub-section some of these

measures are discussed.

One of the oldest and most widely quoted measures of equity is the one
proposed by Christiansen originally for measuring non-uniformity of water
application by sprinklers (Christiansen, 1942). The method can equally be
applied for characterizing inequity between different users. Christiansen

uniformity coefficient (Cu) is defined by equation (2.6).

N
L |x-X|

Cu-1-4+_____
NX

(2.6)

Where X Application depth at the i-th point.

X

Mean application depth.

N

Number of observations.

The target value of Cu is unity. A value less than that tells us how much of
the excess water was supplied to the part of the system receiving more than
the mean depth and how much water was in deficit in the other part. For
example, a value of Cu = 0.8, can mean that the part of the area receiving
more than the mean depth has taken 10% of the total applied water in excess
of its share. Similar water deficit in the other part follows. Therefore, the Cu
value can give an indication of how much additional water should be supplied

in order to substitute the effect of inequity.

Because Cu as defined in equation (2.6) takes only the first moment of the

water depth around the mean, it does not show how the excess or deficit
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water was distributed over the area receiving that excess (or deficit). i.e. The
Cu value is the same whether the excess (or deficit) was distributed over 50%
or only 10% of the area receiving more than the mean depth (less than the

mean depth in case of deficit).

Because the universal statistic for the sample scatter is the wvariance o, or the
coefficient of variation Cv = o/X, Wilcox and Swailes (1974) suggested that the
coefficient of variation can be a more effective measure of the scatter of the
quantities of water supplied to different areas. Their definition of the
uniformity coefficient is given by equation (2.7). The terms in this equation

are as defined for equation (2.6).

‘E(xl"x)z
c -1-N -1
" NX

(2.7)

Varlev (1974), assuming a quadratic crop-water production function, showed
analytically that the reduction in yield in the whole area due to non-
uniformity is directly proportional to o/Xz. He, therefore, proposed the use of
the coefficient Fnon = cr/X2 as a measure of non-~uniformity because, he argued,
instead of using a purely statistical measure, a more logical evaluation could

be obtained if the characterization is made in terms of the loss in yield.

In our view, both the Cyc and Fnou provide some measure of the standard
deviation of the variable under consideration. High values indicate the excess
(and/or deficit) water was spread over a large area but both coefficients do

not have the desired clear physical meaning which Christiansen coefficient

(Cu) have.
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The ASCE (1978), in seeking to standardize the efficiency and uniformity
definitions, recommended the use of a measure originally devised by Criddle,

et.al (1954) who called it pattern efficiency (Ep) and is defined by equation

(2.8).

E. - average low quarter depth of water infilterated
P average depth of water infllterated

(2.8)

Abernethy (1986) in similar lines, when dealing with the equity at the main
system level in canal irrigation, suggested the use of the modified inter-

quartile ratio, I,, defined by equation (2.9).

L - average depth of the best quarter of the area (2.9)
2 average depth of the poorest quarter of the area

In our view, any of Christiansen coefficient (equation (2.6)), Criddle pattern
efficiency (equation (2.8)) or Abernethy modified inter—quartile ratio (equation
(2.9)) is easy to measure and has a clear physical meaning. They tell us how
much, on average, the luckiest part of the system (the poorest in case of

Criddle) is getting in relation to the other parts.

A departure in the conception of equity from the above mentioned definitions
was taken recently by Sampath (1988) and Levine and Coward (1989). Sampath,
discussing the characterization of equity in his (1988) publication, argued that
equity should not be looked upon as uniformity of water allocation in the
statistical sense. It must be considered together with its likely social impact.
He differentiated between equity and equality. According to him, equality
refers to the difference in the volume of water received by different users.

If some inequality exists then, if it is in favour of the poor small farmers or
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in favour of some desperate social group the problem of inequality is more
severe than the inequity. Otherwise the inequality of water allocation between
users may have different social consequences. He went on and proposed a

framework for evaluating equity. His framework involves the consideration of

the differences between rich and poor, tail and head users and crop and

water resource characteristics.

Levine and Coward (1989), expressed a similar view on the difference between
equity and equality. They argued that sharing the water resource in
proportion to the command area served is not always the pattern which the
water users perceive as equitable. A "fair" or "unfair' sharing of the water
resource is always based on some social principles accepted by the society.
They gave the example of "first in use first right" as practised in western
United States and some systems in Taiwan and the example of sharing the
water in proportion to the labour coﬁtribution in the common canal

construction as practised in some systems in Sri Lanka.

2.1.4. Consideration of Other Criteria:

With the focus of attention of research in irrigation management moved from
the conventional diagnosis which concentrates on the farm level system
towards adopting a "whole system" approach since the late 1970's, several
workers have developed or advocated various types of evaluation criteria.

However, in choosing their criteria, different approaches have been adopted.

Chambers (1976) set out to identify first the objectives of the irrigation
system and then select criteria which reflect the degree of achievements in

these objectives. Addressing the performance of gravity-fed bureaucratically
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managed systems, he pointed out their multi-objective nature and, therefore,
the need for a multi-criterion approach in their evaluation. But he also
cautioned against trying to include too many criteria in the evaluation, as this
may generate the need for large quantities of data and, therefore, makes it
difficult for the irrigation department alone to carry out the evaluation. In
identifying his criteria, Chambers looked at the objectives of the irrigation
system which can be achieved through some water control measures lying in
the hands of the irrigation manager. He identified five criteria (see also
Chambers, 1981)): (1) Productivity, which he defines as the ratio of the crop
produced in the scheme to some scarce resource consumed. The scarce
resource can be water, land or labour. (2) Equity, which refers to the "fair"
distribution of the resources or services, specially water, between users. (3)
Utility to the cultivator, referring to the convenience or appropriateness and
predictability of the water supply schedule to those users. (4) Stability of the
system or its ability to sustain long .term operation without serious
deterioration or loss of productivity. (5) Cost-effectiveness, i.e. the benefit

achieved in terms of the above criteria must exceed the financial and

organizational resources used.

In similar lines, Abernethy (1984, 1986, 1987, and 1989) derived his criteria
from the objectives of the distribution network. He also looked at the
objectives which the irrigation manager should strive to achieve. In these
publications, Abernethy proposed the use of: productivity, adequacy, equity,
cost and durability. He defines productivity as the ratio of the yield obtained
under the given water supply pattern to that which could be achieved under
an ideal supply. He proposed an outline for a possible way of characterizing
productivity from the time history of the water supply, the ideal crop water

requirement and some water production function (Abernethy, 1986 and 1987).
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Several other workers took a different approach in selecting their performance
criteria, Lenton (1983), addressing the performance of large-scale small-holders
irrigation systems, which may be serving several thousands of users, argued
that in such type of systems, criteria which reflect the level of achievement
in the objectives such as the ones discussed previously require unmanageable
volumes of data. He preferred instead to focus on a small number of key
performance indices which describe the important characteristics of the system
performance and which are measurable at a reasonable cost and with the
existing staff. He selected: (a) a cropped area measure given by the ratio of
the actually irrigated area to the potentially possible, (b) a water delivery
measure given by the time average of the ratio of the water delivered to the
target required, (c) a crop yield measure given by the ratio of the actual to
the potentially attainable yield, and (d) an equity measure representing the
variability of the three above measures across the irrigation system. In order
to reduce the data requirements to a mana;geable size, he suggested the use
of some sampling technique. A limited number of farms are to be sampled for
data collection and the sample average for each index is to be taken as an

estimate of the system performance.

Similar indices were suggested by Bhuiyan (1982) when he was discussing
methodologies for evaluation field research for improving irrigation system
performance. Bhuiyan also stressed the point that a better picture of the
conditions in the field could be obtained by employing multiple criteria rather
than a single one. He discussed the usefulness and limitations of: (a) Crop
yield, (b) Cropped area (this is because improved system performance is
expected to result in some water saving which could be used for expanding
the irrigated area). (c) Water use efficiency, which refers to the water use

relative to the water supply. (d) Irrigation efficiency, referring to the net
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water requirements to the water supply. (e) Water adequacy, measured, for
example, in terms of the number of days in which the crop suffered certain

level of stress. (f) Fquity, measured in terms of the water supplied or net

return to different farmers.

Similar indices, but a more comprehensive approach, has been taken by Garces
(1983) in his study of the performance of the rice irrigation systems in
Philippines and by Mao Zhi (1989) when evaluating the effect of a
rehabilitation program undertaken in one of the Chinese irrigation systems.
Both Garces and Mao Zhi subdivided the irrigation system into a number of
sub-systems. The performance in each sub-system was gauged by a number
of indices which they considered as critical indicators of healthy performance.
The sub-systems include: (a) An engineering sub-system, gauged by indices
related to the water and land utilization. (b) An economic sub-system, judged
by indices related yield and income per unit area or per unit volume of water.
(c) A human or social sub-system evaluated by indices reflecting the

distribution of the benefits to and the satisfaction of the cultivators.

Several other workers adopted a less comprehensive approach by
concentrating on a single key phenomenon and using it as an index which
they took to reflect the overall health of the irrigation system performance.
The idea is that such an index could easily be measured. Such an approach
was adopted by, for example, Malhotra, Raheja and Seckler (1984) and Seckler,
Sampath and Raheja (1988). Those workers argued that the difficulty of
measuring water flows at farm level and the insistence on precision are part
of the reason why performance of irrigation systems is rarely monitored. They
also argued that while measurement of water flows at individual farmer’s outlet

may be possible for few number of fields or plots, for research purposes for
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example, it may prove impossible if the performance monitoring is to be taken
as a continuous part of a management information system. They concluded that
for continuous monitoring of large irrigation systems, a ;ingle approximate
indicator of the performance should be adopted. Working with the warabandi
system of management in northwest India, in which the objective of the
irrigation system is to supply water to irrigate only a pre-specified part of
each farmer’s cultivatable command area, they set out to measure the
achievement of this objective by, simply, visual observations of how much of
each farmer’s land was wetted. Their index is a ratio of the "net wetted area"
or the "total wetted area" to the farmer’s cultivable command area. They
defined the net wetted area as the area of each farmer wetted at least once

during the irrigation season and defined the total wetted area as the net

wetted area times the number of irrigations during the season.

The literature on irrigation systems performance criteria reviewed above
indicates the multi-objective nature of the irrigation systems, particularly
those which are bureaucratically managed and serving large number of users.
These are the most common in developing countries, the subject of this study.
For proper characterization of the performance of these systems, a set of
criteria, rather than a single one (such as efficiency) needs to be employed.
In doing that, it is, however, important to avoid the over inclusiveness "trap"
mentioned by Chambers (1976). For the evaluation to be part of a seasonal or
annual monitoring process, its data requirement must be manageable and,
preferably, use the type of data routinely available. In this respect, Biswas
(1984 and 1990) discussed the trade-offs between the coverage and accuracy,
on one side, and the cost and utility, on the other side, of the information to

be collected for the purpose of monitoring the performance of irrigation

systems.
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As for the criteria proposed in the literature, although, in our view, they
offer enough range of choice for characterizing all aspects of the performance,
the definitions offered for some of the newly introduced criteria are very
general. While some were offered without detailed methods of how to measure
them, some work has been done on the characterization of productivity and

adequacy. This is briefly reviewed in the next two sub-sections.

2.1.5. Productivity:

Productivity was defined by Chambers (1976 and 1981)) as the ratio of crop
production to some scarce resource used. The scarce resource can be water,
land or labour, depending on which of them is the limiting factor for the
production. Although productivity is commonly quoted as ton per hectare (i.e.
productivity of land) for water management purposes, the productivity of
water is more appropriate. However, becausé the crop production is influenced
by many factors, water being only one of them, if productivity is to be used
as a measure of the quality of services provided by the irrigation system, the
influence of all factors other than water have to be isolated. This is the
approach adopted by Davey and Rydzewski (1981) and by Abernethy (1987).
From a record of the actual pattern of water supply, Davey and Rydzewski,
(1981) using some crop-production functions derived by other workers,
calculated the theoretical yield which could be achieved under the actual
water supply pattern. The ratio of this yield to the yield obtainable under an

ideal water supply pattern is taken as the measure of productivity in the

scheme.

Abernethy (1987) differentiates between land productivity and water

productivity. He followed an approach similar to that of Davey and Rydzewski
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mentioned above to calculate what he considered as potential productivity of
land. Because the procedure does not recognize cases of excess water supply,
in situations where wasted water could have been used elsewhere for crop
production, he introduced the concept of potential productivity of water. He
defined potential water productivity as the ratio of crop produced under the
given water supply pattern to the yield which could be obtained if the same

quantity of water was delivered under a supply pattern which exactly matched

the crop demands.

Clearly these productivity measures can be good parameters for describing
how adequate was the water supplied for satisfying the crop needs and how
effectively was the water used. The concepts are, however, relevant only for
mono-crop systems where a single crop-water production function is applicable

everywhere in the system.

2.1.6. Adequacy:

This refers to the ability of the irrigation system to supply enough water for
satisfactory crop growth. Although this may be the most important criterion
for evaluating irrigation performance, relatively little work has been done on
methodologies for measuring it when compared with irrigation efficiency and
uniformity. A crude measure of adequacy is the relative water supply
(Bhuiyan, 1982) which is defined as the ratio of the overall seasonal supply
to the demand. Such a measure, however, neglects the fact that although the
total supply during the whole season may be satisfactory, some periods of
water stress may be experienced. Characterization of adequacy must, therefore,
reflect what is referred to as regularity (Abernathy, 1986) or timeliness

(Abernethy, 1987) of the water supply. i.e. How did the water supply pattern
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match the time variation of the water needs of the crops.

Wickham (1971) (as referred to by Bhuiyan (1982)) developed a simple low-
cost methodology for measuring the farm level adequacy in rice systems. In
a rice field the water supply is adequate as long as the soil moisture is above
saturation. A count of the number of stress days during the season, by visual
observations, were taken by Wickham as the measure of adequacy. The stress
days were taken by him as the number of consecutive days during the season

without standing water in the field (excluding the first three days in each

event of a stress period).

The International Irrigation Management Institute (Ng, 1988) also developed a
simple but a more detailed technique for characterizing the farm level
adequacy in rice irrigation systems. The technique consists of recording the
water levels inside a perforated tube insi:alled inside the field. The water
levels are recorded daily, from transplantation to 20 days before harvest. The
data is then used to calculate indices measuring the frequency, duration and

intensity of the water shortage events during the season.

For non-rice irrigation systems, Lenton (1983) introduced a measure of
adequacy which takes into consideration the timing of the water supply in
relation to the crop development stages and, therefore, its sensitivity to water

stress. He defined the Water Delivery Performance (WDP) as:

W)
WDP - f (2.10)
E k) —= Vo

Where
v(t) = Volume of water delivered to the area under consideration in a
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time period of t-days during the season. The time period t can

be a week, 10 days or of any other convenie_nt length.

V(t) = Target volume of water to be delivered to the area during the
time period t for the crop(s) grown and the existing condition
of the soils and rainfall or any other source of water.

k(t) = Weighting factor reflecting the relative sensitivity of the crop in

the time period t. The values of k(t)’s are normalized so that,
over the season, they sum up to unity.

T = Number of time periods in the season.

With the definition given by equation (2.10), the WDP equals unity if the water
delivered to the area during the time period was exactly equal to the target
volume, equals zero if no water was delivered during any time period and
takes a value between zero and unity if the supply during some or all time
periods was less than the requirements. iTo deal with over supply, which
according to equation (2.10) produces a WDP value greater than unity, Lenton
suggested that either we set v(t) = V(t) as an upper limit, or the definition
of equation (2.10) is to be modified for the over supply periods by taking the

reciprocal of the term (v(t)/V(t)).

All adequacy measures reviewed above are expected to have a strong
correlation with the yield. In fact both adequacy and productivity (i.e. land
productivity in the terminology of Abernethy (1987)) are essentially measures
of the same thing. Both criteria reflect the level of success of the irrigation

system in delivering water for a decent crop growth.

As was mentioned previously, proper evaluation of the irrigation systems

performance requires the use of a set of criteria, rather than a single one.
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It will be argued in this study that for many purposes it may be necessary
to combine the achievements of all these criteria into a single overall
performance measure. In the reminder of this chapter methods which are used

in water resources planning for comparing different water resources projects

and development plans are discussed.

2.2. Multicriteria Evaluation Techniques:

The selection of a water resource development plan for implementation involves
the consideration, evaluation and ranking different possible alternative
projects and development plans. These projects and plans are always expected
to serve a number of objectives. The consideration of all these objectives in
the evaluation necessitates the use of evaluation techniques which can deal
with more than one objective. The development of such techniques has
received considerable attention in the last three decades. A large number of
techniques have been developed. They are generally known as multiobjective
and multicriteria evaluation techniques. Although these techniques were
originally developed for evaluating proposed projects, they are relevant to the
evaluation of existing irrigation systems. Their relevance comes from the fact
that they are basically methods of combining the achievement in all individual
objectives into one overall measure of effectiveness. In this section the main

characteristics of these techniques are reviewed.

2.2.1. Historical Background:

Traditionally, ranking alternative water resources development plans employs
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benefit-cost analysis1 for this purpose. For each alternative plan or project,
the benefits and costs are estimated and then, based on some benefit-cost
criterion, alternative investment plans are ranked. The benefits are estimated
based on the increase in the national income expected from the investment and
the costs are defined as the financing required plus the benefits forgone by
the use of the resources involved. Such criterion for ranking alternatives
based on their impact on the national economy is generally known in the
literature as the economic efficiency objective or criterion. Other social,
regional and environmental impacts of the proposed investment may be
mentioned in the planning documents as secondary effects (Maass, 1966) but

the selection criterion was always economic efficiency alone.

During the 1960’s concern was expressed about the deficiency of using
economic efficiency as a single criterion for ranking water resources
development alternative plans. The main criticisms of the approach, at that
time, were: (1) its failure to consider the distribution of the impact of the
proposed development plans among different people and regions (Maass, 1966)

and (2) lack of incorporating public opinion in the selection process (Ortolano,

1976).

The formulation of procedures which can take into consideration objectives

other than economic efficiency and the development of models for the political

I The principles of benefit-cost analysis is contained in many text books.
Complete overview of the technique is given by Rydzewski (1987).
With the benefit-cost technique projects and plans are ranked using
one of the following criteria:

1) Benefit-cost ratio. i.e. The ratio of the discounted benefits to the
discounted costs

2) Net present value. i.e. Excess of the net discounted benefits over the
net discounted costs.

3) Internal rate of return. i.e. The discount rate required to given zero
net present value.
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decision process for incorporating public opinion in analysis was initiated by
the work of Harvard University Water Program published by Maass, et.al
{1962). This work basically contains adaptation of the benefit-cost analysis to
incorporate economic efficiency and benefit distribution. Based on that work
formal procedures for the generalization of the benefit-cost analysis to
consider all relevant objectives was developed and is generally known as
multiobjective benefit-cost analysis. It differs from traditional benefit-cost
analysis in that while the latter focuses on economic efficiency alone, the
former considers all relevant objectives. For an irrigation project, for example,

in addition to the economic efficiency, the multiobjective benefit-cost analysis

can incorporate objectives such as self-sufficiency in food production and

creation of jobs.

Multiobjective benefit-cost analysis for selecting the optimum water resource
project or plan is explained by Major (1977). The procedure consists of
employing some social consensus or some political process for choosing the
relevant objectives to be used in the analysis and then translating these
objectives into design criteria. Having done that, then for each alternative all
objectives are expressed in monetary terms and the net discounted benefit
(discounted benefits minus discounted costs) is estimated. If the preferences
of the society can be obtained then alternatives can be compared based on

their attractiveness to the society.

To explain the procedure, fig.(2.1) was adopted from Major (1977). To enable
graphical representation only two objectives are considered in this example:
{a) increasing national income and (b) increasing the income of a certain
region. The net discounted benefits of the two objectives, Bll and Br

respectively, are used as coordinates in fig.(2.1).
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FEASIBLE
REGION

Fig.(2.1): Graphical solution of a multiobjective problem with two objectives.

If for each alternative project or plan, the net discounted national income (Bn)
and the net discounted regional income (Br) are estimated, alternatives can be
represented by points in the graph of fig.(2.1). One project, say an irrigation
system, can be represented by different points each representing, for example,
different size of the command area, different geographical location or different
investment level. The set of all points in the figure represents the feasible
alternatives or feasible region from which the optimum choice is to be
selected. The boundaries of this set, curve TC, is known as the transformation
curve and represents the noninferior set of alternatives. The set of
noninferior alternatives is defined as the set of alternatives for which an
improvement in one objective cannot be achieved without some loss in another
objective. The optimum choice must necessarily be represented by a point in

this noninferior set.
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If the social preferences between the two objectives can be ordered, then all
points of equal social preference can be plotted and connected together to
form lines of equal social indifference such as SII’ SIz and SI3 in fig.(2.1).
These are lines of decreasing social utility., From this figure, clearly point A,
which is the point where one of the social indifference curves and the
transformation curve are tangent, is the alternative of the highest utility to
the society among the possible alternatives. Other alternatives can be ranked
according to the utility curve passing through them. The slope of the tangent
to the transformation curve at point A indicates the relative weights which the
society assigns to the two objectives under consideration at the particular
levels of their achievements. These relative weights are of great importance
when the analysis is to be carried out analytically. For the example of
fig.(2.1), if the slope of the tangent at point A is (-1/a), it means that the
weights which the society assign to the national income objective and the
regional income objective are respectively lband a. The problem can, therefore,

be expressed mathematically as:

max. (B, + aB) (2.11)

Subject to (Bn’Br) is within the feasible region.

Such representation of the problem into a weighted objective function was
introduced by Marglin (1962, pp.78-81) in the work by Maass, et.al. (1962).
Discussing methods of combining the two objectives of economic efficiency and
distribution of benefits, Marglin suggested that the relative weights of these
two objectives may be taken as the willingness of the society to sacrifice
efficiency for distribution. In real life, however, these relative weights are not

necessarily constant. The trade-offs between any two objectives may depend
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on the level of achievement in the objectives. This point is discussed in more

detail later in this section.

The example presented above is for the case of two objectives only. Obviously
for a large number of objectives such graphical representation is not possible
and a more general analytical approach must be adopted. There are a number
of techniques for doing that. These techniques are generally known as
multiobjective programming techniques. A review and classification of these
techniques are given by Cohon and Marks (1975) and Starr and Zeleny (1977).
References to the applications of these techniques in the field of water

resources are given by Goodman (1984, chapter 13).

As can be seen from the example of fig.(2.1), identification of the most
attractive project or plan to the society (point A) requires the construction
of the transformation curves TC and the derivation of the family of the social

indifference curves SIi (which represents the preference of the society) from

2

the decision-maker’  or from some form of social consensus. Analytical

procedures for doing that can be broadly classified into two categories: (a)
techniques which do not ask for an explicit statement of the social preference
and (b) techniques which require explicit information about the social

preference. The two categories are briefly reviewed in the following two

subsections.

2.2.2. Techniques Not Asking for Explicit Statement of Preferences:

The approaches under this category assume that the preferences of the

: By decision-maker in this thesis it is referred to the decision-making
body which, in public sector, may be a group of experts, a government
department or a selected committee.
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decision—-maker are difficult to quantify. The difficulty comes from the fact
that the decision-maker himself may not be able to express his preferences
before he get some idea of what are the possible alternatives. These
approaches also assume that multiobjective planning is largely a political
decision in which the role of the analyst is confined to the identification of
the range of possible alternatives and the impact of each of them. It is up to
the decision—-maker then to choose the optimum from these alternatives. These
approaches, therefore, require the analyst to identify the set of all the
noninferior alternatives. i.e. He must first construct the transformation curve
TC of fig.(2.1). These noninferior alternatives are then presented to the
decision~maker (for example in a form of a graph as shown in fig.(2.1)). The
decision—-maker then uses his own judgement to select the optimum alternative.
Several techniques can be followed for generating the noninferior set of
alternatives. The most common are the weighting method and the constraint

method (Cohon and Marks, 1973).

With the weighting method the relative weights of all objectives (i.e the value
of a in equation (2.11)) are assigned some arbitrary set of values. The problem
becomes normal maximization of the weighted sum of the objectives for which
any linear optimization technique such as the simplex met.hod:i can be used to
generate the optimum solution. This solution gives one point in the set of the
noninferior alternative. The set of weights of the objectives is then changed
to generate other noninferior points. The process is repeated till all the

noninferior set of alternatives is obtained.

The constraint method is similar to the weighting method. The only difference

3 Techniques for solving linear programming optimization problems are
contained in many text books. See, for example, Taha (1976).
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is that instead of varying the weights, with the constraint method the level
of achievements in all objectives, except one, are fixed at a given level. A
linear programming technique is then employed to generate one point in the
noninferior set. The fixed level of the objective is then changed to generate

other noninferior points. The process is repeated for all objectives till all the

noninferior set of alternatives is generated.

Clearly, both the weighting method and the constraint method put a heavy
computational burden on the analyst as all possible noninferior alternatives
have to be generated. Many of the generated noninferior points will turn out
to be far from being satisfactory to the decision-maker. To reduce this
computational burden some methods have been developed (Cohon and Marks,
1975). They include an adaptive search procedure in which initial points in the
noninferior set are generated and then used to indicate the direction of
search for other points. Another approach is to let the decision-maker provide
some limited information about his requirements. For example by asking him
to specify the minimum acceptable level of achievement in each objective as
is done, for example, in goal programming (Lee, 1972). In this way the
computational burden can be considerably reduced by restricting the analysis
to the domain within which the minimum level of achievement in each criteria

is satisfied.

The techniques mentioned in the previous subsection may be the most suitable
for multiobjective decision making in public sector planning. This is because
in the public sector it may be difficult to extract the preferences of the
decision-maker in an explicit form. Unfortunately these techniques have their
limitations: (1) As was mentioned previously their major weakness is their

computational inefficiency particularly when several objectives are involved
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(Cohen and Marks, 1975). This is because the set of the noninferior
alternatives has to be generated completely (or at best partially when the
preferences of the decision maker are partially known). (2) For up to three
objectives the results of the analysis can be presented graphically to the
decision-maker for the selection of the optimum alternative. For more than
three objectives the presentation of the noninferior set is a problem. (3) in
addition to these there are the traditional problems associated with the
benefit-cost analysis itself: a) estimating the benefits and costs of each
alternative has to be based on a non-existing market, as the proposed project
may considerably change the equilibrium of the existing market, b) because
of the subjectivity involved in estimating the benefits and costs of any
proposed project, Biswas (1984) argued that the benefit-cost methods of
analysis are sometimes deliberately misused by the tendency of government
officials to inflate the benefits and reduce the costs in order to get a
proposed project accepted for funding. In fhis context Tiffen (1987) discussed
the drawbacks of the over-dependence on the benefit-cost analysis in practice
for selecting proposed projects for funding. She cautioned against its failure
to incorporate all aspects of benefits and costs involved, particularly operation

and maintenance cost.

2.2.3. Techniques Requiring Explicit Statement of Preferences:

To overcome the difficulties of the techniques discussed in the previous
section a set of alternative techniques have been developed in which instead
of transforming all the objectives into monetary units, they are measured in
different units and a weighting system is employed to reflect their relative
importance. To do that, however, means the preferences of the decision—~maker

have to be explicitly stated. These techniques are some times known as

38



multicriteria evaluation techniques and are most useful when it is difficult to
transform the benefits and costs into market prices. There is a large variety
of them including vector optimization techniques such as compromise
programming and weighted goal programming method, simple aggregation

models and techniques which use a utility function.

Compromise programming, which has been applied in the field of water
resources planning by, for example, Duckstein and Opricovic (1980), seeks to
identify the noninferior alternative with the least distance from the optimum
alternative. For each objective the decision-maker specifies the ideal level of
achievement and the relative weight. The general formulation of the

optimization problem is then:

N RS
min. (iz:l W? [Z, - Z,]a)“ (2.12)

In this expression; Z;s and w; are respectively the ideal level and the relative
weight specified by the decision-maker to the i-th objective and z; is the
level of its actual achievement. Sometimes the term inside the square bracket
is normalized by dividing it by the difference between the ideal and the
minimum level of the objective. The value of a is varied between 1 and o to
obtain a range of solutions. For example, when a = 1, the expression of
equation (2.12) becomes the weighted sum of the deviation from the ideal
solution which is the expression used in weighted goal programming technique
(Lee, 1972). When a = 2, the solution becomes the minimization of the geometric

distance between the i-th alternative and the ideal alternative.

Techniques using vector optimization such as compromise programming and
goal programming are particularly suitable when a large number of possible
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alternatives is involved and where the objectives Zi (i=1, 2 ... N) are
functionally related to some other decision variables X; (j=1, 2 ... M). i.e When
each Z;, can be expressed as Z; = Zi(xj)' In many practical situations the

problem may be choosing from a limited number of alternatives in which the
level of achievement in each objective is determined directly rather than being
a function of other decision variables. For this latter type of problem it may
be more suitable to employ simple aggregation models such as the ones
reviewed by Huber (1974) or a technique such as ELECTRE (David and
Duckstein, 1976). Cohon and Marks (1975), however, argued that these latter
techniques may not be suitable for water resources planning problems because
water resources planning is usually characterized by a large number of

possible alternatives associated with different decision variables.

Huber (1974) reviewed what he called multi-attribute utility models and defined
them as models designed to obtain an ovérall measure or utility for items
which are characterized by more than one property and therefore require a
multi-criterion evaluation. Selecting a job from a number of offers depending
on the salary, location and nature of the work, or the decision on which house
to buy depending on its location, size and cost are typical problems in which
such models are useful. Huber examined various studies in management science
in which additive (equation (2.13)) or multiplicative (equation (2.14))
aggregation models were employed for calculating the utility of a multi-
criterion item. In both models bi and x; are respectively the relative weight
assigned by the decision-maker and the level of performance with respect to
the i~-th criteria and N is number of performance criteria. In the studies
reviewed by Huber no proper justification was given for selecting one model

or the other. The choice was based on the ability of the model to predict the

evaluation of the decision-maker.
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N
U- }; b, x, ' (2.13)
‘-

U= II x‘b‘ (2.14)

With the ELECTRE method, which has been applied in the field of water
resources planning by David and Duckstein (1976), the decision-maker
specifies the weights of the objectives or criteria together with the maximum
expected and minimum acceptable levels of performance in each of them.
Alternatives are compared using the concord index c(i,j) and the discord index
d(i,j). The concord index c(i,j) is defined as the normalized sum of the weights
of all criteria for which alternative j performs better than alternative i, and
the discord index d(i,j) is defined as the fnaximum range (i.e. the difference
between the maximum and minimum performance levels) of all criteria for which
alternative j performs better than alternative i, divided by the maximum range
of performance of these criteria. The c(i,j) and d(i,j) are presented in a matrix
form. The matrix elements are limited to those for which c(i,j)>p and d(i,j)<q
for some selected values of p and q. Other elements of the matrix are replaced
by zeros. The matrix elements are then used to construct graphs or sketches
to facilitate comparison. A separate graph is drawn for each pair of values for

p and q.

The main problems with the techniques which require explicit statement of
preferences and which are reviewed so far are that: (1) They assume constant
trade-offs between the criteria irrespective of their performance level. In real

life this is hardly the case. The trade-offs are always expected to change with
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the performance level of the criteria. (2) The decision—-maker has to state his
preferences by assigning the weights to the criteria in an ad hoc manner,
This is made even more difficult by the fact that these weights have to be
given in the absence of any idea of what are the likely levels of performance
in each criterion. To cater for these problems some techniques have been
developed in which trade-off functions, rather than weights, are generated.
i.e. The trade-offs are generated from the decision-maker as a function of the
level of performance in each criteria. Such techniques include the surrogate

worth trade-off method and the multi-attribute utility theory.

The surrogate worth trade-off method -as described by Haimes and Hall (1974)
consists of generating the noninferior set which is then used with the
decision-maker to generate the surrogate worth trade-off function. The
optimum solution is the point at which all the surrogate worth trade-off

functions are equal to zero.

Objectives are considered only two at a time, say objectives Z-1 and Zj’ all
other objectives are kept at their minimum levels. Objective Zj is then used
as a constraint and objective Z;, is optimized for wvarious levels of Zj. A
functional relation Tij between the optimum levels of Z, and their
corresponding values of Zj is derived. Haimes and Hall (1974) call this Tij the
trade-off function between objectives i and j. For each combination of two
objectives there is a trade-off function. For a problem of N-objectives,
therefore, there are N(N-1)/2 such trade-off functions (Cohon and Marks,
1975). Each of the Tij function is then used with the decision-maker to
generate the surrogate worth trade-off function wij between objectives i and

j» The function Wij is defined as a relationship between the desirability (in

a scale of -10 to +10) of the decision~maker to exchange Ti.i units of the i-th
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objective with one unit of the j-th objective. Having generated all the Wu
function the optimum choice is the point at which all the Wij functions are

simultaneously equal to or near zero.

In this way the surrogate worth trade-off method realizes the variation of the
trade-offs with the level of achievements in the objectives but only in a
limited way since these trade-offs are generated for two objectives at a time
assuming fixed levels for all other objectives. On the other hand the method,
like the constraint method discussed in the previous sub-section, is
computationally inefficient when several objectives are involved. One of its
advantage is, however, that the decision-maker is lead in his decision through
a systematic comparison, only two objectives at a time. In this way the
confusion which may arise from having to give his judgement considering all

objectives simultaneously may be considerably reduced.

The multi-attribute utility theory approach, which will be discussed in detail
in Chapter 7, is different from all approaches discussed above. Instead of
formulating the problem in a vector optimization form, the multi-attribute
utility theory approach aims to derive the choice principles from the choice
behaviour of the decision-maker in the form of a utility function. This utility
function reflects the decision-maker’s preferences over various levels of
achievement in each objective and his trade-offs between different objectives.
Once this utility function is obtained then it can replace the decision-maker
and be used for ranking alternative projects and plans with respect to their
attractiveness or strength of desirability to that decision-maker without him
necessarily being present. The main assumption made with the theory is that,
provided certain conditions are satisfied, the utility function of the decision-

maker can be explicitly derived from his choice behaviour. The theory is a
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self-contained method containing a step-by-step procedure for deriving the
utility function from the decision-maker. The application of the theory is,

however, not free from difficulties. These are discussed in Chapter 7.

To sum up this section, some of the multiobjective and multicriteria evaluation
techniques are reviewed. The review is far from covering all techniques
available in the literature and the purpose here is to point out the availability
of a large variety of them, each has its advantage and limitations. The choice

of a particular technique largely depends on the problem under consideration.
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CHAPTER 3

CONCEPTUAL FRAMEWORK

3.1. General Approach for Evaluation

The literature on organization effectiveness contains two approaches for
evaluating that effectiveness: the "goal model' and the "system model' (Price,
1970; and Strasser, et.al, 1981). The difference between the two approaches

lies in the type of the performance criteria to be used in the evaluation.

The traditional and most widely used is the goal model approach which views
organizations as a goal-achieving machines for attaining specific set of goals
or objectives. The effectiveness of the organization is, therefore, directly
measured by the degree to which these objectives are achieved. All
effectiveness or performance criteria are designed to reflect the degree of

achievement of the organization objectives.

Critics of the goal model approach have pointed out some problems with its
use. The main difficulties are: (a) Organization objectives are usually difficult
to identify (Katz and Kahn, 1978, pp. 19). (b) Difficulties in comparing the
performance of different organizations. The difficulties stem from the fact that
such comparison requires the use of performance criteria which are common
between the organizations to be compared. Because the objectives of different
organizations differ widely, if only goal criteria are used for the evaluation,

it may not be possible to find these common criteria (Price, 1970).

The system model approach, which is a more recent development, views the
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organization as a social organism composed of a complex collection of units,
subunits and individuals sharing some facilities. These units are also
interconnected together with some rules with which they interact internally
and with the surrounding environment (Pasmore and Sherwood, 1978). The
effectiveness of the organization is measured in terms of its ability to maintain
itself internally and interact with the surrounding environment (Strasser,
et.al., 1981). There is no general rule for the choice of the effectiveness
evaluation criteria. They depend on the conception of the evaluator to the
processes involved in the organization and the way it should work. Criteria
commonly used are "indicators" or "signs" which reflect the behaviour or
status of the processes in the organization or its interaction with its
surroundings but not necessarily the achievement of its goals. They may
include some goal criteria but if they are included their weights in the overall
performance are suppressed by the dominance of process criteria. The
advantage of using the approach which'is claimed by its users is the
possibility of finding criteria of universal relevance to all similar organizations

and, therefore, intercomparison of these organizations may be possible.

To help clarify the difference between the performance criteria used in the
two approaches, let us consider them in the context of irrigation systems. The
evaluation of the irrigation system performance can proceed in two ways: The
user of the goal model approach should first define the objective of his
systems and then design his evaluation criteria to reflect the degree of
achievement of these objectives. In this way he should end up confining
himself to goal criteria such as adequacy, efficiency and profitability. The
user of the system model, on the other hand, may look at, for example, the
"Numbers of farmers’ complaints", "Collection of water fees" or "frequency of

violation of the rotation by the farmers". The latter type of criteria signal
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some indicators about the processes taking place in the system. They may not
reflect the degree of achievement of the objectives of the irrigation system
but their values may be correlated to the overall health of the system

performance and they may be common to different types of irrigation systems.

The system model approach is criticised because: (a) The criteria do not allow
for the identification of the reasons for the observed level of performance
(Strasser, et.al., 1981). (b) The model does not offer any specific way of
choosing the criteria (Mohr, 1973). This resulted in a lack of agreement in the

way in which criteria are chosen when the model is used by different people.

In our view, the question of which of the two approaches is to be followed
depends on the organization to be evaluated, the purpose of the evaluation
and the availability of the data. For the purpose of the study at hand, a goal

model is adopted for the following reasonsi

1) The main emphasis of this study is on methodology suitable for the
regular seasonal or annual evaluation, or may be for measuring if an
improvement in the system performance was brought about by a
rehabilitation investment, rather than comparing the performance of

systems which are operating under different settings.

2) Although we recognise the difficulties involved in the identification of
the objectives of the irrigation system (these are discussed later in this

chapter), nevertheless, we believe it is still possible to overcome these

difficulties.

However, the system model approach may provide a more appropriate and
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cheap method for the irrigation managers to use in their day to day
monitoring of their systems. The manager can pick up some of the key
variables of the ongoing processes and monitor the variation of some
indicators which reflect their status. Such indicators can signal how "things
are going" within the system and help the manager make frequent adjustments
in his management policy. For example, the manager may like to know the
effect of "organizing some regular meetings between the water users and the
operation staff' or the effect of "tightening the regulations concerning
unofficial water withdrawal from the canals on the supply to the tail farmers".
An indicator of the effect of these could be "the variation of the water level

at the tail of the canal' or "the number of farmers complaints".

3.2. Nature of Irrigation Systems Objectives

Adopting the goal model approach, an irrigation system is said to be
performing satisfactory if it is able to achieve its intended goals. The first
step in the evaluation is, therefore, to acquire a clear idea of what are the
objectives which these systems are aiming to achieve and then see if we can
set measurable standards against which our judgement of the performance can
be based. Such standards are called "performance criteria". In setting these
standards, we do not seek to specify definite thresholds above which or below
which the performance is either accepted or rejected altogether. In irrigation
systems performance there is always a range of degrees of acceptability
corresponding to a similar range of levels of achievements in what ever
objective we are seeking to achieve. This means that for us to measure the
degree of acceptability of the performance we need to have a scale by which
different levels of achievements of the objectives can be segregated. i.e. A

scale by which we can measure different degrees of satisfaction in each
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criteria. The scale with which the level of achievement in any objective is

measured is called the attribute of that objective.

3.2.1. Multiplicity and Conflicting Nature of the Objectives:

In the previous chapter it was established that irrigation investments, like
most other public investments, always serve multiple objectives. Satisfactory
characterization of their performance, therefore, requires the use of a set of
criteria rather than a single one. Obviously not all these objectives are
equally important to achieve. Some may be essential for good system
performance, some may be less critical and others may just "make things
better" if they can be achieved. Moreover, irrigation systems objectives are
not only multiple, but can also be conflicting in that the achievement of one
objective may not be possible without some sacrifices in other objectives. For
example, an increase in the water use efficiency can be achieved through
introducing some structural or managerial control measures. But this should
necessarily result in some loss in the flexibility with which the water users
receive their supplies. Improvement of the water use efficiency can also be
achieved by lining the canals to reduce seepage losses. But again this is
associated with the high cost of this lining. Therefore, the problem of
evaluation must necessarily involve trade-offs between different objectives: i.e.
Judgements on how much sacrifice are we prepared to give up in the
achievement of one objective in return for an improvement in the level of

achievement of another objective by some fixed amount.

The multiplicity and conflicting nature of the objectives of different systems
mean that comparison of the performance of these systems cannot be achieved

without combining the level of achievement in all individual criteria into a
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single overall index. Such an index should also reflect the trade-offs between
the objectives, i.e. their relative importance. If such an overall performance
index can be obtained, it would only then be possible to rank the performance
of different irrigation systems. It would also be possible to monitor the
performance of the same system over time in order to judge how much
improvement in the overall performance is gained from an investment in a
rehabilitation program or from adopting one design approach and/or
management policy or another. A single index which summarizes the overall
performance of the irrigation system can also be useful to report this

performance to the public and to the non-specialized government

administrators and decision-makers.

However, in reporting the performance with respect to all the criteria
considered in the evaluation in the form of a single index, some important
information must necessarily be masked. In many cases together with the
overall performance index, the performance with respect to individual criterion
is also needed. For example, if further investigations are to be conducted for
understanding the reasons behind the observed level of performance or to
decide on what specific remedial measures can be taken in order to improve
the situation. In other situations it may be necessary to report some of the
details on which the judgement was based, such as what criteria were used?

and which of them were considered most important?.

3.2.2. Variability of Objectives and Trade—offs:

The fact to be recognized in evaluating irrigation systems is that individual
systems differ widely in two important aspects: (1) The objectives which each

systems is expected to achieve and, therefore, the set of criteria to be used
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in its evaluation. (2) The trade—-offs between these objectives and, therefore,
their relative importance. The set of objectives and the trade-offs between
them in every individual system are dictated by the physical, economic, social,
political, legal and environmental settings in which the system is operating.
They some times differ even across systems in the same country or region.
For example, while the adequacy of water supply may be the most important
single criterion in most irrigation systems, it may be irrelevant in evaluating
the performance of the Warabandi systems of the Punjab in India and
Pakistan. The objective of the warabandi irrigation systems is to distribute
the available water between the users according to pre-agreed shares. It is
up to those users to decide what crop to grow and how much area to irrigate
in order to make the best use of their water allocations (Seckler, et.al, 1988).
It is, therefore, not appropriate to measure the performance of the warabandi
irrigation systems by how adequately were the crops irrigated. Similar
differences between irrigation systems exist also in the importance attached
to different criteria. For example, water use efficiency which assumes high
priority in places of water scarcity is less important in places where the
water availability is not a constraint for the expansion of the irrigated

agriculture.

Even for the same irrigation system, the set of objectives and the trade-offs
between them may be different for different participants in the system. For
example, the farmers primary concern may be a flexible access to water and
the agricultural manager would like to see the optimal irrigation requirements
satisfied every where in his area. The local system manager have to live with
these together with the pressure from the irrigation department to save water
and cut down in the operation and maintenance cost. This means that the

objectives and the trade-offs between them are, to a large extent, determined
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by the personal values and preferences of individual participants. For this
reason proper identification of the objectives and the evaluation of the trade-

offs between them must necessarily involve some input from those participants.

The above discussion suggests that the set of objectives and the trade-offs
between them are system-specific. For each individual irrigation system(s) the
objectives and the trade-offs have to be considered in the light of the
particular setting under which the system(s) is operating and can only be
determined by those who are involved in running the system(s). This means
that it would not be possible to identify a set of objectives which are
sufficient and all relevant for any person in any system. For this reason, the
approach which we will follow in this study is first to prepare a list of all
ob jectives which some people somewhere may expect their system(s) to achieve
and develop an appropriate scale for measuring the level of achievement in
each objective in this list. The idea is that i:he performance of any system can
be adequately measured by a sub-set from this list. Having prepared this list
then for evaluating any particular system(s) we present this list to the
participants in that system(s) and let them select the criteria which they
consider as relevant and important for evaluating their system(s). They will
then be asked to specify their trade-offs between the criteria which they

selected.

At this stage a number of important questions arise: Firstly, in any irrigation
system(s) several groups of people with, may be, conflicting objectives and
preferences are involved and concerned about the performance of their
system(s). The question here is against whose objectives and preferences
should the evaluation be based? i.e. Who is the client of the evaluation job?

Secondly, to what extent are the objectives and preferences of this client
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representative of that of the other actors involved? Or how to combine those
of different people or groups of people into some form of a group decision?
And thirdly, having identified the client(s), how to proceed with the

evaluation?

These questions are different in nature. While the first two are policy
questions, the third one is a methodological or analytical one. In this study
concern is mainly confined to the third question. The reason for that is, in
our view, for the first two questions to be answered, the third question have
to be answered first and that proper treatment of the first two questions may
require separate study. In this study we will assume that in irrigation
management a client who represents all beneficiaries is identifiable. Although
the issue of the identification of the client in irrigation will be discussed
briefly in Chapter 7, the main concern of the study will be how to derive this

client objectives and preferences.

Another dimension of variability of the objective and the trade-offs between
them comes with time. Here two types of variation can be identified: long-term
and short-term variations. Usually the life time span of an irrigation system
is long, may be many decades. This may be long enough for considerable
changes in the values of the society to take place due to changes in the
economic conditions and/or social structure. We refer to this as the long-term
variation. Clearly to cater for this the objectives and the trade-offs used in
the evaluation may need to be updated, or at least carefully examined, from
time to time. But even from one year to the other the preferences of the
society may vary. For example, a single drought year may considerably affect
the trade-offs between the objectives. This is what we refer to as the short-

term variation and is discussed later in Chapter 7.
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3.3. Identification of the Performance Criteria

3.3.1. Desired Features of a Set of Attributes:

For any multi-criterion situation (irrigation system performance is not an
exception) the set of attributes which describe the level of achievement of a
given set of objectives is not unique (Keeney and Raiffa, 1976, pp.53). It is
always possible to define different sets of attributes which can be nearly
equally appropriate and sufficient for measuring the levels of achievements in
the same set of objectives. The choice of a particular set of attributes
depends on the availability of the data, the ease with which the attributes can

be quantified and the meanings of their values to the people involved.

Keeney and Raiffa (1976, pp.50-53) discussed the desired properties of the set
of attributes to be used for measuring the levels of achievements in any given
set of objectives. According to them, the desirable set of attributes possesses

the following characteristics:

Complete: The set contains sufficient number of attributes to describe, to an
acceptable level of accuracy, all the important features of the
performance.

Operational: The practical meaning of different values of each attribute are
easily understandable to the people involved. If possible it is always
preferable to use the type of attributes with which the decision-maker
is familiar.

Non-redundant: Avoid double count, i.e avoid duplicating the consideration of
the same criterion in more than one attribute. This is particularly

important in the context of irrigation systems performance, because of
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the large number of criteria put forward in the literature. In many
cases several of them, under different names, ma)" be characterizing the
same aspect of the system performance.

Minimum: The smaller the number of attributes in the set the easier will be

the analysis. One way of reducing the size of the set is by combining

several features of the performance into one criterion.

For the particular case of irrigation systems performance, Abernethy (1989)
also mentioned the importance of using attributes which are cheap to measure,

preferably based on routinely collected data.

3.3.2. Hierarchy of Objectives:

In chemical engineering terminology, the process of manufacturing any product
is composed of a number of "units processes" and/or "unit operations"
connected together ip series and/or in parallel to give the intended product
as a final output. A unit process involves some chemical and/or biological
treatment and a unit operation involves some physical treatment. With this
terminology, the irrigation system can be viewed as the part of the irrigation
scheme responsible for one unit operation, namely the supply of the irrigation
water. This unit operation together with other unit operations lead to the
production of crops, improvement of the well-being of the people or what ever
the final objective of the irrigation scheme may be. The performance of the
irrigation system is judged by its ability to accomplish the unit operation for
which it was set up. The objectives of the irrigation system should, therefore,

be confined to this unit operation.

In order to define the objectives of the irrigation system, all human activities,
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including managing irrigation systems, can be looked at as directed towards
the use of some resources (which in most cases are limited) in order to satisfy
some needs. Kepner and Tregoe (1965, pp.182-183) suggested that the objective
of any organization can always be derived from the "resources" available for
use and the "results" which could be obtained from the utilization of these
resources. The efforts of the manager can always be viewed as being directed
towards optimizing the organization activities in order to economize in the use
of the limited resources, maximize the chance of achievement of the desired

goals and minimize the undesired effects.

The resources available for the irrigation system manager are the system
physical facilities, the water source and some budget. The result expected is
the supply of the fields with their water needs. The general objectives of the
irrigation system can, therefore, be defined along these lines as: (a) The
optimum use of the system facilities. (b) The supply of the fields with their
water needs. Such definitions of the general objectives are, however, too
broad and vague to be used as standards against which one can judge
whether the performance is satisfactory or not. To be able to do that we need
to have more specific definitions of these objectives. One way of obtaining
these is by breaking down the general objectives into their constituent parts
and organizing them in a hierarchical form. Hierarchical organization of
objectives into sub-objectives and lower level sub-objectives can help us
conceptualize the situation and concentrate on one objective (or sub-objective)
at a time. Forman and Selly (1989) cited some studies which claim that
organizing complex problems into a hierarchical form is the natural way of

human thinking.

To construct the hierarchy of objectives of the irrigation system, the general
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objectives defined in terms of optimum use of the resources and maximization
of results, because they are too vague to quantify the degrees of their
achievements, they are to be divided into sub-objectives. We then consider
these sub-objectives and try to devise measurable attributes by which we may
be able to measure the degrees of their achievements. If any of these sub-
objectives cannot be easily quantified by a measurable attribute, it can be
further sub-divided into lower level objectives ... and so on. We continue to
do that till we arrive at a set of objectives and sub-objectives the degree of

achievement in each of which can easily be measured, reasonably accurately,

by some attribute.

In both the vertical and the horizontal directions of the objectives hierarchy,
there is no obvious level at which subdividing of the objectives must be
terminated. The extent of the hierarchy in both directions depends on our
judgement. In the vertical direction the géneral rule is to stop dividing any
objective or sub-objective when an attribute can be found with which the
achievement of the objective (or sub-objective) can be measured with an
acceptable degree of accuracy. Naturally, this acceptable degree of accuracy
depends, among other things, on the purpose of the evaluation and on the
resources available for it. For example, sometimes a subjective attribute or an
attribute which only approximately measures the level of achievement may be
accepted if it is felt that a more precise characterization requires data which

may be difficult or expensive to obtain.

Similar judgement is used for the extent of the hierarchy in the horizontal
direction. Sometimes one upper level objective may involve a large number of
lower level objectives. Which of them are to be considered in the analysis

depends on our judgement of their significance. Sometimes the inclusion of too
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many sub-objectives may complicate the analysis without necessarily producing

improved results.

In general, there are always several ways of constructing the objective
hierarchy. To arrive at the final set of objectives or attributes which satisfies
the desirable features mentioned in the previous sub-section, some of the

possible techniques which can be adopted are:

(a) Elimination of the unimportant objectives.

(b) Simplification by using attributes which approximately measure the levels
of achievements in the objectives.

(c) Combination of several objectives into a single measure.

(d) Rearrangement of the objectives’ hierarchy.

Having arrived at the final hierarchy stru'cture, then lower level objectives
can be integrated into a single attribute which measures the level of
achievement of the immediate upper level objective. The process is repeated
up the structure to arrive at an overall performance measure of the system.
The hierarchical structure can also help identify the reason for the level of
achievement in the upper level objectives. By working backwards from the
lower levels in the hierarchy the observed level of achievement in the higher

level objectives can be explained.

Figure (3.1) is the hierarchy of objectives and criteria adopted in this study.
In this figure the boxes contain the criteria used to characterize the
objectives or sub-objectives. Six higher level criteria has been derived from
the two broad objectives (i.e. resource optimization and result maximization).

These criteria are considered in detail later. (water supply adequacy, equity
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and water losses in Chapter 5, water user convenience in Chapter 6 and
durability and cost later in this chapter). For the putrpose of discussing the

hierarchy structure, each of these criteria is introduced briefly here:

i) Water losses refers to the quantity of water lost without being effectively
used.

ii) Durability refers to the ability of the system to sustain long-term operation
without serious structural or environmental deterioration.

iii) Cost refers to the cost of operation and maintenance of the irrigation
system.

iv) Water user convenience refers to the suitability of the water supply
schedule to the water users.

v) Adequacy refers to the ability of the irrigation system to supply enough
water to satisfy all requirements.

vi) Equity refers to the difference in the q'uality of services provided by the

system to different users.

Of these criteria, for each of water losses and cost a direct measurable
attribute can easily be found and, therefore, there is no need for further
dividing water losses and cost. The attribute for water Ilosses can be the
volume of water lost as an absolute measure or can be taken as a percentage
from the water supplied or effectively used. The attribute for cost can be the
cost involved in the operation and maintenance of the system measured per
unit area served. For each of durability, water user convenience and
adequacy, however, such a direct attribute cannot be found. For
characterizing water user convenience, for example, it will be seen later in
Chapter 6 that no direct measurable attribute can be found. For this reason

the water user convenience is divided into three sub-criteria: (i) supply flow
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rate, (ii) predictability and (iii) timing of the water supply . For each of these
a separate attribute is developed. It will be shown that out of these three
sub-criteria the characterization of predictability may require its further sub-
division into lower level sub-criteria (as shown in fig.(3.1)). However, it is also
argued the analysis can be simplified if the sub-criteria from predictability
(i.e. Information availability, timing and accuracy) are combined and a
subjective description of predictability is used to incorporate its three sub-
criteria. The attributes for the supply flow rate, predictability and timing are
then combined together to give a measure of their upper level criteria which
is the water user convenience. Similar sub-division is adopted for durability
and adequacy. As concerning equity, in this study equity is characterized in
terms of adequacy. Once adequacy is measured then the attribute for equity

is a measure of the differences in the adequacy of the water supply to

different parts or different users.

Clearly, there are many other objectives which are relevant in some irrigation

systems but were not included in this hierarchy. For example:

- Supplying irrigation requirement other than the crop evaporative
demands. For example, pre-season irrigation and soil cooling.

- Minimizing the spread of water-born diseases, such as malaria and
schistomiasis.

- Quick removal of excess water to prevent flooding.

In fact one can go on building the set of objectives to a considerable number.
We feel that the set of criteria selected here covers the most important
aspects of performance in most irrigation systems. If, however, the application

of the proposed analysis (to be discussed in Chapter 7) in any particular
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irrigation system reveals that some important objectives were not included, the

framework of the analysis allows the revision of the set as necessary.

In this study detailed methods for measuring each of adequacy, equity, water
losses and water user convenience are developed and tested. The four criteria
and their proposed measurement methodologies are discussed in later chapters.

In the remainder of this chapter durability and cost are briefly discussed.

3.4, Durability:

As was mentioned in the literature review in the previous chapter, it is

considered important for the irrigation system to sustain long-term
performance without serious structural or environmental deterioration which
can affect the future performance of the scheme. Preventing the deterioration
of the irrigation system itself and the irrigation scheme as a whole can,
therefore, be an objective which the manager should try to achieve. Loss of
durability or sustainability can stem from various sources. In this study, and
for the purpose of the analysis, a distinction is made between short-term and
long-term durability. By short-term loss of durability here it is referred to
the deterioration of the system resulting specifically from: (a) siltation and
weed infestation of the canal, and (b) deterioration of the physical structures
(i.e. canals, water regulators, roads ... etc.). Both of these usually result from
neglect of proper maintenance and, therefore, they are directly related to the
level of funding made available for the operation and maintenance of the
system. For this reason, and to avoid double count of their consideration in

the analysis, the evaluation of these factors is incorporated in the cost of

running the system which is discussed in the next section.
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By long-term durability it is referred to the environmental deterioration of the
irrigation scheme which results specifically from some or all of the three
factors: (a) salinity, (b) alkalinity and (c) water-logging. There are also other
factors which may, in the long run, contribute to the deterioration of the
scheme performance., These include, for example: loss of motivation or proper
training for the operation staff and relaxation of rules and discipline by the
managing staff and the water users. Although these latter problems may exist
in many systems and although they directly result from the way in which the
system is managed, in our view their impact on the system may be less
serious and they may be relatively easy to tackle. Loss of long-term durability
can also stem from mismanagement at the farm level in the form of
development of problems such as loss of soil fertility, infestation of the fields
by weeds and pests and land levelling problems. These are not discussed here
because they are considered to be a result of activities at field level which

are controlled by the farmer or some organization other than the main system

manager.

In this study, no detailed method is put forward for measuring long-term
durability. The reason for that is the fact that long-term durability is
different in nature from all other criteria considered in this study. The
difference comes from the fact that the impact of each of its components (i.e.
salinity, alkalinity and water-logging) is usually slow to become apparent.
When adopting a certain management policy, it may take several years before
its effect on these factors can be realized and the policy can be evaluated.
If the purpose of the study is the development of an evaluation methodology
suitable for the type of evaluation to be conducted on a seasonal or annual
basis then it may not be possible to detect the long-term impact of the

management policy of one season on the problem of salinity, alkalinity and
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water logging. Furthermore proper evaluation of long-term durability requires

data over an extended period of time to enable prediction of the future.

3.5. Operation and Maintenance Cost:

In the developing countries’ public schemes, the usual arrangement is for the

irrigation department (or its equivalent) to be provided with an annual budget

to cover the cost of Operation, Maintenance and minor repairs (hereafter

referred to as O&M) in all the irrigation systems under its control. The level
of this budget is, in some way, decided by some financial authority other than
the irrigation department. Irrigation managers always argue that if only the
level of O&M funding was made adequate, the performance of their systems
with respect to all other criteria could be improved. The economists of the
financing authority who approve the budget have their own criteria for
deciding on the level of the budget to be'provided. Clearly there is always
trade-off between the O0&M level of funding and the performance of the
system. Because in the context of this study the irrigation system is taken to
include the operation policy, of which the level of the 0&M funding is one of
many other components, the irrigation system can be evaluated with the
budgetary constrains imposed on it. In this way, any level of performance

achievement can be looked at together with the cost of achieving that level

of performance.

3.5.1. What Costs are to be Included in the Evaluation:

If the objective is to develop a methodology which could be carried out at
the end of each season for judging the performance of the irrigation system

in that particular season, then the cost to be considered should be the cost
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for the season under consideration. This is not always obvious to identify for
two reasons: (1) The budget and expenditure of the irrigation department are
usually quoted for all the schemes under its control. Segregation as per
individual scheme may not be an easy task. For example, how to distribute the
expenditure of the headquarters or a dam which may be serving several
purposes and several schemes. (2) Some items of the budget are concerned
with future developments and, therefore, have no impact on the current
performance of the scheme. These include, for example: expenditure on new
developments, staff training, and planning and research. Such activities
consume some of the operation and maintenance staff time and facilities. The

question is how much of the O&M cost should be charge from these items.

To work out in detail exactly what and how much of the irrigation department
expenditure should be billed to individual scheme may be different for
different countries and may depend on individual scheme. In some countries
some way of estimating these may exist in practice already. In general, for the
purpose of evaluating the annual performance, full funding of the recurrent
O&M must be assumed. This means that not only the actual O&M expenditure
on the season under consideration, but also any postponed maintenance or
repairs must also be included. (i.e. any expenditure which may be required to

restore the system to the same physical condition as it was in the previous

season).
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CHAPTER 4
CHARACTERIZATION OF THE CASE STUDY

The irrigation systems in Sudan in general and the Gezira scheme in
particular are used as an example case study area for testing the applicability
of the methodologies developed in this study. In this chapter these systems

are briefly introduced.
4.1. Irrigation Systems in Sudan:
4.1.1. Historical Background:

Modern irrigation methods are relatively recent in Sudan. Until the turn of
this century, the traditional methods used were flood basin irrigation in the
flood plains of the Nile and its tributariés and flush irrigation from the
seasonal flashy rivers of Gash and Baraka in eastern Sudan. Flood irrigation
is basically making use of the high levels of the river in its flood season to
divert water in order to flood large natural flat basins. The water is left on
these basins for two to three months before it is drained back into the river
and then crops are grown to rely on the water remaining in the soil. Flush
irrigation is simply relying on the annual spate of the river to flood some
area in the river delta. In both methods the area actually irrigated is
extremely variable from one year to the other depending on the flood level
of the river. Water lifting at that time was confined to the use of simple local
devices known as "sagia" and "shaduf' (Allan and Smith, 1948). Sagia is an
oxen-driven water wheel and shaduf is a very simple manually-operated water

lifting lever using a bucket. These devices could only irrigate small areas
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when the water lift required is not too high. Mechanized lifting of water was
only introduced in the early years of this century when the first diesel pump
was erected in 1904 to supply Ez’zeidab scheme from the Main Nile and large
scale gravity irrigation started in the 1920’s by the completion of Sennar dam
on the Blue Nile and the commission of the Gezira scheme. The area under

irrigation then increased steadily to reach its present size of 1.97 million
9

hectares, consuming an annual average of 14.5x10° cubic metres of water.

4.1.2. Distribution of Existing Irrigation Developments:

The map of figure (4.1) shows the distribution of the main existing irrigation

developments in the Sudan and table (4.1) gives some data on them.

The availability of irrigation water and the suitability of the land topography
and soil type led to the concentration of the major irrigation developments in
Sudan in a limited area. About 89% of thesé developments were set up in the
fertile flat Central Clay Plains (CCP) of the eastern side of central Sudan
immediately south and east of Khartoum (fig.(4.1)). In these CCP the average
total annual rainfall increases from 167 mm. at Khartoum in their northern part
to 576 mm. at Abu Na’ama in the southern borders of its irrigated part. Almost
all of this rain falls in the months of June, July, August and September. As
such, supplementary irrigation is necessary for secured crop production. Use
is made of the Blue Nile, White Nile and Atbera River, which cross these
plains, as the sole source of irrigation water. The main crops grown are

cotton, wheat, groundnut, sorghum and sugar cane.

Other than these CCP, smaller size schemes also exist along the banks of the

Main Nile north of Khartoum. These constitute about 6% of the irrigated area
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in the country. Rainfall in this area is extremely low and crops are almost
totally dependant on irrigation. More diversified cropping is practised with

wheat, beans, date palm and other fruit trees being the main crops.

Table (4.1): General data about the existing irrigation
developments in Sudan

WATER TYPE OF SUPPLY AREA WATER DEMAND
SOURCE OWNERSHIP METHOD (1000 ha) (10g ma.)
public gravity 924 5.50
Blue Nile public pump 353 2.92
private pump 38 0.18
White Nile public pump 199 1.44
private pump 48 1.21
Atbera River public gravity 193 1.45
public pump 38 0.30
Main Nile public basin 34 0.75
private pump 87 1.65
Gash & Baraka | public flush 59 N.A.
Total 1973 15.40

Note: various publications and reports by the MOI may give slightly different
figures from the ones quoted in this table. The figures here were based
on the best judgement from these sources.

Ground water utilization for irrigation, apart from Sag En’am scheme in north
Darfor of western Sudan, is very recent. Up until now it is confined to small
scale private enterprises (5-10 hectares) using hand-dug, small tube wells for
production of vegetable crops. They exist mainly near the population
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concentration centres where the cash value of the vegetable crops can justify
the high cost of pumping the deep ground water. Flush or spate irrigation is
used in about 3% of the irrigated area in the country., The remaining 2% is
irrigated by basin flood irrigation which is still practised on a very limited
scale along the Main Nile where it is mostly supplemented by small private
pumps. Both flood basin and flush irrigation as practised now are somewhat
enhanced versions of the traditional methods wused for centuries. The
enhancement introduced in the beginning of this century was the construction

of some dikes or banks for a limited control of the water.

4.1.3. Soil Type and Salinity:

The cultivated area along the rivers is mainly alluvial soil brought up and
deposited by the rivers to form a highly fertile agricultural land. This is
usually a narrow strip one or two kilometres wide. Away from the river banks,
the CCP, where the major irrigation developfnents took place, are characterized
by dark and heavy soils which are high in clay content and Exchangeable
Sodium Percentage (ESP). These soils develop deep wide cracks when dry and
become remarkably impermeable when wetted. The low permeability of these
soils gives them a great economic advantage when considered for irrigation
development. This is due to the very low water losses from these soils to deep
percolation in the field and seepage from the canals without the need for
expensive canal lining. However, as an agricultural land this impermeability
may be a disadvantage. It may not allow sufficient downwards movement of

water to remove the salt brought in by the irrigation water.

Concern was expressed in the early years of the operation of the Gezira

scheme, about the absence of deep drainage from these clay soils and the
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danger of accumulation of salts in the long run (Greene and Snow, 1939). After
more than 60 years of irrigation now, no deterioration of these soils has been
detected and field measurement has indicated slow downwards movement of the
soluble salts and reduction in the ESP (Fadl and Adam, 1983). The salt washed
from the top soil is being accumulated at depths which do not harm the crop
growth (Jewitt, 1961). The good quality irrigation water of the Nile and its

tributaries and the deep water table (usually more than 15 metres deep) have

helped this process.

The conclusion to be drawn from this is that for the bulk of the irrigated
area in Sudan, deterioration of the irrigation schemes due to build up of
salts in the soil or due to water logging resulting from high water table does

not represent a serious concern.

4.1.4. Water Availability:

Detailed accounts of the water resources in Sudan can be found in Democratic
Republic of the Sudan (1977) and National Council of Research (1982). Under
the terms of the current agreement between Sudan and Egypt on the sharing
of the Nile waters signed in 1959, Sudan is entitled to annual abstraction of

up to 18.5x10g cubic metres of water from the Nile (this is as measured at

Aswan in southern Egypt. It is equivalent to 20.35x10g m3. as measured at

Sennar in central Sudan). This share can be withdrawn from the river, any
where, at any time during the year. Although the present consumption
(15.4><109 ma.) amounts to only 76% of this share, it is still water and not land
which limits the expansion of irrigated land in Sudan. The reason for this is

the lack of the required storage facilities for the exploitation of the remaining

part of the water share.
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As can be seen from table (4.1), around 65% of the present irrigation
requirements (around 76% of the irrigated area) are satisfied from the Blue
Nile and Atbera River. Not only this but also all the area potentially suitable
for future irrigation developments in the country can only be irrigated from
these two rivers (Fig.(4.1)). Both rivers are characterized by a very marked
seasonality in their flow patterns. The Blue Nile has an average annual flow
(for the years 1912-85) of 49.2x10g ma. (as measured at Ed’deim at the
Sudanese~-Ethiopian borders) of which 89% occurs in the four months from
July to October and only 10.5% occurs in the remaining five months of the
irrigation season from November to March. Similar pattern is followed by
Atbera River in which the average annual yield (for the years 1912-47) is
11.8x10g mJ. of which 97.5% occurs in the four months from July to October
and only 2% occurs in the remaining five months of the irrigation season from
November to March. The present average abstractions from the two rivers
amounts to 10.05)(109 ms. per year (8.6><109 ma. from the Blue Nile and 1.45x109
mJ. from Atbera River). The available stora;ge (as estimated in 1977) is only

4.0><109 ma. (3.2><10g mJ. from both Roseires and Sennar dams on the Blue Nile

and 0.8><109 m3. from Khashm El Girba dam on Atbera river).

The foregoing account shows that every year part of the Sudan’s share of the
Nile waters must be passed to Egypt during the high flood months from July
to October and that irrigated agriculture relies heavily on the limited storage
available during the low flow months of the season from November onwards.
In fact it is this limited storage capacity which determines how much area can
be irrigated each season. The conclusion to be drawn here is that water losses
from the irrigation schemes may not be of equal significance throughout the
irrigation season. It assumes higher importance during the low flow period,

when the natural flows of the rivers are less than the irrigation requirements
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and heavy reliance is put on the water stored in the reservoirs, than during
the high flow period when the natural flow exceeds the demands. To put it in
more specific terms, at the present time and during the rivers high flow
period, water losses from the irrigation schemes may be undesirable because
of its health hazard, its effect on the traffic or because of the cost involved
in diverting the water from the river into the scheme, but the water itself,
as a resource, has very little value. This is unlike the situation during the

low flow period when any water loss directly means that some crop, somewhere

in the country, is going to suffer.

4.1.5. Management Structure:

In this study distinction is made between public and privately owned schemes.

Small scale irrigation schemes (i.e. smaller than 500 hectares) constitute about

9% of the irrigated area in Sudan and are run by private owners. There are

several thousands of such schemes. The owner can be a single person, a
limited company or a cooperative type of ownership. In these systems several
types of management arrangement exist. The most common is the crop sharing
system in which the owner, who provides the land and water and may be some
of the other inputs, receives some 30 to 50% of the crop produced, depending
mainly on the crop grown, the quality of the land and who provides what of
the other inputs. Government involvement in the management of irrigation is,
for obvious reasons, confined to large and medium size schemes. Within the
government managed schemes, sugar cane has its special management version.
It is grown in specialized mono-crop estates. There are five such estates
(including Kenana scheme which is run by a private company). They occupy
around 5% of the irrigated area in the country. Each of the public sugar

estates is managed by a separate government corporation which uses direct
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labour for all activities in the scheme from the farming to the processing of

the sugar.

All other non-sugar public irrigation schemes, which are the subject of this
study, have similar management structures and cropping patterns. The
responsibility of running the scheme is shared between three parties: the
Ministry Of Irrigation (MOI), a public agricultural corporation for each
individual scheme, and the tenant farmers. As far as the water management is
concerned, the MOI operates and maintains the supply and distribution system
in the main and major canals, the agricultural corporation controls the
delivery of the water from the minor canal to the field and the tenant farmers

are responsible for the application of the water in the fields.

The MOI is a centralized body which has control over all surface water
resources in the country. Its responsibility includes the design, construction,

operation and maintenance of the main irrigation system in almost all public

irrigation schemes in the country.

The agricultural corporations are principally in control of the cropping
pattern and farming practice. They provide the farmers with most of the
important agricultural inputs and services such as seeds, fertilizers,
insecticides and ploughing. In return farmers pay for these inputs and
services. However, the exact responsibilities of the managing corporations, the
services they provide and the degree of their control over the farmer are
slightly different from one scheme to the other. Originally these corporations
were set up to be financially independent and operate on a commercial basis.

In practice, however, the charges for their services and the prices of the

inputs they provide are determined by the central Ministry Of Finance and
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Economic Planning (MOFEP).

The farmers are to provide the labour input in the farming process, follow the
cropping pattern and farming practices dictated by the managing agricultural
corporations in their schemes and sell their cotton and wheat crops to the
government. The cost of all services provided for all crops are deducted from
the individual farmer crop sales. In theory the land is a government property,
farmers are only tenants and the agricultural corporation holds the right to
terminate the tenancy agreement with any farmer at any time. In practice,
however, this right is hardly used in recent years. Tenancy has come to be

regarded as a family property and can be sold or inherited by the farmers’

children,

4.1.6. Methods of Irrigation:

Three methods of water provision from the river to the scheme are practised

in Sudan. Diversion by gravity by means of a dam, pumping from the river

and run-of-the-river as practised in flood basins and flush irrigation.

Diversion from dams, although existing in only two schemes (Gezira and New
Halfa) constitutes 57% of the irrigated area in the country, followed by pump-
supplied schemes covering 38% and run-of-the-river systems covering only 5%.
The irrigation water in all the dam and pump-supplied schemes is distributed
by gravity through a network of main, major and minor canals to feed the
field canals. At field level, furrow irrigation is the most widely used method
of water application. Small basin irrigation is also used for wheat crop (for
purposes of mechanized harvesting) and for some vegetable crops. Because of
the exceptionally flat ground and low permeability of the soil in the areas

where the major irrigation developments exist, no pressurized irrigation is
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practised in the country. Even for the surface irrigation, the initial cost of

land levelling has been almost nil

4.2. Gezira Irrigation Scheme:

The Gezira scheme covering an area of 880,000 hectares, which is nearly half
the irrigated area and 12% of the cultivated area in Sudan, is considered the
most important single enterprise in the country. With its 100,000 tenant
farmers, 11,000 permanent and 600,000 casual labours, the scheme employs
around 7% of the working force in the country (Sudan Gezira Board, 1985) and
contributes 7 to 10% of its Gross Domestic Product (GDP) (Elobeid, 1986).
Because the scheme is the oldest and by far the largest irrigation scheme in
the country, it has been used as a model on which the design, operation
system and management structure of almost all other public schemes were

based. It is also by far the best documented irrigation scheme in the country.

For all these reasons, it is selected for testing the applicability of the

methodologies developed in this study.

4.2.1. Climate:

The Gezira (the Arabic word for island) is the name given to the triangular
area immediately south of Khartoum, bounded by the Blue Nile from the east,
the White Nile from the west and is taken to extend south to the Sennar-Kosti
railway line (fig.(4.2)). Within this triangle the command area of the Gezira
scheme starts some 40 kilometres south of Khartoum to cover an area about
210 Km. long in the north-west/south-east direction and 60 to 120 Km. wide
in the north-east/south-west direction. The area falls in the semi-arid region.

At Wad Medani, which fairly represents the central part of the scheme the
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average total annual rainfall (for the years 1941-70) is 362 mm., the average
temperature is 28o C and the average ETo (Penman) is 7.3 mm/day. Most of the
rainfall occur in the months of July and August. With the period from
November to May completely dry. There is also considerable variability in the
rainfall across the scheme. In the extreme north-west of the scheme, where
the rain is lowest, it is 20% lower than at Wad Medani. It then increases
steadily to its maximum at the extreme south-east where it is 27% higher than
at Wad Medani (Fadl and Adam, 1978). The variations in ETo (Penman) across
the scheme is much less than that of the rainfall. Khartoum has an average

ETo value which is only 1% higher than that of Wad Medani.

Even for the same location, the variability of the rainfall intensity and total
depth from one year to the other is also large. Individual year may be 50%
above or 30% below average (Allan and Smith, 1948). During the rainy season,
15 to 20 days without rain and 150 mm. in a single day is not uncommon and

a rain depth of 190 mm. in 24 hours has been recorded.

4.2.2. Scheme Lay Out:

Irrigation water for the scheme as a whole is diverted by Sennar dam on the
Blue Nile some 300 upstream of Khartoum. No other source of water is used.
From the dam water is taken through two main canals having a combined
design carrying capacity of 29.8 millions cubic metres per day (345 ma/sec.).
The two main canals run parallel for a distance of 57 kilometres as supply
canals before they join together in a common pool. From the pool at km. 57,
two main canals emerge, one travels northwards to irrigate the old Gezira area
and the other travels westwards to irrigate the Managil south-west extension.

From either of the main canals water is supplied to a number of MAJOR
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CANALs. Major canals vary in length and supply varying sizes of area. A
typical major canal is 16 km. long and commands an area of 8,000 hectares. No
direct irrigation from the main or major canals is a.lloyved. From the major
canals water is delivered to smaller canals called MINOR CANALs. Like major
canals, minor canals command varying sizes of areas and their lengths vary
from 4 to more than 20 kilometres. An average minor is 6 km., long and
commands an area of 600 hectares. Minor canals are divided into reaches by
means of water level controlling regulators. The length of the reach varies
from 1 to 4 kilometres depending on the topography of the land. From the
minor canal water is fed to field canals called ABU ISHREENs through 35-cm.
diameter, 12-metres long pipes which pass under the bank of the minor and
are called FIELD OUTLET PIPEs (FOP). Each Abu Ishreen irrigates a standard
area of 90 feddans1 (38 hectares) known as NUMBER. There are around 29,000
such numbers in the scheme. The 90-feddans number is further divided into
18 equal 5-feddans plots, by means of 19 smaller field canals taking off from

Abu Ishreen and known as ABU SITTAs.

A notable feature of the scheme is the uniformity and mildness of the land
slope of 15 cm. per kilometre. This enabled a fairly uniform geawetry of the
field system lay out. The minor canals are straight, parallel and at a regular
spacing of 1415 metres, the numbers are of a standard rectangular shape of
1400 metres long and 292 metres wide and Abu Sittas are 78 meters apart and
at right angle to Abu Ishreen. Figure (4.3) shows a typical lay out of the field

irrigation system.

The drainage network in the scheme consists of four escape drains taking-off

! Feddan is the unit for measuring areas of agricultural land used in
Sudan and Egypzt. It will be used frequently in this thesis.
1 feddan 4200 m° = 0.42 hectare = 1.05 acre.
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from the old Gezira main canal. They were meant to be used during the rainy
season to prevent breaches by passing the surplus water back to the Blue
Nile when an event of heavy rain necessitates that. These escape drains are
almost completely abandoned now. Some other open surface drains are also
provided inside the scheme area but only for removing excess rain water. No
drainage facilities were provided for excess irrigation water as the assumption
made in the design of the drainage system was that once the water has left
the main canal it has to be accommodated in the cultivated area (Johnstone,

1928).

For crop rotation purposes, each four neighbouring numbers are grouped
together to form what is called a ROTATION (fig.(4.3)). The standard farmer
tenancy in the old Gezira area is 40 feddans (16.8 hectares), although many
farmers now have only 20-feddans (i.e. half a tenancy). The 40-feddans
tenancy of each farmer is such that each 10 feddans are in one of the four
numbers of the rotation. Each year one num'ber of the rotation is allocated for
cotton, one for wheat and one for a combination of sorghum, groundnut and
vegetables. The fourth number is left fallow. In the Managil south-west
extension the standard tenancy is only 3x5-feddans (6.3 hectares) and no
fallow is allowed for in the rotation. The area of vegetables in the scheme may
not exceed 21,000 hectares (i.e. 10% of the cotton area). Usually only the first
three upstream farmers are allowed to grow vegetables in part of their
sorghum or groundnut area and onions is usually the most dominant vegetable
crop grown in the scheme. The crops are rotated in each number as follows:
cotton, then wheat, then the combination of sorghum, groundnut and
vegetables and then the number is reserved as fallow to be allocated for the
cotton in the next season. Each farmer is rotated in the same land in order

to encourage good soil management.
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4,2.3. Management Organization:

The agricultural corporation responsible for running the scheme, beside the
MOI and the farmers is the Sudan Gezira Board (SGB). The MOI operates and
maintains the main supply and distribution system from the dam up Lo anad
including the off-take structures of the minor canals where the water control
responsibility is handed over to the SGB. The SGB operates the intermediate
water regulators in the minor canals and the FOP’s (the maintenance of the
minor canals is carried out by the MOI). Once the water is passed into Abu
Ishreen, it is then managed by the farmers sharing that Abu Ishreen with

some supervision from the SGB staff.

For water control purposes, the MOI divides the scheme area into six
DIVISIONs each under the control of a Division Engineer (DE). The divisions
are further divided into SUB-DIVISIONs each under the control of a resident
Assistant Division Engineer (ADE). The who].e Gezira scheme is divided into 23
such subdivisions. For agricultural adminstration purposes the SGB is
organized into 14 GROUPs each divided further into BLOCKs. There are 107
such blocks in the scheme each supervised by a resident Block Inspector (BI)
and covers an approximate area of 8,000 hectares. The BI is assisted by two
assistant inspectors and, for water management purposes, a number of water
watch-men. The SGB employs 1,800 such water watch-men, roughly one for
each 500 hectares. Their main function is to operate the intermediate
regulators of the minor canal and the FOP’s and oversee the progress of
irrigation and all related agricultural activities in every individual farmer’s

field in order to report on that to the BI.

Farmers are responsible for the application of the water in the field, including
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the construction and maintenance of all water courses (i.e. Abu Sittas and the
smaller field canals). The excavation of Abu Ishreen is carried out by the SGB

on behalf of the farmer, but each farmer bears the cost of the part passing

his land.
4.2.4., Method of Water Management:

The cropping pattern for every individual farmer in the scheme is strictly
controlled by the SGB. It decides on how much area is to be allocated to each
crop, where and when should it be grown. Every year, and well before the
start of the irrigation season, the SGB and the MOI agree on how much area
could be sown in each 10-day period with each of the summer crops (cotton,
sorghum, groundnut and vegetables). As water availability is not a constraint
for the areas of the summer crops, the objective of this pre-season plan is
to ensure that water demands will not exceed the main canal carrying capacity
during any part of the season. Decision oﬁ the area of the winter crop (i.e.
the wheat) is suspended till October. At that time the Blue Nile flood will be
over and the situation of the water availability for wheat will be clear. The
area of wheat will then depend on the expected yield of the Blue Nile in its
recession period (November-March), the storage available for the scheme and

the water demands of the remaining summer crop (i.e. the cotton).

For the part of the MOI, the method of operation of the main system is
described in a manual called The Gezira Regulation Handbook (MOI, 1934).
Detailed description of this method is given by Taj Elden, et.al, (1984). For
the part of the SGB, a description of the official method of operation of the
field system is contained in a manual called Handbook For New Personnel (SGB,

1951). The method of operation of the irrigation system in the Gezira relies
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heavily on good telephone communication between different control points in
the irrigation system on one hand, and between the MOI (the supplier) and
the SGB (the user) on the other hand. Water supplies are scheduled from the
main system on a demand basis. The SGB each week determines how much
water is needed by the crops in each minor and the MOI is to supply these
needs as requested by the SGB. In practice, however, the exact method of

operation taking place in the scheme now is somewhat different.

In broad terms, on Tuesday every week, the BI of the SGB determines which
FOP’s are to be opened during the coming week in each minor in his block,
multiplies that by a fixed flow rate of 5,000 m3/day and submits his water
demands (called INDENTs) for each of his minors to the ADE of the MOI under
control in the area. The ADE in turn sums up the indents for all the minors
in each major canal to form the indent at the head of that major, adds that
to the accumulated indent of the ADE downstream and passes the total indent
to the ADE upstream. This process is reﬁeated up the system to the dam
where the headwork gates are to be adjusted to pass the required indent.

During the rainy season, changes of indent can be made daily.

On releasing the water from the dam, each ADE adjusts the regulators under
his control to ensure that the indent of the downstream ADE is satisfied first
before he can pass enough water into his majors (i.e downstream user first,
a measure instituted in the operation system to help attain equity) and the

off-takes of the minors are adjusted to pass their indents.

The main system operates on continuous basis. The minor canals receive their
supplies continuously, day and night. They were designed to store all the

night flows and supply the FOP's only during the day time. A system known
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as NIGHT STORAGE and was introduced in the early years of operation of the
scheme in response to dissatisfaction expressed at that time about farmers
ability to irrigate at night (Allan, 1939). Every day at 6:00 p.m. all the FOPs
and the intermediate regulators of the minor canals are to be closed. In this
way, during the night, the first reach of the minor will fill up to the "NIGHT
STORAGE LEVEL" and the full discharge entering the minor will then flow over
the first intermediate regulator to fill the second reach ... and the process is
repeated down the minor. By 6:00 a.m. the next morning all the reaches of the

minor should be full and the FOP’s can then be opened to draw water at twice

the rate at which the minor is supplied.

Each FOP is to be opened every other week to draw water at an approximate
rate of 5,000 mJ/12—hours (116 1/sec.). This gives an irrigation depth of about
92 mm. at an interval of two weeks. On the week when the FOP is on, an earth
dam is built halfway across Abu Ishreen and the upstream farmers are to
share all the flow for the first three to four days of the week. For the
remaining part of the week the earth dam is removed and all the flow goes to
the downstream farmers. The SGB manual (SGB, 1951) actually goes on to
describe in detail how the individual farmer should irrigate his field. A method

which is no longer seen in practice now in the scheme.

In recent years and due to various factors, there is clear evidence that the
official method of operation as described above is not strictly followed
(Francis and Elawad, 1989). For the part of the MOI, on one hand, the supplies
to the minors vary in quantity and do not necessarily match the indent. For
the SGB, on the other hand, the indent is more a reflection of previous
difficulties experienced with the MOI supplies rather than the actual crop

demands. The night storage system is no longer followed as the FOP’s are
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frequently opened during the night and the irrigation schedule is not strictly

adhered to.

This was also accompanied by a general decline in the scheme performance
during the late 1970’s and early 1980’s. A decline which is reflected mainly in
decreasing productivity, deterioration of the physical structures and increase
in the cost of operation. Since the mid-1980’s, a major rehabilitation program
has been started in the scheme. Among other things, attention has been given

in this program to the restoration of the irrigation practice to its original

methods.

4,2.5., Allowance for Transmission Losses:

A notable feature of the operation system of the Gezira scheme, and probably
all other schemes in the CCP of Sudan, is the general assumption concerning
seepage losses from the canals. The general belief among the professionals in
Sudan is that direct evaporation from the canal network open water surface
is the only water loss to be considered in transmitting the water from the dam
to the fields (Fadl and Adam, 1983). In both the SGB’s 1951 handbook and the
MOI’s 1934 operation manual, although it is not explicitly mentioned, no

allowance is made for any transmission losses.

In recent years the Agricultural Research Corporation (ARC), Wad Medani,
Sudan, published a new and more accurate method of water indenting for the
Gezira scheme (Farbrother, 1977). The method consists of tables of the crop
water requirements for all the crops grown in the scheme depending on their
sowing date and growth stage. The method was intended to supplement a

proposed "New handbook of irrigation practice in the Gezira'.
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Although, for their own reasons, the BI's do not use these tables in

calculating their indents, for the MOI these tables are the only guide for
preparing the pre~season and mid-season plans for the Gezira scheme and for
the operation of Sennar dam. In these table the assumption of zero seepage

losses is explicitly stated and all the transmission losses accounted for are

that due to canal evaporation.
4.3. Data Routinely Collected in Irrigation Systems in Sudan:

To evaluate the performance of an irrigation scheme, several types of data
may be required depending on what aspect of the performance are to be
evaluated. During the course of this study the author was assigned by the
International Irrigation Management Institute (IIMI) to conduct a survey of the
data availability in the irrigation schemes in Sudan and the organizations

involved in collecting it (Elawad, 1989). In the reminder of this chapter the

result of this survey is summarized.

Several organizationé are involved in collecting different types of data from
the irrigation schemes in Sudan. Beside the organizations which are directly
involved in managing these schemes, such as the MOI and the agricultural
corporations running the schemes, there are also organizations which provide
some services to these schemes and collect data from them. These include, for
example, the Meteorological Department, the Soil Survey Administration and the
Agricultural Bank of Sudan. Some of these organizations publish periodical
reports which contain summaries and sometimes some analysis of their data.
The availability and quality of the data, however, differ considerably from one

organization to the other and from one scheme to the other.
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In general the data availability and quality in the irrigation schemes in Sudan
are related to the degree of involvement of the governm—ent in the management
of the scheme. This is because, usually, if reliable data is available, it will be
the data on inputs and services provided by the government and on activities
and farming practices controlled by the government. Usually little is known
about farmers’ controlled activities. For the private schemes, if any data is
available it is usually very unreliable estimates of command areas and possibly
cropping patterns., These are usually available from organizations such as the
local authorities, the Extension Department of the Ministry Of Agriculture or
the Agricultural Bank of Sudan. Even such type of estimates is hardly
available for items like actual water consumption or crop yields. Within the
government controlled schemes, more attention is paid to larger schemes and

as such they are better documented than smaller ones.

For the purpose of this study five types of data are required. The availability
of the routinely collected items of these data in the government controlled
scheme in Sudan is discussed here. As was mentioned previously, the Gezira
scheme is by far the best documented scheme in the country and for this
reason it is selected for testing methodologies developed in this study. Special

consideration will be given here to the data routinely collected in the Gezira

scheme.

4.3.1. Meteorological Data:

The meteorological data required for the analysis proposed in this study is
ETo (Penman) and rainfall, These data is collected by the Sudan Meteorological
Department (SMD). The SMD runs a large number of meteorological stations

installed mainly in big towns. In 1957 the agro-meteorological department of

88



the SMD was established and is now running over 10 agro-meteorological
stations in which all the parameters required for calculation of ETo using
Penman method are collected daily. These stations are distributed in areas

representing all the important meteorological zones in the country. The
measurements in these stations are taken by qualified staff and the records
can be regarded as highly reliable. In addition to the SMD data, almost every

scheme runs some local rain gauges which can provide rainfall data for the

particular locality of the scheme.

As for the Gezira scheme, data on ETo (Penman) can be available from Wad
Medani agro-meteorological station which is situated in the middle of the
scheme. For the rainfall data, however, because of the scale of scheme area,
large variability across the scheme exists. For this reason, unlike ETo for
which readings taken at Wad Medani can be considered to be applicable
throughout the scheme, local rainfall data must be used for the locality to be
analyzed. There is an intensive network of fain gauges inside the scheme area
run by the MOI and the SGB. Probably more than 200 rain gauges. However,
we have noticed some inconsistencies in recent years’ records of these gauges.

Fortunately, for the purpose of this study, some independent rainfall records,

taken as part of some research programs, are available for the localities where

rainfall data is required.

4.3.2. Agricultural Data:

The agricultural data required is the areas and sowing dates for the crops

grown in the scheme (or the part of it under investigation), This is usually

available for all government controlled schemes from the agricultural

corporation running the scheme. As for the Gezira scheme, the BI’s of the SGB
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at their local offices keep detailed records for every individual farmer in their
blocks. This record contains, among other things, data on the areas sown with
different crops and their sowing dates. The SGB headquarters at Barakat also
publishes annual reports which contain 10-day or weekly summaries of these

data for the scheme as whole.

4.3.3. Soil and Crop Characteristics:

The Soil Survey Adminstration and the Agricultural Research Corporation
(ARC), both of which have their headquarters at Wad Medani, has accumulated
considerable knowledge on the characteristics of the soils and crops grown in
Sudan. Much of this can be found in international publications. This is
particularly true for the crops and soils of the CCP where most of the

irrigation developments exist.

4.3.4. Cost Elements:

The cost considered here is the cost of operation and maintenance of the main
irrigation system, all of which, in government controlled schemes, is done by
the MOI (with the exception of the Northern Agricultural Production
Corporation schemes in which the MOI is not involved and the irrigation
systems are run by the managing corporation). The MOI receives annual
budget from the central MOFEP to cover all it expenses. In return for the
water provision, farmers pay some fees (called Land and Water Charges (LWC))
which are collected by the agricultural corporation in the scheme and paid to

the MOFEP.

The LWC are meant to cover the cost of water provision by the MOI and the
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administrative cost of the agricultural corporation running the 