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P r e f a c e

This study examines a wide range of economic and policy issues related to

development of groundwater for irrigation. Its purpose is twofold. First, it is

one of the background papers expected to be used in preparation of a Bank policy

paper on irrigation. In this context it was designed to provide an overview of

the opportunities and constraints in development of these resources and to

complement several other papers dealing with institutional aspects of water

distribution and management of irrigation systems. Second, the study was

oriented towards eventually providing operational guidelines for country

irrigation sub-sector work and project identification and preparation. As a step

in this direction the paper was reviewed with Bank staff in July 1981 to

identify priority areas for further in-depth study to provide insights on

critical planning and operational issues. As a result of this review it is

planned that further study will address questions such as: conjunctive use of

ground and surface water; the r ole of public and private enterprise in ownership

of wells; operation and maintenance and aquifer management under long run

sustained yield and mining situations.





SUMMARY

The paper presents a review of policy issues which are relevant to groundwater
exploitation in the developing countries of the world. It examines the economic,
technical and social issues which arise in the use of groundwater for irrigation
and domestic water supplies and also those involved in the conjunctive use of
ground and surface waters. The aim is to direct attention to crucial areas and
to produce hypotheses which will be subsequently tested and verified so as to
enable guidelines to be prepared for use in the evaluation of future projects.

System Characteristics

In discussing the characteristics of groundwater systems, a wide view is taken
of the components comprising such systems, stretching from the nature of
aquifers to the ultimate uses of groundwater. Distinction is made between the
resources underlying the vast alluvial plains, such as the Indo-Gangetic plain,
those contained in deep rock aquifers, whether fissured or granular, and those
in the upper weathered zone.

Exploitation of the resources by hand pumped wells, shallow and deep tubewells
is presented with special reference to Bangladesh where all these methods are in
use. Problems are discussed in regard to control of the use of the resources by
these various methods and the! possible difficulties with mutual interference
between deep and shallow wells.

Demand patterns are treated in some detail, especially in regard to irrigation -
which is, by far, the largest user of the resources. Groundwater can be operated
in the same way as a surface storage reservoir to supply water during critical
periods of the year, thus making more economic use of surface sources. As a
corollary to this argument, the value of groundwater as an insurance is pointed
out in terms of supplementing inadequate rainfall and in compensating for the
often substandard working of canal irrigation networks.

Development of groundwater as a substitute for surface water schemes is
mentioned and the advantages of much reduced capital costs and much shorter lead
times emphasised. Further advantages are that smaller packets of land and areas
with more difficult topography can be irrigated.

Wells and Wellfields

As a preface to the discussion on the economics of wells and wellfields, a
section is included on the various drilling techniques ranging from cheap simple
hand operated methods to the most sophisticated modern rotary drilling. The
merits of well casings and screens of differing designs are discussed - also,
the types of pumps usually employed. Reference is made to the corrosive nature
of groundwater and the need to pay attention to this factor in selecting
materials.

A method of optimising the design of wells in alluvium is outlined which
minimises the present value of capital and operating costs. It illustrates that
there is an optimum depth for wells in a deep uniform aquifer and also points
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out that well diameters and discharges can be optimised in a similar manner.
Substantial cost savings can also be made by optimising the wellfield as a
whole. This takes into account well spacing and regional drawdown. In most cases
a model is necessary for this latter purpose.

Drainage

The upper groundwater - that near the ground surface - is often treated as
though it were a separate body, whereas in the great alluvial plains it is
essentially part of a continuous system. It is this upper groundwater which is
involved in drainage and, in some cases, it is cheaper and more effective to
reduce the watertable level using wells rather than to use conventional methods.
If the pumped water can be used for irrigation, then drainage objectives can be
met at virtually no cost. Regretably drainage is still very much the 'poor
relation' in the vast irrigated areas of developing countries. Traditionally
politicians have seen votes in irrigation, but none in drainage and, in the
battle for adequate operation and maintenance funds, it is usually drainage
which suffers. Even at the planning report stage the case for irrigation is much
more easily made than that for drainage. This is partly due to the fact that the
response of crops to various degrees of drainage is not yet known with any
precision and, in fact, the complex relationship between soil texture, soil and
water chemistry, depth to watertable and tolerance of various crops to adverse
conditions may present too many variables to researchers for any practical
ground rules to be developed. And yet there are many thousands of hectares of
agricultural land being lost every year due to inadequate or non-existent
drainage.

Once an irrigation system has been established, the subsequent cost of drainage
is huge. Outfall drains alone, as found in the Left Bank Outfall Drain in
Pakistan, can absorb virtually all of the development funds but, even then, such
expenditure is the lesser part when compared with the vast minor drainage
reticulation necessary. For future projects, the trend will have to be towards
installing drainage together with the irrigation system.

Equitable Distribution

There is still great potential for further groundwater development, even though
some very large projects have been implemented and extensive private
developments have taken place. In India, for example, probably only about 30%
of the resource is being used. By contrast, there are areas where over-
exploitation has taken place, resulting in falling watertables, wells drying up
and permanent aquifer damage.

There is little doubt that the development of groundwater is usually a vastly
profitable exercise and, as such, it is likely to be monopolised by the few - or
over-exploited by the many. In either case, there must be a degree of public
control if equitable distribution is an objective and if the exploitation is to
be managed and planned.

This principle is simply stated and virtually incontrovertable but, in practice,
the difficulties are enormous. The legal framework is often inadequate and, in
that, traditionally private rights are involved - which would be infringed by
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attempts at public control; it may be difficult to change the situation.
Conceptually there are even problems with regard to the notion of equitable
distribution if groundwater is to be regarded as a common property resource.
Does equitable distribution mean a share of the water for everyone, or does it
mean a share of the benefits arising from the most efficient use of the
resource? These problems are partly political and partly economic, but projects
are sometimes used to advocate purely political objectives. Income
redistribution is one of these. Such objectives have a poor record of success
and too often neglect, in absolute terms, the increase which can be achieved in
the poverty group - even though income disparities may widen.

Efforts to control development with limits on minimum spacing of wells, control
of power connections, credit control and so on all tend to preserve the
interests of those who have established prior rights - the rich, the literate
and the influential - and thus conspire to conserve existing income distribution
patterns. In other words, the rich get richer.

At the very least, the law should provide for registration of all abstractions
from groundwater but, ultimately, much more than that if over-exploitation is to
be avoided. There is generally a need for an adequate national groundwater law.
For example, individual states in the USA are responsbile for their own body of
law and a number of interesting frameworks are being developed; these frameworks
could be used in developing countries where the problems are similar.

Public or Private

There is a long-running debate on whether groundwater should be developed in the
private or in the public domain. There is inevitably much to be said in each
cause - as is usual with such strongly polarised positions.

Public enterprise has had Ea distinct role in pioneering large scale groundwater
projects and in extensive exploratory programmes to define the very nature of
the resource. In this respect the public initiative has been an essential pre-
requisite without which the private sector would have been unaware of the
potential.

Insofar as any irrigation system is equitable, the large groundwater projects
where wells discharge into established irrigation canals do ensure reasonable
equity and, certainly, some of the benefits reach the poverty groups.

Technological progress in the groundwater field, in terms of planning and
managing projects, is virtually limited to the public sector. Such problems as
optimising the design of a system, investigating and testing new materials,
modelling an aquifer, integrating with surface water supplies, operating the
aquifer as a storage reservoir and controlling saline intrusion are all matters
which can be undertaken by a public authority, but cannot be done in the private
sector.

Private development, on the other hand, can score on several accounts. It can
mobilise capital, which might otherwise lie dormant, and progress is generally
far more rapid than in the public sector.
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The overwhelming advantage of private ownership of wells is in the matter of
maintenance and control of the water. At the individual well level, the private
operator is much more efficient.

Private farmers generally elect for low technology. Their aims are short term
and they therefore employ cheap materials. Risks are high and there are frequent
failures, but the private individual is prepared to take these risks whereas a
public authority dare not entertain a possible high failure rate. Thus we find
high technology strenuously defended on economic grounds in the public domain
and the low technology of the private sector equally strongly defended by the
appropriate technology faction.

Uncontrolled private development, even with low technology, can lead to
excessive investment per unit of area. In the effort for each farmer to own his
own well, there are cases of ten or more wells in one area which could
reasonably be irrigated by one.

The paradox is thus that private developers are able to install and operate a
well efficiently but cannot possibly begin to consider overall management,
either of the total investment or even of the resource itself, particularly if
this involves the use of saline water or integrating with surface sources. It
seems therefore that some form of overall government control would provide the
best compromise, with farmer groups operating and maintaining the wells.

Development Choices

In those areas already mentioned where government is clearly the only body
concerned, there are a number of options open. Conjunctive use with surface
water is one such option. This can be achieved by using groundwater to supply an
existing demand and diverting surface water elsewhere either to supplement
inadequate surface supplies in time of shortage, to bolster an inadequate or
erratic rainfall, to extend an irrigation season (at either end) to enable more
valuable crops to be grown, or to mix with surface supplies to provide extra
water where the quality of groundwater is marginal. Groundwater can also be
pumped extensively during the dry season provided that there is adequate
recharge in the wet season. Many of these options are available but very few are
operated, although there are enormous potential benefits involved.

Another area where savings may be made is in the joint operation of electricity
and groundwater schemes. If wells are electrically operated, they provide a
large load centre which can be operated to reduce peak demand. This reduces the
installed generating capacity required but, for the same daily production at the
wellfield, increases the capacity of the transmission and distribution lines,
and also increases either the number of wells or the pump size required in each
well. The problem is susceptible to analysis.

The continued neglect of maintenance by public authorities has been commented
upon earlier. So much is this the case that some projects now need
rehabilitating to restore their performance to an acceptable level. Clearly in
the competition for scarce resources this is an alternative to investing in a
new project. Unfortunately rehabilitation lacks glamour but economically the
returns on the investment are very attractive.
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Aquifer Management

So far the discussion on management has centred on the matter of handling the
water produced rather than the management of aquifer itself. Generally the
concept of 'balanced recharge' - that is, pumping only that quantity of water
which will be replaced by recharge - is accepted, although this term has little
meaning unless it is relatecl to time. For example, there is no reason to limit
pumping to that recharge which can be guaranteed each year. If there is no long
term depletion, then the balanced recharge criterion is met, but there are also
spatial factors involved in this concept. In any basin where rivers or canals
are in direct contact with the aquifer, a general lowering of the watertable
will increase the recharge fromn surface sources. If the groundwater is operated
as a reservoir and some surface water is escaping to the sea, then it may be
desirable to control the groundwater at a level to encourage as much recharge
from surface water as possible.

Balanced recharge is not the only possibility and, in fact, has little relevance
in some of the world's great aquifer systems where recharge is negligible. In
such cases, the groundwater must be 'mined' if it is to be used at all. This is
an emotive subject because water is so bound up with tradition, custom and even
religion that it becomes difficult in many societies to look upon it as an
exploitable resource to be mined like oil or minerals. Nevertheless, mining is
carried out and, indeed, in some areas, there could be no economic activity
without it.

Water should be treated as any other of the earth's resources; it must thus be
used intelligently and a balance should be struck between immediate needs and
those of succeeding generations.

Several examples of groundwater mining operations are quoted and the thesis is
put forward that the economic activity produced can eventually provide
sufficient capital to supplement or entirely substitute for the mined
groundwater.

Water quality is another subject of endless debate and, while the standards set
by the World Health Orgariisation for potable water are generally acceptable
there is much room for questioning those generally adopted for irrigation. The
importance of this matter in the groundwater context cannot be over-emphasised,
because the potential resource is much larger if the poorer qualities can be
used. Against this is the fact that a higher standard of management at farm
level is necessary if more saline waters are to be used and, furthermore, there
must be adequate drainage. However, given these conditions, examples are quoted
where some very saline waters are being used either directly or after mixing
with surface water.

Other quality problems cliscussed include sea water intrusion of coastal
aquifers, contamination of groundwater by sewage or industrial waste and
desalination of poor quality water for domestic supplies.

Aquifer management can scarcely be considered today without the idea of models
being introduced. These may include simple hydraulic or analogue models but
these have largely been overtaken by digital models which produce faster
results, can be easily chancled and can be used for very complicated geometry.
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Two main kinds of model are used, sometimes in conjunction. The first is a
resource model which may look at the overall demand and allocation of water
resources in a basin, and the second involves an aquifer (or aquifer system)
which models the behaviour of the groundwater reservoir under various imposed
abstraction conditions. Models of either type are a most useful planning tool
but few have been used to date in an active management capacity. However, this
is a role that will be increasingly used in the coming years.

Aquifer models require large quantities of data and also some historical
information which can be used for calibration purposes. The important thesis
here is that, if the present position can be demonstrated by the model from
historic data, then the future position can be predicted with some confidence.
All too frequently the data base is inadequate and inaccurate but, because
models are fashionable, they are still demanded.

The weakness of the resource allocation model - often based on linear
programming techniques - is that it is completely unable to meet the condition
of forecasting the present position from historic data. This is not to cast any
doubt on the powerful analytical technique, nor on the value of the discipline
involved, but merely to say that the understanding of the complexities of the
real world is inadequate as yet to enable such models to be used as accurate
predictive tools.

The Future

The paper concludes with an annex suggesting an analytical framework for further
research and an agenda for topics of such research which is presented as a
series of provocative statements under the headings - technical, economic,
legal, political, financial, administrative and social.
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1. INTRODUCTION

Fresh water is now widely recognised to be a valuable and, increasingly, a
scarce resource. Groundwater resources are extensive, abstraction technology is
tested but the requirements and possibilities for successful development are not
widely known to government officials, planners and engineers.

There is more fresh water stored in the ground than in all the lakes and rivers
in the world. Estimates vary but accessible fresh groundwater is about thirty
times the stored surface water (UN 1975). Many communities are dependent upon
it. In very arid areas 70 to 100% of all water already comes from groundwater
(e.g. Saudi Arabia almost 100%, Tunisia 75 to 95%, Israel 70%). Even in the more
humid USA, 20% of total water used is pumped from groundwater and almost one
half of the population are dependent upon underground sources for drinking water
(US Committee on Irrigation, Drainage and Flood Control ICID 1978). In the
Mediterranean and temperate regions of Western Europe three-quarters of drinking
water comes from underground.

Although the bulk of world groundwater resources are still unused, the
technology for developing it and the opportunities for beneficial use have
increased greatly in recent years. Groundwater technology has benefited
considerably from spin-offs of fossil fuel exploration, computer data
processing, powerful analytical models, general scientific advances in
geophysics, hydrochemistry, remote sensing and radio-active isotope use in the
field. Improvements in drilling techniques, well design and construction
materials, pumps and engines have lowered the average cost of pumped water
considerably in the last three decades. Depletion and pollution of surface water
and general concern and recognition of the value of improved drinking water
supply have focussed attention on the economic and social benefits of
groundwater as a source ol potable water. In agriculture advances in plant
breeding, fertiliser use, crop protection and other inputs and techniques which
complement irrigation water have shifted upward the potential response to
reliable irrigation.

In recent years there has been considerable development of groundwater for
livestock in rangeland areas, particularly in Africa. Relatively small
quantities of reliable water can transform the potential for extensive livestock
development. Public control of groundwater sources (for example, by moving
pumps) offers a neglected opportunity for maintaining optimum grazing patterns.
However, the main focus of this study is upon irrigation.

Despite new opportunities and real progress in certain developing countries,
there is understandable disappointment and impatience with the pace of rural
development and with the neglect of certain areas or groups. The groundwater
sector offers some hope but there are no panaceas for rural development.
Certainly we cannot expect technical solutions to the basic problems of human
values, ideas of morality and the development of social and political concensus
that will determine the welfare of various individuals and groups within a
country. Appropriate technology is often expected to fulfil broad development
needs but it very often bears the stamp of a welfare policy - aimed at deprived
groups and involving subsidies and transfers. Our premise to this paper is that
there are opportunities for wealth creation using groundwater resources in which
the incomes of the poverty group may be expected to increase in absolute terms
and also it is conceivable that development of groundwater could provide a
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modicum of income for redistribution. However, many of the necessary regulatory
devices are difficult and costly to apply. In this sector the trade-off between
economic efficiency and equity, as normally defined, is sharp indeed.
In view of the present level of investment and the undeveloped potential,
groundwater is of interest to a wide range of politicians, public officials and
technical specialists in public health, agriculture, engineering and managernent.
But the literature in relation to developing countries is sparse and scattered,
with a high proportion of the most valuable material in inaccessible restricted
reports. Often the literature is too narrowly specialised for the reader
interested in the broad issues of groundwater system developments. It is to this
general audience that this study is mainly directed.
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2. SCOPE AND PURPOSE OF THE STUDY

This paper is a broad survey of economic aspects and policy issues that arise in
development of groundwater resources in developing countries. It is intended to
be wide-ranging but exploratory and not a comprehensive survey. The main focus
is on the economic, technical and social issues which arise in conjunctive use
of surface and groundwater for irrigation and other development purposes. The
aim of the paper is then to formulate preliminary hypotheses relating to the
crucial aspects of, and strategies for, groundwater development as they emerge
from theoretical and conceptual considerations and a review of experience in
various countries.

An analytical framework for testing such hypotheses will be presented. It is
intended that subsequent verification will then enable guidelines to be prepared
for the benefit of national bodies such as water development agencies, credit
authorities, agricultural ministries and so forth, and also the bilateral and
multilateral aid agencies who are equally concerned that effective, efficient
and socially appropriate forms of groundwater development are carried out. The
guidelines will be directed at technicians and planners involved in
identification, formulation, appraisal and evaluation of projects involving
groundwater development.
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3. CHARACTERISTICS OF GROUNDWATER SYSTEMS

3.1 Physical Aspects

Water may be contained within spaces, interstices or voids in rocks and soil in
one of five forms. In the zone of aeration there is soil water derived from
precipitation or seepage from surface sources, vadose water held in part as
films on the soil particles and capillary water connected in a belt lying above
the groundwater proper. The zone of saturation contains the groundwater. Below
this, in the lithosphere, there rnay be internal water in unconnected voids but
this is scattered, small in total quantity, isolated from the hydrological
cycle, of poor quality and of little or no importance for crop production.

Groundwater is found in permeable, generally granular, geological formations
which act as storage reservoirs and, given lateral movement, transmission
facilities. However there are also vast aquifers where water is stored mainly in
fissures (generally limestones) and also weathered zones of semi-decomposed rock
at the top of hard rock formations. Granites of central India are an example of
weathered hard rock aquifers but equally limestones and dolomites often have
such conditions. Groundwater storage can be managed so that there is a
sustainable yield where inflow equals outflow or it can be mined.

An over-optimistic picture is sometimes drawn of the development potential of
groundwater resources. Early experience with the good aquifers, which contain
high quality groundwater lying close to the surface in places where crops suffer
from occasional drought and where fertile soils exist (such as in large parts of
the Indo-Gangetic Plain), can be very misleading if transferred without due
modification to less favoured regions. For the most part, global groundwater
resources are limited in relation to potential agricultural needs. Some are of
dubious quality and the complex, costly technology for abstraction is often
troublesome. Seldom do institutional means exist to ensure a fair distribution
of the resource to all those who need it, and devising workable new institutions
for this end has seldom proved satisfactory and often appears to be practically
impossible.

3.2 Agricultural Needs

The economic problem is essentially to establish the best means to exploit the
groundwater resource up to the point where the net returns are greater than the
costs and, furthermore, where the net returns to any development are greater
than alternative uses of the investment and recurrent resources. Analysts have
to establish the most efficient means available for development whilst taking
due account of the multiple objectives of public development policy. It is quite
likely that the form and extent of groundwater exploitation will vary depending
upon whether the options are viewed from a public or private viewpoint. If, in
addition, in appraising investment options a social welfare function has to be
maximised which takes a different account of benefits to, say, rich and poor
farmers, or puts forward alternative resource ownership patterns to those
obtaining at present, then the economic analysis problem is thereby immensely
complicated.
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Technical opportunites, economic and social conditions vary widely in tropical
and arid zones. In this section a schematic presentation is designed to
illustrate typical groundwater system characteristics which apply, at least in
part, in, most countries. This will provide a basis for any model to test
development options for specific locations.

For the most part, this study concentrates upon tubewell extraction of
groundwater. It should not be forgotten that the open well is an important
source of water for small farms. In India at the end of the Fourth Five Year
Plan the National Commission on Agriculture (1976) estimated about 6 million
open wells, nearly two-thirds of which had either diesel or electric powered
pumps.

A very large number of hand pumps, designed primarily for intermittent use for
drinking water, are being installed in Bangladesh. A UNICEF supported Rural
Water Supply Programme supplied 350 000 such wells over a 15 year period. When
pumped for extensive periods these wells can abstract about 0.15 to 0.35 I/s and
irrigate at most about 0.24 ha of wheat. It is estimated that in the 1980/81 dry
(boro) season about 120 000 manually operated shallow tubewells were being used
for irrigation (the term MOSTI has become the accepted name in Bangladesh for
all handpump wells used for irrigation). These pumps have a number of desirable
features which have considerable economic appeal. They are profitable to install
and use. Recent estimates (World Bank internal documents 1980/81) indicate that
a typical small farm would roughly double farm incomes and a public project
would yield an economic rate of return close to 50%. Handpump wells (MOSTI) have
an initial cost per unit of water pumped roughly equivalent to a shallow
tubewell but, of course, they have no fuel bills for operation. They are locally
manufactured and can often be installed by the farmer and readily repaired in
local workshops. They are a suitable scale for even the smallest farm and the
expensive pump component of the well can be fairly readily moved from one plot
to another. This makes them particularly well suited for regions with fragmented
farms. As they are hand operated, they generate considerable amounts of
employment. However, hand pumping for long hours is perhaps the most arduous
drudgery conceivable. Nevertheless, such simple, profitable scale-neutral
technology has obvious economic appeal. The fact that thousands of such wells
are being installed and operated by farmers is clear evidence of this.

It is difficult to obtain an unbiased assessment of the merits of this
innovation compared with alternatives. There are few, if any, reliable measures
of comparative costs. It is an area of debate that attracts partial 'mission-
oriented' research. The fact that large numbers of farmers are installing hand
pumps may reflect more a failure of the shallow tubewell technology delivery
system than the attractiveness of hand pumps. Certainly the field failure rate
of hand pumps is known to be high. For example, Anderson (1974) reports that in
one thana surveyed only 100 out of 600 wells used for drinking water were
working. Undoubtedly irrigation wells are better maintained than drinking water.
wells. It is known, however, that under intensive use problems in design,
manufacturing, installation and operation and maintenance occur (Consumers
Association, 1981).

There is no doubt that these hand pumps are privately profitable where the
watertable is high, but they do limit the total amount of water which can be
withdrawn. Where the watertable is below 6 to 7 m or where maximum use of the
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groundwater reservoir would require a temporary lowering of the watertable below
this level, hand pumps cannot be used. Shallow tubewells have similar lift
limits, but pumps can be sunk in pits to increase working height. Restricting
technology to the low lift type limits the annual amount and peak supply level
of water which can be withdrawn.

The shallow and deep groundwater development problem as it occurs in Northwest
Bangladesh is illustrated in Ficjure 1. The data for this figure are derived from
field studies from 1975 to 1977 (Cullen 1979). Figure la shows that shallow
tubewells are potentially the cheapest source of irrigation but the amount of
irrigation water pumped is lirnited by the pump lift of the surface mounted
centrifugal and hand suction units. The installed capacity of shallow tubewells
(STW) could be expanded to the same limit as the MOSTI but this would require
sinking the pump in the well which would increase the costs. Figure lb is from a
case study in Gobindaganj thana. Cullen notes that:

'this demonstrates that all the existing irrigation sources can operate
throughout the pumping season when fully utilised under upper quartile
demand conditions. However, it is estimated that the shallower village hand
pump will run dry in March.

As abstraction levels are increased by further development, the overall
depletion of the aquifer vwill result in progressive drying up of STW and
MOSTI as shown. If present recharge estimates are found to be low, then
further development will diminish river flows to the limit of low lift pump
(LLP) operation. The ultimriate level of development shown in Figure lb is
that required for complete irrigation coverage assuming that each deep
tubewell (DTW) irrigates 35 ha and that 80% of the total area is irrigable.
This could probably be achieved by installing deeper wells but economic
justification would be required (particularly as the estimated life of the
glass reinforced plastic well components used is much greater than that of
the pumping plant, and periodic replacement would be far less frequent).

The capital costs required for expanded groundwater development in
Gobindaganj thana were alr,o studied. The assumption was that, as shallow
groundwater sources are dried up by increased abstractions, they are
replaced by DTW. The results are shown in Figure Ic including the total
equivalent number of DTW and the capital investment required (capital costs
are for installations only and exclude irrigation distribution systems).
This also demonstrates the need to plan the overall development levels.
However, a 50% increase on present levels can be achieved with STW alone and
much will depend on the availability of finance and the overall
implementation planning.'

In round terms this case show that in this thana 20% of the land is irrigated.
With full development using haridpump wells or STW, 40% could be irrigated and
with deep wells all the irrigable land could be irrigated. Several crucial
questions arise if this is a typical case: can Bangladesh afford the additional
costs of full DTW developments including the financial costs of compensation for
dry shallow wells?; can Bangladesh afford to forgo perhaps half the irrigation
potential as will occur if they clevelop only shallow groundwater sources?; would
farmers be able to cooperate effectively to ensure full use of DTW sources or,
conversely, does the individual control of a smaller cheaper supply from a MOSTI
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FIGURE 1
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outweigh the advantages of a larger supply from a DTW? Certainly there is not
much time left in which to choose between these options because the form and
extent of public and private investment are rapidly narrowing the range of
options.

The Government has to choose between limited development of shallow sources
using handpump wells or shallow tubewells, or more extensive development using
deep wells. If hand pump development proceeds and is subsequently replaced by
deep tubewells, then high financial compensation liabilities will have arisen.
In addition, it is likely that there will be intractable administrative
problems to ensure fair distribution of both financial compensation and
replacement water for irrigation and drinking purposes. If maximum groundwater
development is to be the main goal, then this should be undertaken before
massive private investment is made. Alternatively, areas will have to be zoned
for shallow or deep groundwater abstraction. Recent proposals taking this form
have been presented to the Government of Bangladesh (MacDonald & Partners,
1980). Either option is fraught with problems. Optimum development of shallow or
deep aquifers will require a degree of public control not yet evident in any
area of rural development in that country.

In early stages of irrigation clevelopment farm water requirements follow this
shape:

FIGURE 2
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Note: No special significance should be attached to the April-September
timing of this single cropping season, although this is the most
common cultivation period in the northern hemisphere.

9



With increased agricultural sophistication double (or even triple) cropping
becomes an option:

FIGURE 3

WATER
USED
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In arid areas this pattern of demand can be satisfied by rainfall, groundwater
or canal irrigation. If rainfall is in some way inadequate, gravity fed surface
canals are likely to be the cheapest option. This is not invariably the case. In
some areas light soils, uneven topography or narrow commands make surface
irrigation expensive or even infeasible. Furthermore, large fluctuations in
discharge cannot be handled efficiently in canals and therefore this ideal
peaked water demand is generally flattened in the following manner

FIGURE 4
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This 'flattened' pattern of water supply results in farmers not following
optimal crop sowing dates, subStituting less valuable but less water demanding
crops, allowing crops to suffer stress at certain times and in other
adjustments. The impact of shortage, of course, is lessened by the high water
use efficiency obtained by farrners in times of scarcity. It is also possible to
work with the concept of 'planned deficiencies' relying on the premise that the
reduction in yield is not proportional with reductions in supply below the
optimum. However, despite the obvious economic importance of such information,
there are still inadequate data on the response of crops to various pattetns of
water shortage.

River water availability, often reinforced by the rainfall availability,
typically follows a uni-modal pattern which contrasts with the bi-modal peak
in cropping pattern water demand.

Perennial irrigation is then lirnited to the level of dry season flows. Where
land is available, seasonal irrigation can be provided to grow, say, a single
rice crop and possibly a second crop with residual soil moisture. Additionally
or alternatively, some of the 'wasted' summer water (shaded in Figyre 5) can be
stored in surface dams to be released later in the year to service the more
profitable double cropping and peaked pattern of water demand.

FIGURE 5
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Such is the status of many surface irrigation networks. Groundwater exploitation
can enhance the profitability of such agrarian systems in one or more of several
ways:

(i) summer or hot season peak supplies can be met;

(ii) winter or cool season supplies can be met;

(iii) groundwater can be used and surface water diverted elsewhere or
retained in dam storage for periods when hydro-electricity
demands match agricultural demands;

(iv) in dry years deficits can be met;

(v) if (i) + (ii) + (iii) + (iv) are less than recharge and the
watertable rises, then drainage water can be pumped in non-
irrigation season; if (i) + (ii) + (iii) + (iv) are greater than
recharge, then excess surface water, which would otherwise be
discharged to the sea, can be diverted into fields for leaching
any salts or, perhaps more important, to increase recharge.

These options are illustrated in Figure 6.

Tubewell irrigation is employment creating. Tubewells can help offset the labour
displacing effects of tractors and other forms of farm mechanisation. For
example, Agarawal (1981) finds for HYV wheat cultivation in the Punjab that,
whereas tractor ploughing, tractor sowing and power threshing diminished labour
use by 82, 24 and 4% respectively, tubewell irrigation increased employment (on
all farm size groups) by an average of 89%.

The quality of groundwater almost always gives grounds for greater concern than
surface water. Long term use without careful control of leaching will lead to a
salt build-up in the topsoil. Quite frightening amounts of salt are involved. A
wheat crop grown with water of 1 000 ppm will add more than 8 tons of salts per
hectare each season. Topsoil will only remain usable in such circumstances if
adequate quantities of water are provided for leaching (as happens all too often
when fields are over-irrigated by farmers!). In addition, watertable levels must
be depressed so that there cannot be a reverse, upward movement of salts in
solution in the capillary water. Further, even where watertable is deep and salt
is leached out of the root zone, there is a danger that following rain or heavy
irrigation, salts will go into solution and be drawn into the root zone when
sufficient insolation occurs.

Canal closures for routine maintenance of surface irrigation structures and
desilting of canal beds are normally scheduled according to procedures
established in the planning phase of surface water development. Such maintenance
generally takes two to four weeks. Although this activity is normally undertaken
during cold weather, when crops require least water, or during rainy periods,
harmful moisture stress can occur and it may not be possible to apply
fertilisers at the optimum time. Recent agricultural developments, such as short
duration crops, day length insensitive varieties and the adoption of new exotic
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crops, often have the effect of making traditional canal closure periods
inappropriate. These are difficult to re-schedule. Indeed, for mnodern irrigated
agriculture, with its high cropping intensities and demands for regular timely
water, it is difficult to specify any appropriate two or three weeks period for
closure. The inappropriate duration and timing of canal closure is now evident
in the Indus Basin. In these circumstances the value of groundwater, as a second
source of irrigation water, is considerably enhanced.

FIGURE 6
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3.3 Operation Advantages

Where canal operation or rainfall is irregular and unreliable, the ability to
exploit groundwater is a valuable insurance. It is a costly and unjust
occurrence that, at a time when the potential returns to reliable irrigation are
shifting to a new level (a higher production function) as a consequence of
scientific advances, evidence is increasing that canal operation is subject to
grave defects (Hashim Ali 1981, IRRI 1980, Chambers 1981). In such conditions
tubewell development is a safeguard against failure or shortfall in surface
irrigation supplies which may give high returns. Much of the apparent
profitability of groundwater development in the Indian sub-continent is really a
reflection of the real costs of substandard working of the surface irrigation
network.

In such circumstances the normal criterion of tubewell efficiency, namely high
operating hours per year, will be an unreliable guide. Tubewells operated for
short periods to give reliability to either canal or rainfall supplies will be
effective investments. This risk reducing role of tubewells has been
demonstrated in Indonesia and in Pakistan (Lowdermilk et al. 1978).

Groundwater development can proceed at spectacular rates without direct public
support. In the Kosi Command in India, Clay (1981) notes an increase in
tubewells from about 3 000 in 1969/70 to almost 60 000 in 1977/78, whilst the
public development of the Kosi Canal System, opened in 1964, did not manage to
reach even 20% of original design levels. This provides an example of wasteful
and ineffective public investment and profitable private investment. Whilst
private tubewells were being sunk and efficiently operated, the canal exhibited
typical problems, albeit on a grand scale, including over-optimistic land
capability assessment, excessive silt deposits, lack of drainage and subsequent
waterlogging, long and poorly timed closure periods, water rate collections
running at about one-third of estimated due charges, and managerial problems
related to a lack of sympathy and understanding for agriculture or even for
management functions, and extremely weak incentives to staff for efficient
operation.

Groundwater can reduce or eliminate the need for dams, canals and pipelines.
Investment can then be phased in line with demand. The financial problem
presented by excess capacity in the early years of operation of a dam project is
thus avoided.

The advantages of phasing are often given undue weight in economic analysis by
use of high discount rates which 'diminish' future tubewell investment and the
relatively high recurrent costs. All too often this illusion is shattered when,
with the passage of time, the full monetary value of these expenditures has to
be found.

Groundwater offers other advantages over surface canal irrigation. Smaller
packets of suitable land can be more economically irrigated by groundwater than
with surface systems. Normally a tubewell system can be designed to suit any
area and topography.
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Land distant from rivers can also be economically irrigated and the lower rates
of distribution channels to irrigated fields may crucially affect the economics
of lining distribution channels. Wells can be located in high areas or at the
tail of canals where surface! irrigation tends to be in short supply or delivered
late. Where wells recover drainage and seepage water from the irrigation system
the overall system efficiency of water use typically rises from about 50 to 80%.

Irrigation supplies can be augmented using groundwater with the minimum
disturbance for existing surface irrigation. Canal remodelling to take higher
surface discharge disrupts agriculture more substantially than groundwater
development. Canal supplies can also be augmented by saline groundwater
providing that sound blending procedures are adopted.

Groundwater resources are mriade up of various mixes of stock and flow resources.
In the simplest case, a single well will tap a limited aquifer without recharge
or interconnection with other wells and the investment decision hinges on the
question as to whether the sum of net benefits from using the groundwater,
suitably adjusted for the time they arise, exceed the requisite margin of the
development and operation costs over the life of the well. At the other extreme
there is the type of complex system, illustrated in Figure 7, where numerous
farmers tap the same aquifer. In such a system, recharge is an important part of
the resources, and the optimum mix of seasonal and perennial irrigation, the
overall extent of rice cultivation and other decisions in turn influence the
amount of water available for irrigation and the drainage requirement.

Figure 7 represents the situation obtaining in Bangladesh (Smith 1970) which is
typical in large areas of India, Pakistan and Indonesia where a significant
proportion of the world's underdeveloped groundwater resources lie. With such a
complex interdependent system a simple budgeting approach to assess alternative
patterns of development is likely to be slow, inefficient and possibly
unsuccessful.

FIGURE 7
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However, specification of a valid model of the total system components, the
inputs, the pattern of demand over time and the economic returns is difficult.
The models used are generally partial, deterministic and static but the system
being described is stochastic and dynamic. The agricultural water consumptioh
process is sequential and a single decision period cannot reasonably exceed one
month.

Much of the data required to make the models operational and to validate them
are either not available or not well-founded. For example, estimates of the
specific yield of the aquifer, the seepage losses from canals and the effect of
variation in watertable levels upon seepage, although crucial, are notoriously
unreliable. On the output side the production functions, or crop responses to
various watering regimes, are extremely ill-specified and generally related to
atypical research station conditions. However, it will be argued that the
modelling process, for all its present deficiencies, forces the analyst to ask
relevant questions, to identify the crucial aspects of the system, and to think
more rigorously about the inter-relationships between the system components and
effect or variations in key variables. As with many operational research
techniques the discipline is normally more valuable than the answer.

3.4 Aquifer Characteristics

Figure 8 illustrates some of the vital characteristics of the typical ground-
water system that influence the form of development. For practical purposes any
groundwater level below 8 m can be regarded as deep. Water levels may fluctuate
over a year or a long cycle, or they may exhibit long term secular falling or
rising trends. Since pumping costs are directly proportional to height of water
lift and deep wells are clearly more costly to drill and equip than shallow
wells, depth to watertable (a) is an important characteristic. The depth of the
aquifer (b) influences the options for development together with other aquifer
characteristics (c) of which the permeability (transmissivity divided by aquifer
thickness) and porosity are important. In Figure 8 the aquifer is not confined
under any pressure exceeding atmospheric pressure by an overlying impermeable
layer or bed. This water enters the groundwater system by natural and induced
recharge (d) from precipitation, run-off from hills and rocks, seepage from
rivers, canals and irrigated fields. Natural recharge varies from month to month
depending upon supply and there is considerable year to year variation. Open
wells (f) with shallow access to the aquifer are vulnerable to falls or to
fluctuations in watertable.

In aquifers, such as that shown on the left of Figure 8, which have high
transmissivity, pumping of deep or even shallow wells (f) can cause a local or,
when withdrawals exceed recharge, general fall in watertable levels. In rock or
clay aquifers such as illustrated on the right, each essentially taps its own
limited storage voids. Large parts of Africa and the hard rock areas of India,
which comprise a significant part of the area of India, have aquifers of this
type. The limited yield of water from shallow aquifers and aquifers of low
storage capacity and transmissivity have led to their neglect by public
authorities. Farmers have found that even small quantities of water, judiciously
applied, alongside modern inputs, are often extremely profitable. Simply
constructed open wells, storage cisterns and locally manufactured wells, pumps
and engines are employed to obtain early crops, to extend the cropping season,
to help cope with temporary water stress in the growing season and to obtain
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FIGURE 8
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high yields and high quality. Examples which indicate the agricultural value of
relatively small amounts of groundwater can be quoted from agricultural areas as
varied as Cyprus, Saudi Arabia and India.

The fact that recharge can be increased, in some circumstances, by lowering the
watertable is worth noting as this characteristic, with suitable investment
and management operations, can be employed to increase the quantity and value
of groundwater pumped. The economics of lining canals and farm distribution
channels will be influenced by the feasibility and cost of re-use of seepage
water. Where drainage is an agricultural problem, it is crucial to know the
sources and level of recharge before remedial works can be designed and
appraised. More generally, the complementary benefits to be obtained from joint
planning of surface and groundwater investment and operating policies should be
foremost in the minds of water resource planners.

3.5 Economics of Wells and Wellfields

This discussion is confined to drilled wells because it is in this respect that
economic decisions can really affect the manner of development of the world's
large aquifers, especially in the developing countries. This is not to say that
there are no economic considerations involved in the vast number of hand dug
wells operating in such countries, but only that they are less susceptible to
this kind of analysis and such economic decisions as are necessary are best made
locally.

As far as bored wells are concerned, there are considerations of drilling
techniques, configuration of wells, materials to be used, the type of pumping
equipment, and the type of prime mover.

Drilling techniques for water vary from the simplest hand operation to the most
sophisticated drilling rigs similar to those used by the oil industry. The
traditional percussion system involves repeatedly raising and dropping a
cylindrical tool on a rope down the hole, most often with a steel casing
following immediately behind. Many simple wells for domestic water supply to a
village or a farm are put down by hand using a tripod with a pulley to support
the rope. For larger wells tripods with a motor may be used or, where speed is
more important, a truck-mounted percussion rig is employed. This method can be
used in alluvium, boulder beds or weathered rock. It is slow and cumbersome, but
effective, and is still widely used. The simplest operations are cheap, labour
intensive and require relatively little skill. Technically there is one
advantage in that it is possible to recover reasonably good formation samples.

Rotary drilling is the other main technique and again this can be simple, as
seen in Bangladesh, where a pipe is used with teeth cut at one end and supported
on a bamboo tripod. Wooden arms are attached in the form of a cross and four men
turn the pipe while water is pumped down the centre. This method is crude, but
many good wells have been installed in this way in alluvial formations. It is
cheap, labour intensive, and, as little skill is required, local labour can be
used effectively. Unfortunately this method is slow and almost invariably
produces a crooked hole. With conventional rotary drilling, using large truck or
trailer-mounted rigs, a drilling fluid is nearly always used. This may be water,
mud, air or foam, and all of these are used in the direct circulation method
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where the fluid is passed down the hollow drill pipe, goes through the bit and
then, by way of the annulus, between the drill pipe and the wall of the hole.
Reverse circulation, involving the opposite mode to that described above, is
often used for large diameter wells in alluvium using water as the drilling
fluid. Rotary methods are quick and can be cheap if a large number of wells are
involved. Virtually all serious work on groundwater projects is done by one or
other of the rotary techniques.

In hard rock rotary methods using direct circulation are generally preferred and
this is the common method used for deep wells (up to 2 000 m) in Saudi Arabia
and for the much deeper wells used in oil development. A variation, which in
some ways is a combination of rotary and percussion methods, is the "down-the-
hole-hammer" method. This involves a compressed air hammer suspended on the end
of the drill pipe with the escaping air carrying up the cuttings to the surface.
It is commonly used in very hard rocks such as granite.

After drilling a well it is usual to place an upper casing in which the pump is
set. For wells in collapsible formations, further casing and screen is suspended
below the pump casing. For sorne fissured rock formations no screen is necessary.
Where screen is used, it is placed opposite the best potential producing zones
and blank pipe placed elsewhere. Sometimes the screen is sufficient on its own
to retain the formation particularly in coarse sand and gravel aquifers, but in
finer forrnations it is necessary to install a gravel filter between the screen
and the hole sides. In this case a larger drilled hole is necessary to ensure an
adequate thickness of filter. Figure 9 shows a typical well including all the
elements described above, and this would be the normal type found in alluvial
flood plains.

FIGURE 9
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Casing and screen materials have been the subject of debate between the
advocates of local traditional materials and those supporting modern long life
and high performance components. There is no single answer to the problem. Local
farmers who install wells at their own expense invariably go for low first cost
materials and seem to accept the fact that there will be a high rate of failure.
Public authorities go for safety because they cannot afford the public
castigation that would result from a high failure rate.

There is fierce competition between the various screen manufacturers and dubious
claims are often made extolling the alleged virtues of particular materials and
designs. Frequently the very simplest slotted pipe is quite adequate for the
purpose but occasionally special materials and screens with a high crush
strength are necessary. In very deep wells in rock the screen is only a small
percentage of the total cost and then it is often wise to use the best
materials. In contrast, reasonably cheap plastic, steel or glass reinforced
plastic (GRP) screens are adequate for the thousands of wells installed for
irrigation that are typical of India, Pakistan, Bangladesh and Indonesia. Much
has been written about open areas of screen and how large open areas have
improved hydraulic efficiency. In spite of all manufacturer's literature it can
be said unequivocally that large open areas hardly affect the hydraulic
efficiency of a well at all. Field and laboratory measurements have demonstrated
this fact beyond doubt. However, if wells are subject to blocking through
incrustation of the screen slots, then there is clearly a case for the larger
open area, provided that the premium is not excessive. The Khairpur Project in
Pakistan provides field experience with large open area stainless steel screens
and slotted GRP. Although the wells have deteriorated in performance with the
passage of time, there is no difference between one type and the other. If
anything, the GRP is very slightly better.

One area that still requires study is the effect of rehabilitation techniques
on various screen designs and materials. Regrettably no serious well
rehabilitation has been carried out in the developing countries which can be
drawn upon. However, techniques are well established in developed countries,
particularly in the USA.

The whole subject of screens and materials is very wide in scope and would
require a treatise on its own to do it justice; even to list and describe all
the various types that the authors have encountered would require a wider canvas
than this paper can provide.

Pumping equipment too offers economic choices. The possibilities are force,
surface mounted centrifugal, turbine or submersible pumps. Force pumps are
conventionally only used for shallow water wells and are operated by hand or the
'nodding duck' type pump for deep oil wells. Centrifugals are the most common
type for shallow wells or indeed anywhere the pumping level in the well is not
more than 7.5 m (25 feet) below the pump. Sometimes this type of pump is placed
in a chamber below ground so that it can deal with deeper watertables. In large
dug wells it may be even floated on a small pontoon. This is the cheapest type
of conventional well pump and is often manufactured locally in the developing
countries. Deep well turbine pumps are next in popularity and can be used where
deep settings are required. All of these pumps can be powered electrically or
with diesel engines. The submersible must be electric because pump and motor are
close coupled and the whole unit placed down the well. If electric power is

20



available, then a careful analysis must be made to compare turbines and
submersibles. Generally at the deeper settings (greater than 100 m) submersibles
are now becoming cheaper, but. each case must be examined on its particular
merits. One of the advantages of a submersible is that it will work
satisfactorily in a crooked well. where a turbine pump with its long shaft will
have a very short life.

Well waters can be very corrosive and all component materials including screens,
casings and pumps must be considered from this aspect. It is essential at the
investigation stage that the chemistry of well waters should be examined at the
well head in respect of Eh, pH, bicarbonate and dissolved carbon dioxide, as all
of these parameters are involved in the corrosivity of water and they all change
en route to the laboratory.

The cost of groundwater projects, particularly projects involving wellfields of
several hundred wells, such as those which can be found in the Indian
subcontinent, can be greatly recluced through economic design. For a single well
in a thick aquifer there is a definite design choice between capital and annual
expenditure. A deep well with a greater screened area will have less drawdown
than a shallower well for a fixed discharge rate. Thus the deeper well will cost
more initially but by virtue of the lesser drawdown the annual running costs
will be less. Somewhere there is an optimum depth. This is determined by a
discounted cash-flow method. For example, it can be shown that, for the case
illustrated in Figure 9, the present value, PV, of capital plus running costs is
given by

PQ pQ2

PV = C1 + C2 L + C3 Q + C4 --- + C5 ---- ...... (1)
L L

Where C 1 - C5 are constants depending on the costs of drilling, screen,
fuel, etcetera.

Q is the well discharge rate

L is the screen length

P is derived from the empirical relationship (in F.P.S. units)
Drawdown = 1.32 Q/KL = PQ/L which has been derived from a
large number of well tests

K is the aquifer permeability

The present value can then be partially differentiated with respect to any of
the variables involved and equated to zero to determine the value of that
variable for minimum cost. For example:
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d PV C4PQ C5PQ 2

---- = C2 - - - - - - - -- = 0
dL L2 L2

PQ
L2 = --- (C4 + C5 Q) *--- (2)

C2

Thus the optimum length of screen can be calculated for any well discharge.
Figure 10 shows a plot for optimum screen length with the capital and running
costs separated.

A similar procedure can be used to optimise well diameters and discharges
(Stoner et al. 1979).

These economic well design principles were first developed for wells in the
extensive uniform alluvial aquifers of the Indus Plain and it could be argued
that such design criteria are not applicable in those areas where well screens
are generally not used or where the aquifers are neither uniform nor extensive.
The authors would suggest, however, that a closer regard to economic design is
important in all cases of groundwater development. It is now widely recognised,
for example, that the active, more transmissive parts of the Chalk and Bunter
Sandstone aquifers of England are restricted to the upper hundred metres or so
of each aquifer. Connorton and Reed (1978) have shown that the permeability of
the Chalk in the Lambourn Scheme is essentially zero below 70 metres from the
surface. There is therefore clearly an optimum depth to wells in the Chalk and
the Bunter and this fact should be taken into account in future well designs.
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In the case of whole wellfields, economic design may be even more important
because well spacing has also to be considered. This greatly affects the
regional drawdown and thus the pumping costs. In a uniform aquifer the regional
drawdown can be calculated but more often a model of the system is needed to
compute the effects. With projects involving wellfields connected by pipelines
the length of pipe and its diameter become important factors in the optimisation
of well spacing. A complex wellfield pipeline system can only be optimised by
the use of a computer to examine all the options and to minimise the present
value of the proposed system.

Concluding this section there are clearly economic choices to be made. First,
whether the project is to be developed by local farmers using traditional
techniques (IDA Agricultural Credit Projects in India and elsewhere), or is it
to be a public project with international contractors and modern techniques (for
example, IDA loans to Pakistan SCARP Schemes); issues related to this question
are elaborated later. In either case are economic analyses in the design of the
project given full rein? Secondly, are materials and pumps specified likely to
result in the lowest overall discounted cost per volume of water delivered? Are
diesel engines or electric motors with the concomitant power lines and side
benefits likely to be the most beneficial for the rural population? In choosing
a technique, will labour intensive methods be appropriate or will earlier
completion of the project, that modern methods might bring, ensure an earlier
and higher overall involvement cif labour.

3.6 The Use of Wells for a Dual Purpose - Drainage and Supply of
Irrigation Water

Drainage is probably the majcr problem with the world's irrigation systems,
although the technical aspects of the problem are well understood. The great
demand from farmers is for extra irrigation water, and politically it is
opportune to support such a demand, irrespective of the insidious damage caused
by adding extra water to a system without drainage. Drainage has no glamour and
the overall benefit is long term and difficult to see, especially in the eyes of
subsistence farmers.

We believe that investment in drainage, particularily at the time of original
project construction and for the intensive forms of irrigation now generally
being advocated, is likely to pass tests of economic feasibility. This
hypothesis gets scant treatment, in planning documents and is even neglected in
some irrigation rehabilitation projects. As the trend for increased irrigation
intensity and more multiple cropping continues, the need for drainage is
enhanced but such conditions also lower the per hectare or per crop costs of
drainage. The economics of drainage of irrigated lands is a subject worthy of
more research and practical attention.

Neglect continues into the operation phase. Conventional drainage schemes, even
where they exist, notoriously suffer from lack of maintenance and inevitably are
the first casualties of budget reductions. The minimal benefits (or even
increased costs if, for example, poorly maintained drains are a source of
debilitating disease) which are likely from a poorly maintained drainage network
will reinforce the predjudices of those who give drainage investment low
priority for investment funds.
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It is questionable whether a conventional drainage system involving tile or open
drains is anyway satisfactory in arid regions with low cropping intensities. The
problem revolves around the necessary minimum depth at which the watertable must
be established in order to avoid serious reductions in the yield of crops and to
avoid building up damaging salts in the soil profile to the extent that
reclamation is no longer feasible.

These eventualities are dependent upon crops grown, soil type, evaporation
potential, depth to watertable and the quality of water at the watertable
surface. The latter is controlled by the intensity of cropping and the excess
quantity of water applied to the crop that drains below the root zone.

Crops have different rooting depths and thus wheat can be grown successfully
with watertable depths nearer the surface than cotton. But for any crop the
depth at which the watertable is established for successful growth is dependent
on its salinity. Wheat might therefore be grown with a watertable at one metre
(three feet) if the groundwater is fresh, whereas it may require two metres
(seven feet) if it is very saline. Soils affect the issue in several ways. Sands
are free draining and thus easy to keep well leached providing the watertable is
kept sufficiently deep by natural or artificial drainage. Sandy soils also have
a very small capillary rise and so evaporation losses are less at practical
watertable depths. Further, the saturated zone above the natural watertable
level is almost zero, and thus the crop can tolerate higher watertables and even
more saline irrigation water. Clearly in hotter climates water evaporates more
quickly and, in evaporating, salts are left behind in the soil profile. The
nearer the watertable is to the surface the higher the evaporation and hence the
worse the salinisation of the soil. Again, the more fallow land there is (that
is, the lower the cropping intensity) the greater problem there is with soil
salinisation because water is moving up, whereas in adequately irrigated cropped
land it is moving down.
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Research work into the behaviour of crops under high watertable conditions is
still very much neglected. This is all the more surprising because field
observations are very easy to make whereas, by contrast, the controlled
experiment is notoriously difficult. Still among the best work is the series of
field observations made in a single season on the Lower Indus Project. These are
illustrated in the diagram below (Figure 12), for wheat which illustrates the
principles stated earlier. This work was done by placing boreholes in wheat
fields, measuring the watertEble depth and taking samples of the upper
groundwater for laboratory analysis. Later at harvest time crop samples were cut
for yield determination.

FIGURE 12
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For fallow land the manner in which evaporation changes with the depth to
watertable is the important factor as this controls the rate of soil profile
salinisation. Again, from the same source for a silt-loam soil the following
figure was derived.

FIGURE 13
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As can be seen, the evaporation from 25 cm deep or less is equal to evaporation
from surface water. This diagram would be entirely different for the varying
soil types and, as yet, there is inadequate research into the matter.

There may be advantages in using tubewells to drain watertable down even further
than is strictly required for drainage alone, especially if this fits in with a
re-use pattern. It may be better to drawdown in winter, say, in anticipation of
increased irrigation applications in the summer, thus minimising the installed
capacity required. Alternatively, close to a large river that is connected to
the watertable, it may be feasible to drawdown substantially in the low flow
season (and to use the pumpage for irrigation) and allow recharge to take place
in the flood season. Effectively this involves using the aquifer as a storage
reservoir.
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A temporary rise in watertable after a storm (say, for a week) may be harmless
if groundwater is fresh, but disastrous if it is saline. Hence a temporary
drawdown to protect a crop from seasonal flooding would have to be deeper if the
groundwater was saline. Economic depths for such protection are empirical
matters not yet investigated.

The upshot of this digression is that the optimum depth at which to establish
the watertable is an essentially economic decision. What crops are to be grown?
What is the maximum intensity that can be sustained? What is the cost of the
drainage effort required?

If, for example, the watertable is to be established at, say, two metres, then
tile or open drainage would be prohibitively expensive. It is in this case that
tubewells can be used very ef-fectively for drainage provided that there is a
suitable aquifer which is hydraulically connected tc the watertable. If the
groundwater is saline, then it must be disposed of through surface drains or
skillfully mixed with surface water but, if it is reasonably fresh, there is the
added bonus that it can be useed for irrigation, and the benefits become very
large. The watertable can be controlled at virtually any level by wells if there
is sufficient installed capacity, merely by increasing or decreasing the amount
of pumpage. The system can be made to work with low intensities whereas, with
conventional drainage systems, the fallow land associated with low intensities
will almost certainly become saline. However, once the cultivated and fallow
land is drained by tubewells, the economic return to additional water and to
high cropping intensities is likely to be high.

Virtually the only comprehensive project, in the developing countries, which has
wells for drainage alone, for drainage and irrigation and, where water is of
marginal quality, for drainage and irrigation often mixing with surface water,
is the Khairpur Project in Pakistan. This project worked very well initially,
but after about ten years it is now suffering from inadequate maintenance and
indifferent operation. Certainly this is a project that would repay a thorough
ex-post evaluation.

One consideration which must be taken into account in favour of tile drainage is
that, with high intensities and adequate irrigation applications, the upper
groundwater should improve in cluality so that the drainage water can be re-used
for irrigation. This can go on indefinitely provided that there is a net export
of salt.

Summarising, when tubewell drainage works, it is generally cheaper and more
flexible than any other means and, where the pumped water is fresh, there are
vast benefits available if it can be used for irrigation. The chances of a
tubewell scheme being maintained are probably slightly better than for open
drains. There are fundamental economic decisions to be made in establishing the
best operational depth at which the watertable should be established.
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4. GROUNDWATER AND INCOME DISTR[BUTION

4.1 Groundwater as a Common Property Resource

Underground fresh water, like common grazing land and sea, river and lake
fisheries, is a potentially productive resource with open public access.
Groundwater potential has rarely been fully developed in low income countries.
Indeed it is estimated that in Asia more than 50 million farmers, with only one
hectare or less of land, live on farms with undeveloped fresh water within two
metres of the surface (IDS 1980). However, at the other extreme, there is a
growing realisation that there are now a number of areas where over-exploitation
is likely or has already resulted in either falling watertables or saline water
intrusion into fresh groundwater aquifers, or both. In India the National
Irrigation Commission (1972) estimated that only 30% of national groundwater
potential was being used. On a state basis, progress varied from over-
exploitation in Rajastan, close to optimum exploitation in Haryana, Madras and
Pondicherry and Punjab to very little development in Assam, Bihar, Jammu and
Kashmir, Orrisa and West Bengal.

Open access to exploitable communal resources without public control means
eventually losses for all involved, whether it is in the form of less or more
costly irrigation and drinking water from underground, overgrazing and soil
erosion of communal pastures, or less fish at higher average cost from surface
water sources. Common property resources require public control if economic
efficiency is to result from their development. The more profitable the resource
exploitation to private developers the more urgent is the need for effective
public control. For the most part groundwater development is extremely
profitable.

Open access can be a misleading term as the landless are clearly excluded. Even
those with land need capital investment to obtain access. Low income farmers are
effectively excluded from communal or common property resources if they lack the
complementary resources to use them. To benefit from groundwater, grazing or
fish stocks, a farmer needs land and respectively water lifting devices,
livestock and fishing equiprnent. If a public policy objective is to include the
sharing of benefits from use of common property resources by those living in
poverty, then the poor must first secure access to the resource, and then the
means to exploit it. In principle, an alternative means of redistributing the
benefits from natural resources, such as groundwater, is to tax the net benefits
of those with access and transfer this revenue to the poor by other means. In
poor countries the record of such fiscal policies is not generally good. Even
where the incomes of the poverty group have been increased in absolute terms,
the level of increase is often unsatisfactory and income disparities within
society may still widen.

4.2 The Distribution Dilemma

To ensure optimum groundwater development in low-income countries, the public
authorities thus face two separate but related and possibly conflicting tasks.
First, groundwater development, in most cases, must be subject to overall,
normally public, control to obtain maximum return from its use. Secondly, if
public policy includes distribution objectives, public intervention will be
required to obtain a fair Eallocation of groundwater resources. Even the first
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task is generally difficult to achieve in the circumstances existing in most
countries. It requires a legitimate public interest in what. are often legally
private rights. Furthermore, public authorities must derive a consistent set of
criteria for various components of the well and wellfield design and operation,
and exhibit a determination to apply them. For example, criteria relating to the
optimum rate of water mining or optimum depth for groundwater stabilisation need
to be set and applied in congruity with other criteria without fear or favour.

The second distribution task presents an even more formidable undertaking.
Indeed, some observers consider it a vain exploration. It is sometimes argued
that, to search for technological solutions to problems of, say, gross income,
inequality is not simply a vain exploration but that it is misconceived because
technology itself is the cause of the problem. For example, Falkenmark et al.
(1980), discussing water development, argue "it is an increasingly recognised
fact that the introduction of any technical improvement immediately widens the
gap between rich and poor, whether it is in water supplies, tubewells or
irrigation credits". The problem may be more apparent than real if the gains are
such that the poor are relatively worse-off but absolutely less poor.

It is apparently a 'fact' that technology causes the problem of an increased gap
between rich (less poor) and poor. For those steeped with the Baconian regard
for facts, it is therefore tempting to conclude from this that, to prevent the
problems of inequality, new technology should not be accepted. It would appear
that the Luddites were ahead of their time. Machines not only take away jobs but
they cause increased income inequality. We do not consider that this statement
is empirically true nor the inevitable consequence of technological change.
Certainly new technology always appears to threaten increased inequality, but
the effect in the long term is either to diminish inequality or to so raise base
incomes as to make any increase in inequality somewhat more palatable. Many
researchers in this field have neglected the real benefits from increased income
of the poverty group in absolute terms and the impact of levelling mechanisms
within society which prevent excessive concentration of economic power.

Practical experience, or at least the authors' interpretation of recent
published material, suggests that it is easier to obtain a modicum of wealth or
income redistribution when incomes are growing and when new resources or
opportunities arise that are not yet the charge of a particular group. Ground-
water development is generally profitable but monopoly control of the limited
supplies can rapidly arise once this profitability is demonstrated.

The potential for a permanent monopoly distinguishes groundwater from other
areas of technology. In the early years of the seed/fertiliser revolution it was
common for large farmers to be far ahead in adoption, but for this to be but a
temporary phenomenon with smaller, poorer farmers adopting after a time-lag.
Similarly (but for different reasons) tubewell adoption was first and foremost
with the large farmer group. However, given a limited supply, early monopoly
control of groundwater can become an irreversible and permanent feature.

In the light of experience in other areas of rural development, it is possible
to argue that the potential gains from public control, pursued for either
efficiency or equity reasons, can be largely illusory. Any prospectus neglects
the inefficiencies and costs of imposing more responsibility upon the already
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over-burdened bureaucratic administrative process. Here one is dealing with
aspects of political economy and therefore political values must influence
judgement and choice. As examples one can take virtually any of the many well
intentioned land reform programmes.

4.3 A Resource for Poor Farmers?

Groundwater also presents particularly intractable and essentially technical
problems for those favouring bureaucratic allocation. These are set out more
fully later. In principle there is a good case for public initiatives where, for
example, groundwater is undeveloped or the pace of development is slow; where
the collective task of drainage is to be achieved; where externalities in the
form of excessive pumping threaten to increase new investment costs, marginal
pumping costs, or cause saltwater intrusion into fresh groundwater aquifers.
However, control of over-investment in wells is often virtually impossible. For
example, in Cyprus and Jordan the public authorities have not been able to
control either drilling or subsequent pumping. In Cyprus an independent
politically powerful group of relatively small farmers act with considerable
independence (Republic of Cyprus 1980) but in Jordan it is a relatively small
group of very large farmers (and politicians) who defy the drilling and
withdrawal regulations (Clayton et at. 1974). In fact the most important task of
control of subsequent withdrawals from private wells has proved absolutely
impracticable in almost all circumstances. Nevertheless, in the search for fresh
approaches to remove or alleviate the worst aspects of abject rural poverty,
some writers have examined the groundwater potential as it is a widely
available, largely under-exploited resource with a special high potential for
profitably increasing agricultural production. For example, the report of a
recent IDS Study Seminar* concluded enthusiastically:

"Groundwater resources may be the largest remaining untapped resource
available for alleviating the pervasive and intractable problem of
rural poverty in South Asia. Groundwater is at present being appropri-
ated largely by thcse who are richer (or perhaps more accurately less
poor) and more powerful. Opportunities for those who are poorer and
weaker to benefit are passing. Who is to gain from this last frontier?
The haves or the have-nots?"

"Groundwater deve.lopment and lift irrigation offer a massively under-
exploited resource and opportunity. In India, less than half the safe
yield of aquifers is currently used. In Bangladesh, a country sited on
one of the largest and richest aquifers in the world, only one sixth
of the potential is being tapped. Groundwater is a last frontier.
Intensively used, it has potential in India and Bangladesh for the
direct creation of additional livelihoods for at least 50 million
families. In addition, there are opportunities for lowlift pump
developments from surface water sources, particularly in Bangladesh.

Footnote: * IDS Study Seminar 88 (1980). Who gets a last resource? The
potential and challenge of lift irrigation for the rural poor.
Discussion Paper 156, Institute for Development Studies,
University of Sussex. One author (I.D. Carruthers) was a member of
the drafting (qroup and this section draws on the text with
per mission.
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Few, if any, areas of technology and investment can rival groundwater
and unutilised surface water in this potential for productive
employment. However, an appropriate share of this last frontier will
not be taken by those whose need is greatest without positive policies
to secure their interest!<

"New groundwater exploi tion presents Governments with unusual room
for manoeuvre in choosirg social and economic policies. However,
groundwater is only part o the rural social and production system. Its
development can contribute to the alleviation of poverty but it is no
panacea. Its potential contribution will only be maximised if support-
ing policies are implemented. In this sense, groundwater development
should be viewed as a complement to, not a substitute for, the
implementation of land reform."

"The main immediate opportunity lies in shifting the benefits of lift
irrigation development more towards smaller farmers and landless
labourers. In many but not all respects the interests of these two
groups coincide. Some mechanical farming innovations require resources
which, in the developing countries, virtually exclude small farmers and
agricultural labourers from obtaining or using them; and the record of
co-operative ownership and management has been dismal. In lift
irrigation, the technical factors which in the developing countries
have confined manufacture of diesel and electric pumps to 3 to 5 and
higher horsepower sizes have, at the same time, demanded larger farms
for economic use and have excluded the smaller poorer farmers from
participation. The opportunity now is two-fold. First, it is to improve
traditional lift irrigation devices and distribution systems. These are
typically locally made and maintained, rely predominantly on human and
animal energy sources, and, although already relatively cheap and
effective, could often be made more efficient with comparatively modest
research inputs. Recent work, for example, shows that substantial
improvements should be possible in the performance of the dhone which
currently accounts for a little less than a half of the total irrigated
area in Bangladesh; and if similar breakthroughs could be achieved with
the indigenous methods currently used in some two-thirds of India's 6
million open wells, then the pay-offs in terms of increased output and
reduced drudgery are potentially very large. Second, there are
opportunities for developing and improving new small-scale technology
specially designed for small farmers. Such technology includes both
hand- and bicycle-powered pumps, relying on human energy; and solar-
powered micro-pumping units, designed specifically for the very small
farmer, might in future prove economic, although currently available
technology is only viable on holdings of 2 hectares or more*'.

If we examine the experiences of groundwater development, it is hard to
understand such optimism. In fact the general experience of public policy in
devising and administering income redistribution policies can be considered

Footnote * A UNDP financed study by Sir W. Halcrow & Partners is presently
evaluating field performance of small solar-powered pumping
devices. In discussion with F. Hotes of the World Bank it was
stated that solar powered pumps are not viable at any size yet.
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poor. It is surely obvious that it is-naive and unrealistic to assume that,
providing an economically sound and just developrnent policy can be derived, it
can and will be carried out.

We would argue that groundwater programmes are likely to be a relatively
unsuccessful area for income redistribution policies. This judgement stems from
observation of public and private developments in several countries and a
consideration of technical, economic and social aspects of the technology. It is
difficult to regulate any rural investment but installation and operation of
tubewells proves particularly troublesome. On one 20 ha pilot project in
Indonesia five tubewells rernained undetected by a monitoring team for several
months. Tubewells are most likely to be an asset of the large, rich farmer for
they require 'lumpy' capital investment; there are potential and, given
subsidised credit, fuel and so forth, actual economies of scale; the crops have
a ready cash market; and, given unreliable fuel and spares supply, there is a
relatively high risk. There is a technical potential for local monopoly. High
profits from well operations, threats to land ownership from reform policies,
corrupt use of public funds and influence in such matters of well siting can all
be readily found in rural areas and give credence to our view. As an area of in-
depth sociological study it deserves priority.

This is clearly illustrated by experience from India. In West Bengal, despite a
Government committed to aid the poorest, social relationships in rural areas are
still dominated by feudal categories such as 'landlord', 'usury-lord',
'speculative trading-lord', 'caste-lord' - to which T.K. Banerjee (private
communication) adds a new category of 'water-lord', a term also commonly applied
in Bangladesh. He explains that land holdings are highly fragmented and thus
even the smallest tubewell with command over a mere three hectares contains land
belonging to several families. Thus, when a farmer installs his own tubewell, he
will have access to a fraction of the command. However, because of the level of
groundwater availability and the local drawdown his well causes, he will have
technological control of the irrigation of land of the surrounding farmers. By
virtue of his local monopoly he can dictate terms to supply irrigation water.
This may take the form of high cash payments or, increasingly, a new form of
share-cropping in the form of either a proportion of the land on nominal rent or
a share of the crop. Alternatively, the lessee may then work as a wage labourer
for the water-lord. This would be a voluntary contract but possibly one made
feasible by a subsidised state credit for the original well.

Dr. Banerjee highlighted the role of credit in this process with reference to
the programme of the Indian Agricultural Refinance and Development Corporation
(ARDC). Interestingly not one of seven in-house evaluation reports examined of
the ARDC programme in this and other States mentioned these factors. They
stressed repayment rates (13 to 70%), speed of loan sanction, and implementation
(generally good), cost of wells and other technical problems. A World Bank
project performance audit report of the same projects pays considerable
attention to the problems of rapid development, technical efficient use and
access of low income farmers to groundwater. These are general problems and are
discussed here in some detail.

Existing credit facilities are a constraint to tubewell development. Many small
farmers (say less than 2 ha), who could economically use a tubewell, either
individually or as a member of a co-operative group, find a deficiency of medium
term credit to finance oricqinal installation. The volume of medium term (not
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short term) credit is inadequate for their needs. In addition, the problem of
providing collateral where land is the main form excludes small farmers and
share tenants.

In India the cropping intensity and standard of crop husbandry on private
tubewell irrigated farms exceeds that on all other units of agricultural
production. One of the most effective ways in which small farmers can increase
their productivity and income is by a shift to more multiple cropping. Singh
(1979) argues that the most necessary conditions in order of importance for
bringing this about are:-

(i) increased irrigation and better water control;

(ii) improved quick-maturing crop varieties;

(iii) improved crop management;

(iv) increased nutrient use;

(v) better insect and disease control; and

(vi) more efficient post-harvest technologies.

He argues that increased irrigation is central and that the main constraints for
private groundwater developrnent are inadequate investment funds and medium term
credit, fragmented holdings with small scattered parcels, no satisfactory small
scale technology and, for public wells, the lack of farmer control over
distribution.

4.4 Aquifer Management Constraints

Additional wells, which are sunk in an area where at present all recharge is
pumped, will, when operated, threaten the technical efficiency of the original
wells and impose financial penalties in the form of increased pumping costs. The
dilemma is how to protect the asset of an early investor and, if no mining is
contemplated, how to pump groundwater at lowest average cost, yet, at the same
time determine how to spread the benefits to those by-passed in the first phase
of development. This dilemma is compounded in that the early developers are
generally the larger landowners or the richer farmers, and thus their success
with groundwater development perpetuates and exacerbates economic and social
divisions within the rural economy.

New technology can lower long-run average costs but create short term social
problems. For example, imagine a valley with groundwater extracted from a large
number of open wells using wind power. This system had evolved over several
decades and extraction, though insufficient for all the land, is in balance with
recharge. Excessive withdrawal by one farm, to a certain extent, is limited by
the technology in that there are no economies of scale in wind pumping, and
farmers must replicate facilities to obtain additional water. If one farmer
disturbs the equilibrium by purchasing a diesel powered pump and finds that he
can economically irrigate all his farm, two things will happen. First, farmers
in the immediate vicinity may be subjected to a declining well yield and may be
forced either to purchase similar technology or to give up irrigation. Secondly,
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more distant farmers may cbserve the original innovation, copy the example and
very rapidly all the valley'; groundwater could be exploited by, say, one tenth
of the previous wells. Given economies of scale and high investment costs, the
new technology could be controlled by a few of the richer or larger farmers with.
predictable social consequences.

This new technology might not lower the average costs of water pumped. Farmers
purchase equipment to increase their supply not simply to lower costs. If
foreign exchange has high social opportunity cost, then, unless appropriate
pricing of pumps and fuel are made, there will also be an element of public
subsidy. Once the diesel capacity is installed and farmers can obtain water at
relatively low marginal pumping cost, the scene is set for overpumping of the
aquifer and gradual increase!s in the cost of all water pumped as the watertable
declines.

This hypothetical example of a shift from a balanced appropriate wind power
technology to an unsustainable high cost system is all too commonly found where
unrestricted private development has occurred. Nevertheless, this does not imply
that appropriate technology should be subject to preservation orders. But, in
considering interdependent surface and groundwater systems, the complexities of
the system have to be recognised and the social and political linkages
incorporated in decision models.

It is questionable whether any significant change in the distribution of power
in rural areas can be achieved by bureaucratic administration of any technology.
Experience with other forms of technology, such as farm power, suggests that
government authority in this area is extremely limited. Economic, social,
religious, political, even police and military power rests essentially in the
same hands. This raises a number of questions. If such a situation is a general
feature of society, is it not unwise to try to resist this general problem with
a limited number of weapons, let alone the one weapon of groundwater? On the
other hand, is groundwater special in the sense that it is, as the Sussex group
suggests, a last opportunity to allocate a publically controllable (although
normally privately owned) resource which is not yet fully exploited? Is it worth
taking a stand at this time for the benefit of low income groups which would not
be contemplated for, say, land because the problem is being tackled relatively
early and public precendents are therefore more acceptable. Whether public
intervention is promoted for increased efficiency or equity grounds, there are
various policy instruments available.

To protect their investment in an individual well, the financing authorities
have sometimes specified minimum well spacing. In India, for the most part, this
does not appear to have been necessary because no major interference between
wells has been noticed. Over much of India recharge either exceeds present
withdrawals or, in hard rock areas, aquifers are not connected. Where a risk of
interference existed, the spacing criteria recommended by credit agencies were
extremely conservative. Furthermore, farmers have to date used their own
discretion and have been reluctant to place wells adjacent to existing wells.
Whether this situation is liable to continue is uncertain. In the long run
control by spacing seems unlikely to succeed by itself. Wells have certainly
been sunk in some areas within the specified zone of an existing well. However,
where over-development of an aquifer has occurred, this is commonly, but
probably erroneously, attributed to the abnormal drought in 1977 to 1979 rather
than to installation and use of excessive pumping capacity.
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What is required when groundwater development options are being assessed is
careful appraisal of a wide range of alternative policies including their impact
upon various rural interest groups. Table 1 shows a comprehensive range
considered for farms on the over-developed aquifers in Coimbatore, India.

The overdraft problem, such as exists in Coimbatore, can be expected to grow.
For ten years in India model groundwater legislation has been available but it
has not been enacted and there are no effective legal controls to well sinking.
An individual farmer will normally gain more than his private costs by sinking
and pumping a well but, once all recharge is being pumped, any additional
exploitation will cause the watertable to fall and impose additional (social)
pumping costs on all recharge pumped. As with the problem of common land
grazing, the private gains of over-use exceed the private costs, although the
social costs exceed the social gains. Over-grazed common lands and depleted or
quality damaged groundwater reservoirs are economic analogues, (some writers
argue that, by strict definition, groundwater is not a common property resource,
or an open access resource, but a 'fugutive' resource. It is only owned when
captured).

A simple water budget can show that overpumping is likely to occur when only a
small proportion of the land is irrigated. In large parts of India annual
recharge is less than 100 000 m 3 /km2 and, with an average farm size of, say, 2.5
hectares, this would give only 2 500 m3 of recharge per farmer. This is
sufficient to irrigate only 0.4 ha or one-sixth of the farm. It is certainly an
uneconomic level of withdrawal to justify any one farmer's investment in a
tubewell. If only five farmers in each square kilometre have fully irrigated
their land, then all the groundwater potential is committed.

This example illustrates two vital points. Firstly , in such conditions, if all
farmers are to share in an economic exploitation of groundwater, then some form
of co-operative or government owned and operated rationing facilities are
essential. The field operating record of such ventures does not give cause for
great optimism. Secondly, if groundwater abstraction rights are to be allocated
on a first come, first served or prior right allocative principle, then
operation of this profitable investment will be confined for all time to the
early adopters who are, in practice, the richer farmers.

The role of minimum spacing and/or density regulation through legislation,
credit control or other administrative devices, such as allocation of
electricity connections or diesel fuel rations, merely reinforces existing
income distribution patterns. Absence of control will lead eventually to
excessive pumping. Thus devices designed to bring about technical efficiency
are, in fact, effective in strengthening the position of a richer minority
group. The injustice of these indirect effects is compounded, if the credit is
subsidised, if it is not repaid in part or in full, if electricity or fuel oil
prices are below social costs, or if rationed resources are not directed to the
highest social opportunity cost activity.

4.5 Legal Restraints to Redistribution

In countries where a common law approach is followed, absolute ownership of land
and unrestricted use of its subsurface resources on that land is accepted,
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TABLE 1

Policy Options for Improved Groundwater Development in Coimbatore

Who gains (+)?
Option Who loses (-)? Feasibility

Rich Small Landless
farmers farmers labourers Financial Political

1. Exploit deep water (300 m) ++ 0 or + + ? ++

2. Inter-basin transfers ++ + + ?
(from Kerala)

3. New irrigation projects ++ + + ? +

4. Reduce water loss (line channels, ++ ? + + ++
drip, sprinkler)

5. Water conservation (bunding, + + or - F +
recycling, artificial recharge)

6. Lift technologies for small farmers + ++ + ?
(create new ones; use existing
subsidies)

7. Allocate new wells to small farmers -- ++

8. Desilt, deepen, drill 'in-well' in ++ + ? ?
open wells

9. Control density of wells + - - or + ++ +

10. Ration electricity + + +

11. Two-part electricity tariff (higher - ++
not lower charges aoove a certain
level of consumption)

12. Alternative farming systems
- irrigated + ++? + 7
- dry land - + r

13. Regulate crops permitted (paddy, ? ? + ?
sugar cane, etc.)

14. Nationalise groundwater -? + ?

15. Tax groundwater (tradeable ground- - +
water quotas)

16. Alternative user organisations - ++ +
(co-_os etc.)

17. Alternatives outside agriculture -- ++

18. Subsidise migration of the poor to
'growth' areas

19. Eliminate credit and other public -7 +

subsidi es

20. Acrarian reform + ++

21. Mine groundwater - +?- +-

22. Co nothing ++ - ?- +

From working paper at IDS Study Seminar 88, 1979.
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provided that there is no malicious use or unnecessary waste. Under English
common law system, which is the legal basis still widely followed in some
developing countries, sale of water is not permitted. When water is short,
courts will apportion water in line with reasonable use, often taking account of
the character of use (for example, drinking water before crop water) and the
length of time for which use has been established. In arid areas (for example,
Western States of America) this apportionment system and restriction on sale of
water has been modified and an appropriation doctrine adopted with 'first in
time, first in right' but with no barriers to new wells. Many of the former
British colonial territories now operate under an appropriation doctrine which
protects in a permanent way the early developer and allows sale of water. These
legal institutions create rigidities in allocation or rights to use, which may
preclude public action to promote both efficient use of groundwater and
integration with surface resources and also accommodating the needs of small
farmers who are late developers.

In California a system of correlative rights has evolved which has several
attractive features which make it worth examining for application in developing
countries (Veerman 1978). Under this system "owners of all lands that overlie a
common supply of percolating groundwater have correlative and co-equal rights to
the reasonable beneficial use of the water of that supply on, or in connection
with, their overlying lands". Furthermore, in the event that the demand for
groundwater based on co-equal rights exceeds the supply and therefore some form
of rationing among the overlying landowners is necessary, the water may be
apportioned by court decree (adjudication) among them in accordance with their
respective reasonable beneficial needs and in proportion to their historical use
as a residual element from the appropriation doctrine. However, it is the
entitlement of all land owners to a reasonable share of scarce water which is
the important principle. Furthermore, it is a principle which could be applied
without nationalisation of groundwater and it can be applied by neutral courts,
if they exist and if all have equal access, only when needed, thereby obviating
the need for a bureaucratic licensing and regulatory agency for all wells, until
absolutely necessary.

There is an urgent need for research to devise appropriate legal frameworks to
fit various social and political systems in advance of the period when
integrated water development is essential (see Hutchins 1964 for a review of US
experience). It is evident that in many countries the trends in groundwater
development are leading to lost opportunities, and problems and inefficiencies
with which the existing water institutions are unable to cope. The regulation
and management problems that are emerging require new and more effective water
institutions if the groundwater development momentum is to be maintained.

The State of Arizona, in its 1980 Arizona Groundwater Management Act, has
provided a legal framework to help both conserve and manage an over-exploited
groundwater resource. It provides an imaginative, indeed an exciting, prospect
of controlling what appeared to be an intractable groundwater overdraft problem.
The State presently consumes nearly twice the annual supply of groundwater and,
in consequence, the watertable falls 2 to 3 m per year. Imported surface sources
cannot make good this deficit; hence the Act aims to provide a comprehensive
framework for management and regulation of the withdrawal, transportation, use,
conservation and conveyance rights to the use of groundwater. James Johnson
(1980) provides a clear comprehensive summary of the Act in what is essentially
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non-legal language. Areas of the State are designated Active Management Areas
and detailed aquifer management plans are prepared to be implemented over five
phases to the year 2025 when withdrawals should reach safe yield. The mechanism
is public control over well investment and pumping and public powers to purchase
established irrigation rights (called rather quaintly 'grandfathered' rights).
These rights to withdraw water will be purchased by the State using funds from a
withdrawal or pump tax. This tax will be used to pay augmentation works (surface
water imports, artificial recharge schemes, etcetera) and to buy and permanently
retire irrigation land with 'grandfathered' withdrawal rights.



40



5. PUBLIC VERSUS PRIVATE DEVELOPMENT

Any discussion of recent experience and an assessment of potential groundwater
developments must fully consider the pros and cons of private and public
development and the likely merit of various forms of joint initiatives. The
system that is most appropriate varies with the technical, administrative and
political circumstances in the country concerned. Nevertheless some
generalisations are possible. There are five areas where, legal powers allowing,
public initiatives might be favourably considered

(i) for pioneer development;
(ii) for poverty alleviation;
(iii) for technological advantage;
(iv) for management: system efficiency;
(v) to realise aid opportunities.

5.1 Pioneer Phase

In the pioneer phase the common sequence of events is that one or more
innovative farmers sink shallow wells which dernonstrate the technical
feasibility of groundwater development. Initial interest can sometimes be
stimulated by public pilot projects where the wells and channels are installed,
and initially operated and maintained, by a public authority. At this stage
water is normally supplied free on demand to the farmers. This is being done in
Indonesia where it is hoped, with the additional water, to raise three crops a
year instead of the present maximum of two. Once the extent and quality of the
water and the technical feasibility of pumping is established a large public
project is frequently planned. This may be for a settlernent scheme (Wadi Dhuleil
and other projects in Jordan - Clayton et al. 1974), perhaps for drainage
(Khairpur, Pakistan), perhaps to augment unreliable rainfall or unreliable
surface irrigation supplies (Bangladesh Deep Tubewell Projects), or perhaps to
extend the irrigation season (Kediri-Nganjuk, Indonesia). The demonstrable
effect of these pioneer wells can lead to extremely rapid private development of
groundwater. Uncontrolled private development has its dangers but there is no
doubt that, once momentum is achieved, it is considerably quicker than public
exploitation. In the Punjab Province of Pakistan some 9 000 wells have been
installed by the public sector compared with some 120 000 by private farmers.
However, it is true to say in this case that it was probably the public
development that sparked off the private sector.

5.2 Poverty Alleviation

The use of public initiatives in the groundwater sector for poverty alleviation
programmes has already been discussed. It is sufficient to note here that public
monopoly or a degree of public participation may be desirable where all or some
farmers are too poor* to invest in, or even to maintain, private facilities and
where fairness or equity goals dictate a rationing of scarce supplies. In areas

Footnote: * It is well known that despite studies showing that poor
farmers have no 'repayment capacity' they do in fact have to
pay the operators who in turn pay other officials. Corruption
is so widespread and entrenched in some countries that it may
be wise to take it into account rather than to ignore it.
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where the early development of groundwater was by private farmers, a
continuation, or even a reinforcement, of the existing inequitable allocation
are not ever likely to be politically acceptable. Controls on withdrawals, which
would require the setting, monitoring and reinforcement of abstraction quotas
for each private well, are in principle a fair method of allocating scarce
supplies. However, the detailed mechanisms for enforcing quotas are, as yet,
undefined and the practicability of operating them is extremely vague.

Extensive experience with the much simpler task of controlling allqcations of
surface canal irrigation water according to pre-determined schedules does not
give cause for much optimism regarding successful operation of groundwater
withdrawal quotas.

Public groundwater developments can create opportunities for reform of surface
irrigation allocation. For example, in a situation where, over a long period,
farmers at the head of canals or watercourses have taken an undue share of
surface resources, reform and reallocation in line with original design may be
impossible without additional water at peak periods. The advent of public wells
discharging into canals or watercourses can create extremely favourable
conditions for enforcing equitable allocation rules. Such an opportunity can be
strengthened by strategically locating wells where needs are greatest.

5.3 Technological Opportunities

Several essentially technological advantages or even imperatives can be claimed
to support public initiatives. Where groundwater is saline and is pumped, for
drainage purposes, to be disposed of in rivers or mixed with fresh surface water
in canals, no private group is likely to be effective. In Britain and other
industrialised countries with large farms and profitable farming systems, it is
found that drainage co-operatives do flourish with a certain amount of
Government regulation and financial support, but this experience has limited
relevance in low income countries.

Public enterprise is desirable in other intractable development conditions, such
as where the risk of a dry well is high (high risk needs defining in relation to
farm size, farm income, well investment costs and so forth), where there is a
risk of saline water intrusion from underlying aquifers or lateral encroachment
such as that from the sea, where the aquifer is overlain with hard rock or is
too deep for farmers to bear the high initial costs of drilling, or where some
desalinisation is justified. In such circumstances there is need for various
degrees of public investment and operation. The precise form and extent of
public involvement is, of course, to a large degree a political as well as a
technical issue.

Further potential technological advantages can accrue to public investment where
economies of scale exist in well construction. For example, in the very deep
high quality aquifers of the Indo-Gangetic Plain the unit cost per cubic metre
water lifted falls over a wide range, often up to very large wells pumping at a
maximum around 150 I/s. The shallow low discharge well installed by small
farmers typically discharges about 25 to 50 I/s. Other things being equal, an
increase in screen length lowers drawdown and an increase in screen diameter
reduces pipe losses (Stoner, Milne and Lund 1979). These investments will
increase capital costs but reduce operating costs. In most cases, with discount
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rates in the 10 to 15% range, minimum present value of costs per unit of water
pumped are well outside the range of small private wells. Indeed, the economic
optimum capacity well is often larger than that installed in public well
programmes. There are various explanations for not selecting the apparent
optimum, including the relativE! flatness of the present value of the total cost
curve close to the optimum which means that there are fairly wide design limits
within which overall costs change insignificantly.

The possibility of manipulating design parameters, such as screen length, well
diameter and design discharge, and thereby changing the balance between capital
and recurrent costs in the total cost, can be important when the incidence of
cost is considered. In a situation where public investment resources are scarce,
where the recurrent budget is under severe pressure but where operation and
maintenance costs are borne by users, Governments will be rational if they
encourage private investment, or failing that, if they economise on investment
with shallow wells, narrow diameters and so forth. This latter tactic will be
all the more likely if there is zero or very small economic penalty in doing so.
On the other hand, where soft-term aid resources are available for capital but
not recurrent expenditure, for imported items but not local costs, the public
authority may be sensible to look more favourably upon imported capital-
intensive solutions which save on the recurrent expenditure. Although aid
donors, for their part, are aware of the local cost ancl recurrent cost dilemmas,
to date there has been inadequate response if actual disbursement patterns are
examined.

Where no aid is available and public finance has high opportunity cost,
Governments may be prepared to see and encourage private development, to
mobilise domestic resources, even if it is considered technically inefficient
with considerably higher cost peri unit of water.

Technological opportunities such as economies of scale often prove difficult to
realise. For example, problems of location of public wells have been reported.
In Bangladesh there are examnples of larger farmers and political leaders
corruptly influencing well location for their private advantage and in the
process selecting unsuitable sites (see, for example, Hamid et al. 1978). The
easily regulated alternative of the locating of public wells strictly on a grid
basis, as was undertaken in Khairpur and elsewhere in Pakistan which minimises
electrification costs and interference between wells during pumping, has
offsetting disadvantages. A grid location is extremely unlikely to suit
topographical and farm management needs and the trade-off of design versus farm
efficiency needs to be carefully assessed in the light of social and political
realities.

5.4 Management System Efficiency

As water resource developments approach maturity, t:he benefits to be derived
from a fully integrated system increase in importance. For example, these
circumstances inevitably occur where there is the possibility of conjunctive use
of groundwater with surface water but, in addition, integrated management is
important where surface reservoirs are operated for both hydro-electricity and
irrigation; where groundwater has to be protected for drinking water use; where
very cheap off-peak electricity can be used for groundwater pumping and where
groundwater mining threatens to impose various social costs. In such conditions
overall public management or at least regulation is desirable.
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In many developing countries the pioneer water development phase is over and the
opportunity and need for conjunctive management of all water resources is now
incontestable. Private control of groundwater can impede this process.

Further formidable institutional barriers to effective implementation remain
within the public sector. There has been a de-emphasis on public tubewells in
the India IV and V Plans because of disappointing experience in installation and
operation. One of the main constraints to integrated management is the
multiplicity of agencies which are involved in the water sector, each with its
own narrow objectives. Obtaining an agreed policy, then monitoring and
regulating diverse public and private water using enterprises in rural areas are
often intractable impediments to progress in integrated water management.
Examples of the lack of active co-operation between involved agencies are
numerous and to cite one or two would be invidious. The most obvious problems
arise when surface irrigation is within one ministry or agency, groundwater
irrigation within a second and rural and urban drinking water in a third. All
too often competition for funds, personnel and status are more evident than co-
operation.

Where excessive fragmentation of farms exist, public initiatives may be
necessary to ensure development of groundwater. Fragmentation of farms into
several parcels impedes effective private well development. In India farms over
one hectare have 6 to 9.4 parcels per farm depending upon farm size. Smaller
farms have fewer parcels but even the 0.2 ha farms have nearly two parcels per
farm (Srinivasan and Bardhan 1974). Clearly most parcels are below the minimum
size for a tubewell and therefore economic success will depend upon co-operation
among farmers (Dhawan 1977b). To the extent that parcel size is correlated with
farm size (for example, 0.2 ha farms have average parcel sizes of 0.1 ha, 2 to
3 ha have average parcel sizes of 0.35 ha, 10 to 12 ha have average parcel sizes
of 3.3 ha) the small farmer has a bigger probleni than the larger farmer. Singh
(1979) reports a similar position exists in Pakistan and Bangladesh.

5.5 Aid Terms

It has already been noted that aid terms can favour both public investment and
capital intensive designs which, from an overall perspective, might be
considered more appropriate. Designs are likely to be produced in line with
anticipated donor agency preferences. Until and unless further flexibility with
regard to local cost support and recurrent budget support is forthcoming from
aid agencies, the situation will not change (Carruthers 1981). Indeed, whilst
industrialised countries are in an extended recession, it is unlikely that aid
terms will favour a shift to more appropriate technology. In the face of
differential inflation on global energy costs it is far from certain that a
shift to apparently more appropriate cheaper local technology is desirable in
the long run, if it increases the energy requirement for pumping a unit volume
of water.

5.6 Advantages of Private Development

The major proportion of groundwater investment in the 1970s came from private
farmers, for the most part using non-public sources of funds. Private develop-
ment, once it is demonstrated to be privately profitable, is more rapid than
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public development. There can be no doubt that the individually owned private
tubewells and pumpsets pla yed a major part in the Green Revolution - more
correctly termed the wheat: revolution, in India and Pakistan (Pearse 1980).
Private well owners maintain their equipment in good order and have high
operating efficiency. Private well owners have mobilised savings which might
otherwise lie dormant or be used on wasteful consumption.

However, the extent and rapidity of installation of private wells can lead to
excessive levels of investment. This is spectacularly illustrated in south-east
Cyprus where the good soil areas are criss-crossied by distribution pipes, the
watertable is falling and harmful saline intrusion is occurring. When water
levels have declined to uneconomic levels, extraordinarily expensive actions
have sometimes been taken. There are several instances where the Cypriot farmers
have removed soil to a depth of one metre and transported it to places where
groundwater was undevelopecl and left the original fields derelict.

The extent of over-investment, which can occur, was shown by Gotsh and Yusuj
(1974) when they compared linear programming models for Punjab farms using
integer and normal linear programming assumptions. Their programming models
indicated that a relatively large 15 acre (6 ha) farm required only 10% of the
capacity of a tubewell for optimum use. However, field examples of 10 farmers
sharing a well or of one farmer selling water to 10 others to obtain optimum
utilisation are rarely, if ever, found. Most 15 acre farmers with a tubewell
have very low rates of tubewell use. This may well be privately profitable but
from a social view point there is over-investment in tubewells.

Although uncontrolled public groundwater exploitations can lead to excessive
levels of investment and wasteful or even harmful pumping patterns, this risk
can easily be over-emphasised. Furthermore, there is always the temptation to
compare a situation of exce,sive levels of private investment, where there are
many low income farmers excluded from access to the resource, to a Utopian
perception of a public scheme with optimum levels of investment, optimum
operating policy and public access. Such argument is not confined to advocates
of public investment. Unfortunately, advocates of both public and private
development sometimes adopt ideological positions and use this technique of
comparing an idealised vision of their preferred form of development to a more
realistic practical model of the alternatives which indicates the unmanageable
problems which may occur. Technical experts often adopt similar thought
processes which bias their jucigement. Technological optimism in the groundwater
field has tended to result in modern solutions with assumed rates of develop-
ment, levels of cost and ope!rating efficiency. A vision of the best has all too
often proved the enemy of the good.

5.7 High Rates of Use

Private farmers do obtain high operating efficiency. By adopting measures to
avoid breakdowns and by obtaining prompt repairs, private operators can obtain
high rates of use, reduce the capital cost per unit delivered and avoid what can
be the extremely high cost to agriculture of unscheduled breakdown. State tube-
well users in many countries complain, as in India, 'of too little water,
especially reductions without warning, poor servicing of machinery and, most
frequently, failure of the electricity supply' (Pearse 1980). Research into the
social costs of unreliable electricity supplies, on the line of the industrial
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model proposed by Munasinghe and Gellerson (1979), are urgently required for
India.

Private farmers of course, cannot be isolated from the effects of electricity
failure. Indeed, it is arguable that the vast expansion in the last decade of
private wells in the Indian sub-continent has contributed to power demand
exceeding generating capacity. Unfortunately, peak pumping demand coincides with
peak industrial and domestic demand. Water pumped by diesel units costs in the
order of 1.5 to 2.0 times the cost per cubic metre of water pumped by
electricity and diesel powered wells are far more troublesome. They generally
require continuous supervision (see the next paragraph) during operation.
However, diesel fuel can be purchased in advance and the energy supply is thus
slightly more secure.

There is some variation and some confused commentary of rates of well use in the
public and private sectors. Pearse reports that State tubewells 'have a much
higher capital cost than private ones and, to recuperate this, are operated much
more intensively. This makes them deteriorate faster and break more often, so
that they then tend to become unrealistic, unprofitable, and more expensive to
the farmer'. This implies that the public wells break down because of intensive
use whereas other observers report much less satisfactory explanations for low
utilisation rates in the public sector. Similarly, private tubewells do not
always achieve high utilisation rates. In circumstances such as exist in
Bangladesh, where spares and fuel supplies are unreliable, low utilisation rates
of private wells arise because some farmers reserve their facilities for their
own high priority use over many years, and refuse to operate wells for marginal
crops or to supply neighbours.

The following problems were reported to be commonplace with public wells in
Thakurgaon project area in Bangladesh (MacDonald & Partners 1980): unreliable
electricity supply; pump or motor unit breakdowns; inadequate farmer interest,
incentive and involvement; poor channel distribution facilities; poor irrigation
practice and water management; high infiltration rates; lack of extension
advice; virtually free water and consequent sloppy water use. It is considered
that the first two problems were the prime cause of the third, fourth and fifth
problems. This is not an atypical list of public groundwater project problems in
Asi a.

Private wells which are generally cheaper and simpler, if technically inferior
in engineering terms, have performed much better than was expected in the early
1970s. However, there are, to our knowledge, no reliable ex-post evaluations
which record the reliability of engines, pumps and, most importantly, the well
screen and pipes. Budgets comparing high-cost, 'modern' and low-cost 'local'
technology still have a weak empirical content, particularly so for the low-cost
options. If technology assessment is to be generally adopted to help selection
of an appropriate set of engineering components, the analysis must ensure that
they are judging all options by similar standards and criteria.

Public projects usually involve high technology and thus high reliability but if
reliable field studies were carried out, they may confirm what is already
suspected - namely that cheap local low-cost wells are more cost-effective,
despite a very much higher failure rate. Engineers would not then have the usual
task of designing with modern, first class technology for high reliability and
minimum failure rate. Seeing merit in second best is a mental attitude more
often found in the economics profession than in engineering.
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The main technical trouble with groundwater schemes concerns the maintenance of
pumps and motors. Mechanics with sufficient skill are not easy to find, nor is
it easy to train an adequate number and to make sure that, when trained, they
will remain in the village to carry out the required work. The urban private
sector always has a demand for trained mechanics and a large purse to pay them.
Increasingly the demands of Saudi Arabia and the Gulf States and other oil-rich
developing countries have drained mechanics, and indeed many and various skilled
workers, from the Indian sub-continent especially. This problem rather militates
against sophisticated modern and efficient machinery except perhaps for a few
large public projects. Recently there has been a marked tendency to go back to
the heavy single cylinder diesel engine and to use centrifugal pumps wherever
possible. These can be maintained locally, whereas the high speed diesel and
deep well turbine pump is a much more difficult proposition.

Private well owners have every incentive to run their wells strictly in line
with agricultural needs and, in consequence, there is the minimum wasted water
production. Furthermore, although their discharge will be perhaps only 15 to 30%
of public wells, and therefore seepage losses in distribution are a much higher
proportion of the pumped water, the fields are generally close to the well. In
addition, the application efficiency of the small well is enhanced by the field
manageability of discharges of the order of 15 to 30 I/s. In such circumstances
the overall system water-use efficiency of private wells is likely to be much
higher.

5.8 Low-cost Innovations

Private initiatives in the last decade have produced a remarkable range of
ingenious inventions and use of cheaper local materials. The bamboo tubewell
(Clay 1981), the use and various adaptations of the hand pump for irrigation in
Bangladesh are examples. Technical solutions to institutional problems are some-
times found. For example, Clay reports that cheap locally sunk shallow bamboo
tubewells enable farmers to insert a well in each of several fragments of land.
With the engine and pump made mobile by mounting on a bullock cart all the farm
can then be irrigated economically. Pump contractors have also emerged who will
provide this service. Inevitably any benefit that appears also creates new
offsetting problems and so it. is with the mobile engines. For they can also be
used to power threshing machines after the irrigation season and this develop-
ment threatens an important income and food source of landless labourers, poor
women and other low-income groups who traditionally earn a major part of their
livelihood from threshing.

In poorer areas or whLre holdings are traditionally small, the individual farmer
can afford neither to constrLuct a well nor to operate and maintain it. In these
circumstances some form of co-operative or joint ownership may arise. It is
normal for the initiative to stem from, and have the direct or indirect
financial support of, the Government. Generally a small group is a better
proposition than a large one, particularly if it is based upon a family link,
although it is an economic fact that a large well is potentially cheaper than a
small one in terms of cost of water delivered. Government support often takes
the form of a loan to the farmers' group to construct a well, and this is
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repayable on very favourable terms. Thereafter the operation and maintenance is
a matter for the group. This is the principle of a number of the World Bank IDA-
funded agricultural credit projects in Indonesia.

In Bangladesh thousands of wells are being sunk under the auspices of the
parastatal body Agricultural Development Corporation (ADC). The authority is
funding the capital development and handing over wells to farmer groups for
operation while ADC will carry out the maintenance. Charges, yet to be decided,
will be made by ADC against the operating group.

In Bangladesh in 1979 the estimated cost (Stutley 1980) for an efficiently used
low lift pump and a deep tubewell was Taka 410 to 545 and Taka 1 630 per hectare
of boro paddy, respectively. However, the cost to the farmer of hiring from ADC
was only Taka 85 and Taka 185, respectively. On a similar basis it is estimated
that the cost for manual pumping with a hand pump, with 20% hired labour, was
Taka 1 740 per ha.

As with all co-operative enterprises, there is a great difference in the success
level achieved between co-operatives imposed from above by the Government and
those spontaneously arising from the farmers' own initiative. Northwest
Bangladesh is an example of the former type and has resulted in a number of
problems. Spontaneous farmer co-operatives invariably perform better than super-
imposed groups. The Kediri-Ngandjuk Project in Indonesia is one example where
this approach is developing really successfully - admittedly after a slow start.

In most economic appraisals, the secondary effects of linkages (so called
multiplier effect) are assumed to be equal for all development options and are
thus ignored in assessment of costs and benefits. In the case of public and
private tubewell development this may lead to serious error because of the
different technology each development generally assumes. In Table 2 the main
alternatives are presented in a somewhat polarised fashion. Numerous mixes of
design components are possible but the alternatives, set out in Table 2, are the
main 'packages' selected. The smaller, locally constructed, often locally
manufactured, more easily repaired engine and pump, and locally constructed
screen and pipe undoubtedly induce more local employment.

The relative economic efficiency of the two options depends upon numerous other
factors such as rate of installation, rate of failure but, as experience has
evolved in the 1970s, the simpler technology has become more favoured for
private and public schemes. Criteria relating to cost-effectiveness, technical
performance and others discussed in this section may not be the only or even the
most important considerations. Thomas (1975), in an extremely well documented
and well argued study, concludes his analysis of a groundwater technology choice
: 'Ultimately, it was the organisational requirement of the implementing
agencies, including the aid donors, that determined the choice of tubewell
technology for East Pakistan. The actual decision-making, such factors as risk
avoidance, appearance of modernity, established procedures, familiar techniques
and, by no means least, control, outweighed the development policy objectives.
It is in these factors that an understanding of decisions as to choice of
technology must be sought' (p 57).
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TABLE 2

Technology Options for Public
and Private Wells

Public projects Private wells

1. Drilling FPower (Contractor) Manual percussion or jet
technique >25 cm diameter <25 cm diameter

>40 m depth <40 m depth
Imported rigs Local rigs

2. Employment in Relatively low High, largely unskilled
construction skilled

3. Power source Normally electricity Diesel, increasingly
electricity

4. Type of engine E:lectric or high speed Slow speed diesel
diesel

5. Type of pump Shaft pump or submersible Centrifugal/shaft pump

6. Screen material Stainless steel PVC, PVC, brass, coir, bamboo
used fibreglass

7. Local industry Low High
linkages

Much of the argument on appropriate technology abstracts from a careful
specification of the problems. In particular, argument is often confused when
potential and actual results are not clearly defined. Table 3 compares the main
issues in the public versus private debate and shows why clear specification of
assumptions or empirical results is necessary.

We conclude with a paradox. Farmers operate wells efficiently but cannot even
conceive the problem of managing an aquifer. Public authorities can manage an
aquifer but cannot operate wells efficiently for their best agricultural use.
Striking the right balance is not easy and certainly varies from project to
project. Clearly in the fut:ure, all wells will have to be licensed and the
number and discharge restricted to avoid over-exploiting the resource. If this
can be enforced, then there are clear advantages in allowing the farmer or
farmer group to operate arid integrate groundwater into the existing surface
water system. This will always be easier where groundwater quality is good but
will require a considerable extension effort when it is not. There is no doubt
that Government agencies have been successful in stimulating such developments
and that lending agencies have made a contribution by their support and
encouragement. However, with or without public sector intervention, it seems
likely that small farmers may get a less than proportionate share of ground-
water in the next decade.
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TABLE 3

Summary of Potential and Actual Achievement

Mobilising Speed Water Use Integration Integration 0 & M
Resources Efficiency with Surface with Drainage Reliability

on Farm

Potential Poor Rapid High High High Good
result

Public

Actual OK through Slow Low Very poor Poor Poor
result aid

Potential Good except Initially High Poor or Poor Good
result for very slow then moderate

small farmers rapid

Private

Actual Often Fairly High Often quite Poor Good
result subsidised slow good

credit



6. MANAGEMENT AND DEVELOPMENT CHOICES

6.1 Conjunctive Use

Returning to the question of conjunctive use of water resources, there is no
doubt that for some countries this must be the way to make the optimum use of
water resources. Equally, it is fair to say that at all levels the possibilities
are widely ignored. There is even considerable rivalry between departments
operating surface water ancl those involved in groundwater. In at least one case
(Bolivia) two different authorities have put up schemes - one using groundwater
and the other surface water - to irrigate the same area of land. Among planning
engineers, who should know better, there often appears to be a preference for
the water which can be seen, that is, water stored in a surface reservoir behind
a dam rather than a consideration of the possibility of developing groundwater
or of conjunctive use.

To some extent, conjunctive use has been forced upon countries where surface
irrigation sources have been fully utilised and the way forward must involve
supplementing surface sources by groundwater, especially in those cases where
there is a drainage benefit from groundwater pumping. This is the common feature
of many projects of the Indo--Gangetic Plain.

For irrigation projects the manner in which groundwater may be used varies from
project to project. In some cases, it may be used to bolster an erratic rainfall
in order to ensure adequate yields; in others, it has been used to extend the
cropping season or even to grow an additional crop during the dry season
(Indonesia and Bangladesh). Integration with existing surface water irrigation
systems immediately suggests a further range of possibilities, such as the use
of additional surface water that, on its own, woUld be insufficient for a crop
but would be adequate if supplemented by groundwater, at either end of the
season or at the peak. In these circumstances it may also be used to start
irrigation earlier in a season before surface water and/or rainfall become
available and thus grow a higher value crop or provide better land preparation
than would otherwise be possible.

Crop diversification and increased intensity give the farmer additional
insurance against the risk of failure of a particular crop. Increased cropping
intensity brings its own technical problems and inevitably new risks. However,
in the case of more water they must be considered justified judging by the
rapidity with which opportunities, once known, are seized by farmers. Figure 14
illustrates how the judicious use of groundwater can make better use of surface
supplies in a situation like that obtaining in the Indus system of Pakistan. The
river has a high summer peak and a low winter flow. The general shape of the
cropping pattern demand curve is shown in Curve 1 and it can be seen immediately
that, by using groundwater in the winter, the total water available can be
raised to the level of Curve 2. This requires the use of a substantial quantity
of river water that would otherwise be wasted to the sea. In the real case the
matter is much more complicated than this and involves optimising between river
flow, rainfall, surface storages and groundwater.
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FIGURE 14
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6.2 Critical Water

At crop levels the concept of 'critical' water can be of value in considering
the enormous contribution that groundwater can make. Figure 15 illustrates the
principle in schematic form anci is based on the fact that water is more valuable
for a particular crop at one time than it is at another. In the extreme case,
with a single crop, it may be that, if water is not available by a certain date,
the crop cannot be planted at all - in which case, provided that there is no
alternative use for the latter water, the value of the increment of water
necessary for planting takes on the net value of the whole crop. Once it has
been planted, then perhaps the next increment has the most value until, at the
point of harvest, the marginal value of water is zero.

The 'critical' water concept is valid even if the extreme case is severe.
Generally it is possible to plant another crop if there is no water to plant the
most profitable first choice. However, there is obvious merit in using ground-
water to plant the first choice crop, if the river rises too late or rainfall
fails to arrive to allow this to be done. If the argument is applied to a
diversified cropping system, then options grow and other resources may become a
constraint. Planting dates are staggered and the total water demand pattern
becomes smoother. It should therefore be possible to optimise the cropping
pattern to fit in with some programme of planned water availability (perhaps
allowing for some deficiency on a probabilistic basis). The principle envisaged
here is that there may be better overall returns to a system that is deficient -
say, for a month, one year in five - rather than adopting the conservative
assumption restricting the area cropped so that there is no water deficiency in
any year.

6.3 Joint Operation of Electricity and Groundwater Projects

The management of large aquifer systems can sometimes involve other aspects of
national development, if the overall economic possibilities are to be
considered. Many public projects, involving a large number of wells, opt for
electrically driven pumps together with the necessary power generation and
transmission system. In developing countries the power needed for such a project
can be a major part of the total power requirement. It can then become a very
important element in optimising power operation in that it is ideal for peak
load shedding. Unfortunately, this thought often occurs after the event rather
than during the planning stage. Thus in irrigation projects the farmer may lose
his water supply for a vital two or three hours a day. Attention to this matter
during the planning process might involve the installation of larger wells or a
greater number so that the required quantity of water is delivered and a planned
load shedding schedule established. This kind of planning requires a degree of
co-operation among the various government departments - which is usually
noticeably absent.

The potential for large gains within the electricity sector from public
operation is illustrated in another way by the following example where public
tubewell installation enhances the operation of a storage dam.

In hydro/irrigation storage schemes there are generally complementarities
between demand for power and demand for irrigation water. When it is warm the
crops transpire and people switch on fans and air conditioners, water is then
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released through turbines to produce power and the diverted water into irriga-
tion canals. Unfortunately, demand patterns do not always match and when, say,
agricultural demand is greater than electricity, power is wasted by the
discharge bypassing turbines. Such a situation exists in northern India during
the winter rabi sowing season (October to early December). The reservoirs are
full following the monsoon but; power engineers wish to hold the water until
power is required and, thereby, to retain the maximum head which means maximum
power per unit of water. On the Bhakra system an ingenious solution was proposed
by Harbans Singh (1964), whereby part of the releases for agriculture were used
to generate power for banks of tubewells sunk alongside canals of the Bhakra
system. This tubewell water was used by agriculturalists and it enabled
engineers to retain dam storage until electricity demand matched irrigation
needs. It was a neat proposal that simultaneously enabled both irrigation and
firm power levels to be increased. Such a scherne will pass the first of two
economic tests, if the present value of extra power produced from discharging,
according to demand from a higher head plus the net present value of the
additional irrigated area, exceeds the present value of the wells and pumping
costs. Second, this investment, should give a higher return than alternative
schemes such as increased thermal power station capacity. Minhas et al. (1972)
evaluated the Bhakra proposal and showed savings could be substantial.
Installation of 28 m3/s (1 000 cusec) tubewell capacity increased firm power by
99 MW (assuming 90% confidence level) at 30% of the cost of thermal power,
without considering the net value of additional irrigation.

Such a development shows the potential savings of a public scheme. It is
conceivable that similar gains could be obtained from private wells particularly
if subsidies were given for installation and/or operating wells in crucial
periods. However, it is very unlikely that the intensive level of use for short
periods could be obtained without a very high level of installed capacity.

6.4 Integrating Surface aind Groundwater

A further management problem arises from integration of groundwater with an
existing surface water system. In irrigation projects management problems can
start with the farmer who is often traditionally suspicious of new developments
(often with some justification!). For example, both in Egypt and the Indian sub-
continent the river waters are silty whereas well water is clear. The silt is
thought by farmers to have both tangible and mystical properties and thus river
water must be superior to groundwater. Undoubtedly the notion that well water
should be paid for by the farmers gives a certain vehemence to such arguments.
Where salinity is present in well water, the resistance of farmers to its use is
clearly valid.

Another problem arises in constructing the new watercourses which are needed to
take care of the extra water supplied. Normally this is a matter for the farmers
themselves but, because of their initial resistance and the difficulty of
designing adequate mixing facilities where the two sources are to be used
together, the task often falls oin the Government. This is made doubly difficult
when the groundwater is being developed by a different department from that
operating and maintaining the irrigation system. There are glaring examples of
these crises of co-operation in Ea number of recent projects. The farmer problem
can be overcome by patient demonstration and encouragement. This can take
several years but projects like Kediri-Nganjuk in East Java have now become an
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outstanding success after a somewhat chequered early history. Farmers there are
now demanding new wells and are actually growing up to three crops a year on
land where it was only possible to be sure of one crop before. The recent loud
complaints of landowners about rises in wage rates in this area are the best
(albeit anecdotal) evidence of employment creation (R. Ryman, field
investigator, private communication).

Much more interest needs to be taken with design and operational performance of
novel distribution facilities. Low pressure pipe systems (Gisselquist 1979) and
low-cost channel linings (Khair et al. 1980) need field assessment. Pumped water
is costly and every effort should be made to obtain the maximum economic
efficiency in field distribution. There is much evidence that this aspect of
irrigation development - called the 'distribution non-system' by Gisselquist,
continues to be neglected despite the economic potential.

In north Bangladesh four public agencies as well as private farmers are
responsible for groundwater development with no overall authority (MacDonald &
Partners, 1980). Clearly the management of aquifers and, even more so, of
integrated consumptive use systems is a complicated and sophisticated matter. It
is beyond even the conception of the farmer or private well owner and, while

Government may understand the concept, the degree of departmental co-operation
required may defeat the best intentions. Consequently, most groundwater
developments are on a somewhat ad hoc basis tied together with the vague notion
that something better ought to be possible. Mercifully, it is difficult to do
any permanent damage in most cases and the worst that happens is usually an
inefficient use of resources and considerable inconvenience to some users.

Groundwater projects sometimes need to be carefully integrated with each other.
In a country such as Bangladesh, with a large private investment in shallow open
wells and hand pumps operating from shallow aquifers, public projects using big
wells could produce long term, or even seasonal, local or regional falls in the
watertable. This would create considerable hardship, as the bulk of the drinking
water and some irrigation water could be drawn from the shallow sources. In
north Bangladesh where it is proposed to sink 2 700 deep tubewells (60 l/s) and
3 600 shallow tubewells (15 l/s),there are more than 8 000 handpump wells. In
the project design allowance has been made to compensate owners of 4 100 wells
which will be affected part of the year, and 2 200 hand dug wells affected but
not substituted for by the new project wells. Compensation costs are less than
1% of capital costs. Although there are grounds for concern regarding the
practicalities of fairly compensating those affected but not benefitting from
the project, the potential benefits from expanded and more reliable irrigation
in the region are expected to yield an internal rate of return between 32 and
55% (MacDonald & Partners, 1980). This example shows the importance and
potential gains from an effective overall public authority.

It also highlights the need for continual, or at least sporadic, independent
audit of public authority performances. The projected rates of return will be
valid only if those that suffer are compensated, if the modern tubewells perform
as the designers anticipated and if operation, maintenance and management reach
projected standards.
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6.5 Rehabilitation versus New Projects

There can be no doubt that in the groundwater sector the most economic use of
public investment resources is to maintain and, failing this, to rehabilitate
ailing projects. The original investment is a bygone or sunk cost and therefore
all incremental returns, in principle, can be attributed to the maintenance of
rehabilitation expenditure. The poor standard of operation and maintenance over
long periods on many projects is well known from field reports and is given
tangible form in surface irrigation by recent rehabilitation projects in several
countries. Some of the natural[y most favoured regions were the first to be
developed and will reach the highest level of production after rehabilitation.

Operation and maintenance is neglected for several inter-related reasons
including:-

(i) recurrent budget shortfalls (declining economic activity in
recession, inflation fought by holding public sector prices,
political reluctance to charge economic rates, etcetera.);

(ii) increased recurrent budget obligations (many low or non-revenue
raising project.s and policies, shift to poverty oriented
projects, etcetera.);

(iii) lack of political, administrative and technical support for
unglamorous, roLitine maintenance activity;

(iv) diversion of finance, personnel and other. resources to provide
local support for new (aid) projects; for a more complete
account see Carruthers 1981.

Without adequate maintenance then either rehabilitation or dereliction becomes
inevitable. Despite high returns, rehabilitation of groundwater projects is
grossly neglected because

(i) there is a general reluctance to admit project failure;

(ii) general ignorance of performance (poor monitoring and evaluation
among Government, consultant, operating agency);

(iii) local cost higher proportion than new project;

(iv) project area had 'had its share' and other areas need
investment;

(v) rehabilitation lacks the challenge, excitement and status of new
projects.
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Some of the measures required which could improve project operation include
programme lending with agreed components for 0 & M, easing budget pressures by
rescheduling debts, a more liberal interpretation of aid terms to include
recurrent budget support, more rehabilitation or even 0 & M projects, an
extended commissioning phase for projects, more political protection of the
recurrent budget and professional training and rewards for staff, more tough
measures on pricing especially in inflationary periods (Carruthers 1981).

The external and internal pressures creating shortages of recurrent finance seem
unlikely to be relaxed in the short-term. Indeed, it is conceivable that
resources could become more not less scarce with obvious detrimental effects
upon operating standards. Paradoxically this deterioration might assist
rehabilitation because such investments satisfy aid donor 'capital' aid
criteria.
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7. AQUIFER MANAGEMENT

An aquifer can be looked upon as a repository for water. If there is the
opportunity for public sector control, it can be operated as a reservoir or a
mine and this depends largely or the degree to which exploitation is balanced by
replenishment.

In many large aquifer systems the concept of balanced recharge is a dynamic one.
The massive aquifer system of the Indo-Gangetic Plain is an example of such a
condition, in that the more that is pumped from the aquifer the higher the
recharge from the river and canal system becomes. However, there is no doubt
that inducing recharge from the river system by pumping, and lowering the
groundwater level does reduce the amount of surface water available in the
canals and rivers.

For part of the year, when rainfall or surface water is available or when crop
demands are low, the induced recharge will have zero farm opportunity cost.
Surface irrigation at this time is often wasted by careless irrigation or
inadequate canal operating policy, and thereby adds to short term and long term
waterlogging and salinity problems. Public authorities would derive benefits if
they had the ability to lower the watertable, in advance of these periods, to
below root zone and create a 'but'fer' soil volume.

In most circumstances induced recharge will have a positive opportunity cost and
any decision models for listing operating policies should have this assumption
incorporated. There is thus a trade-off between quantity pumped and consequent
surface water depletion. This is not merely a spatial concept - there are also
temporal aspects. For example, it is possible to pump groundwater in the season
of low surface water flow so that there is considerable! drawdown, provided that
the consequent depletion can be recharged in the subsequent flood season.

The concept may be extended further in that it is not strictly necessary to
balance the recharge from season to season. If in the longer term an overall
balance is achieved, then we may develop an optimal regime for the operation of
the groundwater reservoir which allows a far greater degree of flexibility than
can be normally associated with a surface reservoir. Thus, if there is
sufficient data on rainfall and river flow and infiltration rates, the ground-
water can be operated to achieve a long term balance and hence to allow a
greater average volume of total water to be utilised than would otherwise be
possible. This involves the concept of optimal conjunctive use of resources
which can be applied on a local or regional scale.

A good example of exploiting the spatial and temporal characteristics of a
groundwater aquifer, by a management scheme to help cope with severe peak water
demands is provided by the River Clwyd Augmentation and Abstraction Scheme in
Wales. In this case a very pronounced seasonal peak for urban water is caused by
the seaside tourist industry. This peak may coincide with low river flow,
inhibiting the use of normal groundwater supply because geological conditions
are such that pumping in the dry period immediately has a detrimental effect
upon river flows. Investigations showed the extent of the groundwater field and
it proved possible to draw augmentation water at peak period from groundwater,
put into the river upstream to maintain river flows downstream, thereby allowing
continuous pumping of the drinking water wells without risk of deterioration of
river or groundwater quality.
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7.1 Mining

In the event that there is no replenishment of the aquifer, it is then necessary
to consider mining. A similar situation exists when recharge is insufficient to
meet any worthwhile demand. Such a process cannot go on indefinitely and it is
possible to argue that equilibrium will eventually be established without public
interference and that efficient farmers will then pump recharge. Such a
conclusion neglects inter alia the additional costs of pumping the recharge, the
possible loss of storage capacity and the incidence of benefits.

The whole concept of groundwater mining is an emotive subject. Whereas the
mining of mineral resources is fully acceptable and, for oil, the merits of
mining are unquestioned, there is a general reluctance throughout the world to
regard water as an exploitable resource. Looked at with cold logic, however,
there are no differences in principle between oil and water mining. The earth's
resources are there to be used intelligently and this must involve consideration
and balance between our immediate needs and those of succeeding generations.

The question is often raised whether permanent mining should be allowed, and one
finds that the principle of mining is commonly opposed just as strongly in arid
areas as in the temperate zone. The leading financing agencies appear unsure of
their attitude on the question and unwilling to treat groundwater as an
exploitable resource. Yet in many parts of the world there is no viable short
term alternative; mining is going on and, without it, no economic activity could
be generated. In these situations mining groundwater can be invaluable in buying
time while long term resources can be found.

Several examples could be cited to demonstrate such activities. The first is in
and around Riyadh (MacDonald & Partners, 1975) in Saudi Arabia. Here the whole
of the water supply for domestic purposes, gardens, a little agriculture and
industry is mined. The original superficial aquifer has been exhausted and water
is now drawn from the Minjur aquifer with wells varying from 1 200 to 1 800 m in
depth. The Minjur piezometric level is falling and the next phase of water
development will be from another aquifer known as the Wasia. Both aquifers have
very limited recharge and are being mined. However, the Wasia resources are
expected to last, at the present rate of development, long after the fossil fuel
used to power the abstraction pumps has been exhausted. Every aspect of
development and all economic activity arising out of what has now become a great
city is dependent entirely on this mined water. However, a long term future
supply from desalinised Arabian Gulf water is envisaged. An exact parallel to
Riyadh is the city of Phoenix in Arizona which relied during its development on
mined ground-water to the point of exhaustion and eventually had to pipe water
across the desert to meet its needs.

Other examples can be quoted from India. There are areas of over-exploitation of
groundwater in the coastal areas of Andhra Pradesh, in the Sharif areas of
Bihar, the Anjar-Khedoi and Viri areas of eastern Kutch, the Melisana area
of Gujarat, parts of Ludhiana, Jhunjhunn and Kharkar in Rajistan, and in
Coimbatore, Salam, Madurai and North Arcot in Tamil Nadu. In some of these
areas, such as Gujarat, this activity has raised the standard of some of the
farmers' living from subsistence to the point where they can afford modest farm
development and allow their children to be educated. Perhaps in the space of a
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generation it will no longer be economic to carry on mining but meanwhile it
would be difficult to deny t.he benefits to the present generation, even if we
cannot put a satisfactory valLie on them.

A longer period of groundwater development and mining has occurred in Coimbatore
District in South India. In :L895 there were 53 500 open wells and, by 1976,
150 000 (Sivanappan and Aiyasamy 1978). The extraction now exceeds recharge with
the consequence that water levels in wells are falling, necessitating expensive
deepening, sometimes to 50 m or more. Despite this, new wells are being sunk at
a rate of more than 2 000 per year. However, it can be no coincidence that,
although this district is endowed with scant and unreliable rainfall, poor soils
and few mineral resources, it has become a prosperous agricultural and
industrial centre. Groundwater irrigation has provided direct benefits to
industry, such as food and raw materials, market for pumps and engines, and
numerous indirect linkages including a source of capital for industry and enter-
prising entrepreneurs familiar with operating and maintaining machinery.
Although the present rate of groundwater use is not sustainable in the long
run, the sound industrial base offers the prospect of alternative paths to
development.

Similar situations can be found in Kokkinokhoria in south-east Cyprus (Republic
of Cyprus 1980) and in Jordan (Clayton et al. 1974) where groundwater mining has
resulted in a temporary, and perhaps fragile, prosperity but one which may
create preconditions for new successful forms of development.

It is not simply in low income areas that socially sub-optimal pumping policies
take place. Well informed farmers operating high profit systems also fail to
recognise their collective interest. Kern County, California, has one of the
most productive agriculture systems in the world but by the 1930s serious
depletion had occurred. By 1960 the groundwater annual overdraft was estimated
to be 900 million m 3 over 400 000 ha of crop per year. Water levels are still
falling (1 to 6 m/year between 1955 and 1975) and pumping levels are over 100 m
in some areas. In some aquifers this mining has led to land subsidence and
therefore some relevelling costs are incurred, but not necessarily by those who
benefited from the original mining, and there is permanent loss of aquifer
capacity.

The examples above are from tropical or arid areas where there is little
alternative to mining. In temperate countries mining is generally included in
planned development only on a temporary basis. Permanent mining is usually the
result of intensive but unmanaged groundwater development, as it was in
Coimbatore. By virtue of its uncontrolled nature, the effects of such mining
cannot be predicted except in general terms; one can forecast, for example,
little more than that shallow sources will be dewatered and that surface water
supplies will fail because of baseflow depletion.

A good example of such unmanaged mining is the development of the Chalk and
Tertiary Basal Sands aquifers of the London Basin (Clark and Stoner 1980).

This aquifer system was exploited through the eighteenth and nineteenth
centuries by intensive private development to service the residential,
commercial and industrial growth of the city. The increase in groundwater
abstraction and the resultant fall in groundwater levels are shown in Figure 16.
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The water levels had fallen to such an extent by the middle of this century that
the Tertiary Basal Sands were dewatered over some 900 km2 . It was thought that
this mining was permanent but at present the problem is being alleviated
naturally because of a decrease in demand in Central London.

FIGURE 16
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The problem of mining groundwater can be treated economically in the same way as
any other exploitable resource. In the general case when there is some element
of recharge, the cost of mining will include two components. The first is the
cost of pumping the quantity of water mined; the second is the extra cost of
pumping any annual recharge through the extra head which results from the
mining.
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When q cubic metres of water are mined per unit area from a watertable aquifer
with a specific yield of S, the watertable will drop q/S metres. Assuming 65%
overall efficiency the extra power needed to pump the existing recharge
Q (m 3 /m 2 /annum) is :-

0.0042 Qq kWh/annum

In permanent mining the cost of this power is incurred in perpetuity and,
discounting the cost to present value :-

Extra cost per square metre 0.0042 QqC
of aquifer of pumping ----------- ... (1)
existing recharge Sr

where Q = volume of recharge in m 3 /m 2 /annum
q = volume of water mined in m 3 /m 2

S = specific yield of aquifer
C = cost of electricity per kWh
r = discount rate.

The cost of pumping the mined water q per square metre of aquifer is

q
0.0042 qC (d + -S-)

2S (2)

Where d = original depth to watertable

The total cost of mining the quantity q is therefore

/Q ~~~q ... (3)
(1) + (2) = 0.0042 qC ( + d + 2)

If the total cost of mining is less than the net present value of the water
derived, then mining is economically justified. In assessing the benefits it
should be noted that it is the marginal, not the average, return to the mined
*water used on farms that is relevant.

When data allow, the above relationship can include a value for the opportunity
cost of induced recharge from canals, rivers and lakes. Where mining leads to
subsidence and permanent loss of aquifer storage capacity or to direct damage to
structures or buildings, provision for these social costs must be made.

The choice of discount rate in economic analysis is often critical. For example,
in comparing groundwater development options with surface water, a higher
discount rate will favour groundwater because in the latter case a larger
proportion of total costs (pumping costs) are deferred, and investment can be
phased in line with increasing demand. In the present mining example, a high
rate will favour increased and early mining because the level of costs, from the
higher subsequent pumping co,fts, are diminished by high rates of discount.

63



There is commonly argument as to what is the appropriate rate - the social rate
of discount. Several alternative views are possible: should it be identified
with the rates of interest paid in the economy by borrowers or those to lenders;
with the marginal rate of productivity of capital in the public or the private
sector; with the value judgements of decision makers on the weight between
present and future consumption; or should it be left unresolved with sensitivity
analysis indicating at what level the rate changes the design in a significant
way and the problem of choice being faced by other criteria.

The empirical determination of a rate is problematical whatever approach is
selected. Rates of interest vary widely, the marginal productivity of capital is
difficult to estimate and varies extensively from project to project. Historical
choices of rates may or may not be appropriate to guide future choice, and
multiple objectives of policy further complicate the issue. It is sometimes
argued that investments which imply irreversible changes or those which have
very long term implications should have a different (lower) discount rate to
give greater weight to the future than a normal social rate of discount. Ground-
water mining, in practice, is often irreversible and, if there is significant
recharge, the implications of increased annual pumping costs are clearly long
term.

In practice, whatever the rationale to explain its choice, the social rate of
discount is normally assumed to lie in the range 10 to 15%, although ex-post
evaluations show that within any economy there are in practice a wide range of
returns from project to project. Typically actual returns to agricultural
investment are less than two-thirds of levels predicted at the pre-investment
stage with so wide a range as to make the norm of 10 to 15% almost meaningless.

It will be seen from equation 3 above that, in a situation where there is some
recharge to the aquifer and Q and q are of similar orders, then the term Q/Sr
dominates the cost even if r ranges from 0.05 to 0.2, and the smaller r becomes,
the higher is the cost of mining. In these circumstances the discount rate can
be used to give an intuitive value of the resource to a succeeding generation.
In other words, if we value capital at a lower rate than the assumed current
social opportunity cost, then we tend towards preserving the resource and to
restricting mining.

A case history of an economic assessment of proposed mining in the Lasithi
Valley in Crete is given in Kuiper (1965). That study, following similar
principles to those outlined above, concluded that the cost of mining would be
$13 per 1 000 m3 compared with a return from increased agricultural production
of $8 per 1 000 m3 of water. The proposed scheme was therefore shown to be
economically unjustified.

Howe (1979), reporting work by Cummings, showed a contrary situation in La Costa
de Hermosillo, Mexico. By modelling both the aquifer behaviour and, using a
linear programming approach, the agriculture production system-, he shows that
mining is economical for 36 years. At this time the shadow value or opportunity
cost of water left in the aquifer is greater than the cost of alternative
surface water from distant sources. By year 36 annual pumping has fallen from
the original level of 1 200 million m3/year to only 380 million m 3 /year. In his
budgets mining for more than 30 years is economical even though the cost of
lifting the water when the optimum point is reached is 70% above the costs in
Crete. This illustrates the need for economy specific budgeting and occasional
reappraisal of decisions in the light of local and changing economic factors.
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7.2 Quality Control

Groundwater often presents quality problems which can be interpreted by refer-
ence to previously established standards. Use of such an approach of the
problems involved in diagnosing and controlling water quality implies that we
have confidence in the quality standards which have been set. For drinking water
the World Health Organisation (WHO) standards are probably acceptable, although
there are many parts of the world where these standards are not met at present,
albeit with some effect on public health. Broadly, WHO define waters with total
dissolved solids (TDS) of 1 500 ppm as highest permissible and 500 ppm as the
highest desirable limits. Limits for individual constituents are also
specified.

The main problem with quality lies with irrigation waters for which the
standards are laid down in the 1954 Handbook 60 issued by the US Salinity
Laboratory and further refined in 1976 in the FAO Irrigation and Drainage Paper
Nr 29. The standards recommended are:-

Good 0 - 700 ppm
Marginal 700 - 2 ()00 ppm
Hazardous over 2 000 ppm

Standards are also given for alkalinity as measured by the sodium absorption
ratio (SAR) and for toxic elements such as boron. In all cases it is known that
these standards are unneces;sarily conservative. It is now well known that crops
can be grown with much worse water qualities in certain circumstances. Further
it is established that, on light, freely draining soils, alkalinity is not a
serious problem. In fact, it is only a severe problem in soils containing
a significant proportion of clays. Even the boron standards were established in
pot trials and it is established that in the field rather higher levels can be
tolerated.

To illustrate this problem, we have observed excellent vegetables on light soils
in Pakistan growing with water of 3 000 ppm and in Bahrain acceptable crops at
the 7 000 ppm level. Reports from Israel indicate success at 10 000 ppm. In
deciding on minimum acceptable quality standards for irrigation water, not only
should quantity be a criterion but soil chemical and physical characteristics
also need to be taken into account. For example, on a freely drained sandy soil,
deep percolation losses will probably meet all leaching needs, and a limited
accumulation of sodium will not prove harmful over the short term. On a heavy
clay, however, where percolation will be slow and where an increase in sodium
content will result in further dispersion and loss of structure, provision for
leaching and quality of water will be much more critical. A good irrigation land
suitability classification should take account of all the factors including
quality and availability of water.

Milton Fireman, in his excellent 1968 paper, after reviewing world wide
experience in the use of saline irrigation water concludes:

"It is clear from the foregoing that there are no absolute critical
limits for salinity, SAR or any other chemical property of water which
define the economic utility of an irrigation supply. Within reasonable
limits, water of virtually any character can be used for economic
development of arid lands".
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Although there is a considerable body of literature on the subject, there is a
need to produce a set of revised standards and technical recommendations for
watering regimes as a matter of some urgency, so that our attempts at ground-
water control can proceed on a rational basis. It is recognised that the matter
is not simple. The physical characteristics of the soil are involved as is the
chemistry of both the soil and water.

There is no doubt that, if poor quality water is used for irrigation, then more
of it is required to provide adequate leaching and thus avoid the accumulation
of harmful salts in the soil. The important point is, that in discussing the
minimum acceptable quality standards, the quantity required is also discussed.

Water quality in an aquifer is seldom uniform. Sometimes the presence of
aquitards (impeding but not impermeable layers or zones) define layers of
differing quality. In large alluvial river valleys the groundwater is often
fresh in the region of the present (and any previous) meander flood plain, but
gradually deteriorates with distance from the river. Deterioration often
increases with depth. The reverse situation where saline water overlies fresh
also occurs, but it is less common. To establish the actual condition, a
detailed and carefully conducted investigation is necessary, involving drilling
boreholes, logging them geophysically and pump testing at various intervals.

For conditions where there are distinct layers confined between aquitards, it is
a relatively simple matter to exclude most of the poor quality water, by placing
blank pipe opposite proven poor quality and doubtful sections, rather than well
screen.

In the comnmon condition where fresh water overlies saline and where there is no
aquitard between them (that is, the aquifer is uniform), then various skimming
techniques can be used. For example, it is possible to design a well to
terminate within the fresh zone with the bottom at some distance above the
saline interface. Under these conditions there is a possible rate of pumping
where the denser saline water is drawn up into a mound under the well, which
becomes stable and does not actually enter the well. The pumped water under this
condition will then always be fresh. However, for nearly all cases encountered
the pumping rate for such a system is small and the water is thus costly.
Another possibility is to pump at a higher rate and accept that the saline water
will enter the well at some future time. Provided that time is sufficiently
long, the resulting cost of water can then be economic. This is known as a
'limited life-time well'. Where for institutional reasons it is not possible to
obtain public control over well withdrawal, all wells are potentially, and in
all likelihood, in actuality, limited life-time wells.

Yet a third possibility is a scavenging well which relies on the fact that the
streamline geometry of a well is fixed once it is established and hence it is
possible to define the point in the well below which the incoming water will be
saline. If two pumps are then used, the fresh water can be pumped quite
separately from the saline and the latter discharged to waste. Figure 17 shows
the principles involved in the methods described above. For all three cases the
system geometry can be varied and different pumping rates can be used.
Optimisation procedures are available to determine the most economic
configuration.
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Saline water intrusion can be a problem in some coastal regions when sea water
has access to an aquifer. Excessive pumping of fresh water causes a wedge of sea
water to further invade the aquifer and eventually causes wells to become
saline. Figure 18 shows the condition. In many cases the fear of this intrusion
occurring is more common than the actual occurrence of the phenomenon but
nevertheless it has been observed in some instances. In ideal circumstances the
shape of the intrusion is known as the Ghyben-Herzberg wedge and and the extent
of the wedge can be defined mathematically. For more complex cases a mathemati-
cal model is essential. Recently an advanced model for this purpose has been
used in Bahrain where sea water intrusion from the Arabian Gulf has become a
critical problem (MacDonald & Partners 1980).

Two solutions have been tried to combat saline intrusion. One involves the use
of injection wells in a line along the coast to create a hydraulic potential to
hold the wedge back, and the other involves pumping the wedge itself with
sufficient installed capacity to balance the inflow. A third possibility to
reduce the rate of intrusion is to reduce pumping in the aquifer itself. With
the aid of a model a combination of these possibilities may prove to be the
economic option. Certainly, such a system is susceptible to the optimisation
process.

With the full development of surface irrigation in many river basins, there has
been a decline in river flows, an increase in sea water intrusion and subsequent
groundwater pollution. This is a growing problem but special measures to prevent
damage such as barrages or embankments are costly to erect and maintain and
cannot generally be economically justified.

Another form of intrusion is the invasion of one aquifer by water of inferior
quality from another. This can happen when an aquifer is overpumped and the
piezometric pressure is seriously reduced, causing the water to move from an
adjacent aquifer which was previously in equilibrium before pumping started.
Such a case is occurring at the present time in Bahrain where water from a lower
saline aquifer is upwelling into the overpumped upper aquifers. Again, the use
of a model is almost essential to define the condition and to test possible
solutions.

The problem with saline intrusion from whatever cause is that by the time the
condition is recognised the damage has been done. In principle it is possible to
exercise some control to prevent the conditions spreading. However, often the
optimum pumping regime of private individual well owners will result in a well-
field pumping pattern which is far removed from a socially optimum pattern.
Indeed it can lead to rapid deterioration as has occurred in Mehsana in Gujarat
State, India.

Groundwater contamination has always been with us - the discovery that typhoid
was waterborne arose from the observation that a group of people who died from
the disease all drew water from a particular well in London. It is only in
recent years, however, that the widespread contamination arising from industrial
waste, the use of fertilisers and insecticides have begun to cause general
concern. Essentially the problem at the moment is with watertable aquifers
because these are the most easily affected - the most intensively exploited and
also the most regularly monitored. Deeper aquifers are not normally affected by
active pathogens from sewage contamination because they cannot survive in such
conditions, but it is sometimes possible to detect excessive nitrite which
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indicates previous contact with sewage effluent. Deep wells, which are
contaminated with active pathogens, usually are damaged in such a way that
sewage gains access to the well from the surface. Contamination from
agricultural chemicals is increasing but, again, this is largely a surface
phenomenon affecting only the upper groundwater so far. This is a position which
must be monitored, especially in the case of the more noxious constituents of
some insecticides and herbicides whose use is increasing and which are known to
remain active almost indefinitely.

Perhaps the most dangerous potential contamination, and certainly the most
emotive, arises from the dumping of industrial waste - particularly if it is
radio-active - down boreholes. Any such proposals should be carefully reviewed
to ensure that usable groundwater is not contaminated by such industrial waste
and, indeed, at least as far as radio-active waste is concerned, that no
migration at all is possible.

Great attention has been given in the UK recently to the monitoring of run-off
from rubbish tips and the degree to which this affects surface streams and
groundwater. This work has been carried out mainly by the Institute of
Geological Sciences. Similar monitoring studies would be justified in and near
large cities and industrial centres of developing countries. Unfortunately such
research is expensive, long term and uses scarce skilled manpower.

In order to use poorer quality waters they can be treated to improve the quality
or can be mixed with better waters up to the limits of acceptable quality
whether it is for domestic use or for irrigation.

The only really effective treatment is to employ some of the desalinisation
processes. Three processes are used currently - flash distillation, reverse
osmosis and the use of de-ionising resins. The first is more appropriate to sea
water and the last is not yet developed to the point where it is economic for
large quantities. Reverse osmosis is normally used for groundwater and is much
cheaper than any method used for sea water - providing the groundwater is much
less saline than sea water. Thus we can expect that in the future, where the
right conditions exist, saline groundwater will be used for desalination rather
than sea water. Desalinised water may be as low in salts as 10 ppm and is often
very corrosive and unpalatable. In order to use for domestic water, it is
sometimes mixed with poor quality groundwater to increase the salt content and
to help reduce the aggressive properties. This is being practised for the Riyadh
water supply in Saudi Arabia, where considerable quantities of marginal
groundwater are being used to mix with desalinised water. The use of a similar
mixing process is being practised in some of the Gulf countries for agriculture
but at about $ 1/m3 there is no case economically for using desalinised water
for this purpose.

The more usual case for irrigation is to use groundwater as a supplement to high
quality surface water, or in the case where the groundwater is too saline it is
then mixed with surface water before use. Where there is a real problem of poor
quality water, mixing can be done by discharging wells into the larger canals
(where the effect will be small) or by mixing at watercourse level. If wells are
pumped into smaller channels above watercourse level, then, inevitably, the
salinity of the canal water increases towards the tail. Let us suppose, for
example, that a canal discharges four units of water at the head and diverts one
unit at regular intervals along its length to watercourses and further receives
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one unit of water from wells just below each watercourse offtake. If the surface
water has a salinity of 200 parts per million (ppm) and 2 000 ppm well water,
then the increase in salinity in the channel is as shown below :-

Offtake Upstream salinity
(ppm)

Head 200
1 200
2 650
3 990
4 1 240
5 1 430

The mixed water in the channel rapidly becomes too saline for use, unless
special practices are adopted.

Mixing at the watercourse generally involves some arrangement of weirs to try
and ensure correct proportioning. Normally this is possible with 1:1 mixes but
becomes difficult at two parts of surface water to one part of groundwater and
at any greater ratio. The re!ason for this is that surface water is often
restricted and fixed in quantity and thus at high mixing ratios the maximum
discharge, which can be handlecl from a well, becomes rather small. As has been
indicated earlier, such continuous mixing is not strictly required.

Provided that the crops grown can tolerate the salinity of the well water, a
programme of alternate watering can be adopted to virtually any overall mixing
pattern. This latter scheme is a much more practicable proposition for the
farmer, provided that he can be made to understand the quality difference and
the necessity for careful control.

The matter of aquifer management is touched on in the section of this paper
comparing the problems involved in the private and public development options.
There it is concluded that only the public sector can hope to manage the
aquifer. And yet even at Government level the problem is still considerable.
Institutions themselves are inaclequately established and the legal framework is
often non-existent or unenforceable. Within projects the position is sometimes a
little better in that the Project Director may have sufficient knowledge and
sufficient power to. exercise some control, although he is often hampered by
budgetary constraints. For example, by simple monitoring of the watertable level
in an area where saline drainageb wells are installed, a high order of management
can be achieved. By intelligent operation the quality of the effluent and its
disposal can be controlled.

Quality damage within extensive aquifer systems is not easy to achieve. In
general, groundwater movement is very slow indeed. For example, in the Indus
system the down-valley flow is of the order of one mrietre a year. The vertical
transfer of water from one layer to another is also slow on a regional basis.
Having said this, it is common for the quality from individual wells to
deteriorate very quickly and for saline intrusion in coastal areas to become a
severe problem. Recent studies in Bahrain highlight a particularly severe case
of this kind of deterioration (MacDonald & Partners 1980).
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It is doubtful whether aquifers are really managed effectively anywhere outside
the western world, although some attempt is made after severe problems have been
encountered. Then draconian measures are often adopted. For example, all new
well construction is prohibited. However, the more recent deep wells still
continue to be pumped and shallow wells continue to dry up.

There is another problem, identified elsewhere in this paper, that no two
authorities even in the same country can agree on the ground rules. This is the
case, particularly, with mining, or the degree of mining. Further, there is no
universal agreement on quality acceptable for irrigation, although the WHO
standards for drinking water are generally accepted.

Summarising, institutional aquifer management often does not work because of
inadequacies of groundwater law, lack of enforcement where the law exists,
disagreement on objectives, too many overlapping responsibilities between rival
organisations, budgetary constraints, poor understanding of the problems,
inadequate staffing and monitoring.

7.3 Data Requirements

A dozen years ago one of the authors (Stoner 1969) addressed the problem of data
gathering and introduced the idea that a certain minimal amount could satisfy
the needs of resource planning. The following quotation from that paper is as
true today as it was then.

"Experience-teaches us to beware of massive data gathering programmes.
Such programmes can be expansionist in their nature and obsessive in
their demands upon the investigator's time, until merely collecting the
data becomes an end in itself".

And yet we continue to gather data on a vast scale, much of it useless and all
of it very expensive. The fault lies with those that set up terms of reference
(TOR) for studies both within the Governments concerned and within the aid
giving agencies. Normally TOR are circulated to the various departments
concerned and often each feel obliged to add something whether needed or not.
Really what is needed is for the TOR to be pruned severely so that only work
directly concerned with the objectives of the study is requested. Here again
there is a problem with poorly defined, or even contradictory, sets of
objectives. Clear thinking at this stage can save time and money. All this is as
true of groundwater development as it is of any other resource study. But in the
case of groundwater, data gathering is even more expensive than for most other
resources.

Ideally the planning process should proceed from reconnaissance to regional plan
to project feasibility and on to implementation. Each stage should define the
TOR for the next. When consultants are asked to submit proposals, they are often
required to comment on the TOR but such comments are often ignored. The question
should be firmly posed in invitations. 'How can these studies be reduced in time
and extent and yet still meet the objectives?' In particular, 'Inception
Reports' should be addressed to this problem and the utmost flexibility allowed
in tailoring the TOR to the job in hand.
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International standards are also at fault in that they have frequently been
derived for Western conditions and have no relevance whatever to the deserts of
Africa, the Middle East and the Indian sub-continent. This is particularly the
case for soil and land capability surveys (Robertson and Stoner, 1970) where
costs could be very substantially reduced by adopting standards and scales of
mapping appropriate to local requirements. The whole subject requires a far
reaching study on its own and is certainly too wide for this paper. A number of
projects, which have involved the authors, would also be suitable case studies.
Immediately the Lower Indus Project and the Khairpur Scheme in Pakistan and the
Umm Er Radhuma Study in Saudi Arabia spring to mind..

If for a groundwater study a model is specified, then the quantity of data
required goes up enormously. In the next section of this paper that deals with
models this question is discussed and, in particular, the need for a model is
questioned. If it cannot be avoided, the detailed knowledge of the aquifer
thickness, permeability, leakance from overlying and underlying formations,
piezometric levels, storage and recharge characteristics, pumping records and
all spatial and temporal variations in these parameters are needed. Many of the
groundwater schemes implemented in the past, before modelling was possible, have
been very successful and, although the digital mode]. is undoubtedly the most
powerful analytical tool available to us nowadays, it is not always necessary or
even desirable.

Some knowledge of water quality is essential and again this matter is dealt with
elsewhere in this paper where international standards are questioned. Frequently
quality varies both laterally and with depth and it is necessary to try and
define limits so that the pumped water is suitable for the objective purpose.

However, obtaining such information is costly and involves a programme of
drilling boreholes and taking water samples at various depths. It is a matter of
considerable judgement to define the location of such boreholes and sampling
intervals to ensure adequate information. Figures 19 shows an outline map and a
cross section for the Lower Indus valley in Pakistan and were derived from some
400 boreholes.

One principle in groundwater investigations is that, once it has been decided to
drill boreholes, then the cost of obtaining data from them is comparatively
small and thus it is all the more wonder that the diata abstracted are often
inadequate. Observations such as detailed lithology, igeophysical logs, chemical
analysis should be routine. More care is required in regard to pump tests which
can become costly if long term tests are specified or if aquifer property
testing involving drilling a number of nearby piezometers is required. Generally
these can be avoided if a model is not required because often the most important
information is the performance of the well. This may only require a step test
which can be done conveniently bn one day.

Beyond the implementation of the project there is a need for monitoring. Again
we must beware of apparently endless data gathering and only collect that
information which can and should be analysed. This would include the performance
of the wells in terms of specific capacity and the quality of water produced.

It might also include systematic but selected soil sampling to determine whether
the applied groundwater is affecting the land. Also the reaction of farmers to
using the water requires monitoiring. This work was done to good effect for some
time on the Khairpur Tubewell Project.
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Concluding this section there are some clear indications for the future and some
specific questions which shoulcl be asked and studies which should be made.
First, data must be gathered to some identified hypothesis. The hope that random
and extensive data collection will produce the hypothesis is false and
expensive. We must ask what are the objectives; what answers are needed to meet
these objectives; what analyses are going to be made to get these answers; what
is the minimum quantity of data needed for such analyses. A certain flexibility
is required so that changes in direction can be made if one trail is proved to
be false. But above all, to return to the first point, there must be a system,
a set of hypotheses, a plan. A generalised conceptual plan for a groundwater
project is given in Figure 20 wihich shows how the elements of development fit
together from concept through irnplementation to operation and maintenance.

7.4 Use of Models

Models are very much the current fashion whether they are appropriate or not. In
some ways groundwater system models are like critical path analyses and other
operations research techniques - excellent tools for understanding and defining
a system just as long as you have the strength largely to ignore the answer. The
main reason for this state of affairs is that the base data are often inadequate
to construct even a sufficiently accurate representation of static physical
systems. Historic records of water levels, recharge and discharge are in most
circumstances woefully short of the standard needed to provide a reasonable
simulation of the dynamic system.

The latter is possibly the more important in that it is only by demonstrating or
validating the model to produce the present watertable level patterns
(piezometry) using historic inputs and pumping data that we are able to use it
as a predictive tool with confidence.

This is true of models generally whether physical or economic. If you cannot
show that you can simulate history, then there is no possible reason for
believing that you can predict the future.

Where that data base is adequate and good simulation is achieved, a groundwater
model is the most powerful analytical tool available.

In discussing models so far we are talking about digital models, either of the
finite difference or finite element type. The former are the more popular and
the mote appropriate in that their set up involving flows to and from cellular
polygons and storage within these cells does simulate in the mathematical sense
the real working of the physical system. There are, however, other types of
models which might be either hydraulic or analogue. Both of these types are
useful in understanding flow systems and for demonstration purposes but they no
longer have a place in practical analysis.

The assemblage of data required for the standard finite difference model can be
enormous. If, for example, we look at one cell, Figure 21 specifies all the data
required. Typically a model will have some hundreds of such cells and the
similar data must be gathered or calculated for each. This formidable array of
required information cannot be supplied in all cases and the cost of obtaining
it is quite prohibitive. Even so, a model may be worthwhile because of the
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FIGURE 20
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FIGURE 21
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understanding of the. flow system that the discipline of model construction
demands, and the fact that, as further data are gathered, the model can be
upgraded. Poor data should not be an excuse for sloppy analysis providing the
value of the result is suitably qualified.

The use of a model for planning purposes depends on defining the objectives.
Broadly, the main objective is to optimise the use of the resource. More
specifically, this may involve pumping to balance recharge; it may also involve
a restriction to avoid drying up existing wells; it would almost certainly
require the prevention of excessive drawdown in the more intensively developed
parts of the aquifer. Alternatively, some degree of controlled mining might be
allowed. All of these conditions can be met by examining various configurations
of wells and applying appropriate economic controls so that undesirable
developments are avoided.

Further complications arise when a conjunctive use model is involved and an
optimum use pattern between surface and groundwater supplies is demanded. It
becomes even more complex if surface storage is contemplated. It may then be
necessary to run the model using historic inputs and try out a series of
possible construction options (for example, the size of a storage reservoir)
together with a number of possible management options to try and get the best
out of the combined system.

Earlier we described the usual model as partial, deterministic and static
whereas the prototype is stochastic and dynamic. A simple illustration will
demonstrate the kind of problem which can arise from this basic misconception.
In the late sixties a model was made of the Indus Basin which involved the
conjunctive use of surface water, storage, rainfall and groundwater as inputs
and evaporation and evapo-transpiration, system losses and river outflow as
outputs. This model uses fixed values for precipitation, evaporation and evapo-
transpiration based on probabilistic analyses and then is run with various
actual years of river flow to determine what levels of irrigation demand can be
met. The fallacy of the method is that rainfall, evaporation and river flow are
all part of the same hydrologic cycle and cannot be treated as completely
independent variables. By the adopted method the total hydrologic event put into
the model has no known probability. It is much better in these circumstances to
run the model with all the hydrologic inputs as variables and to assign the
objectives certain achievement probabilities. Thus, for example, if we wish to
determine the area which can be irrigated in, say, four years out of five, we
can use this as the objective criterion and derive the required area by running
the model with a run of actual records. The model is then fully stochastic and
meaningful probabilities are derived for any given set of objectives. These
could involve the need for and size of surface storages, the degree of flood
protection provided and for the use of groundwater as a base or as a peak
requirement.

Economists will recognise that the complex real world of integrated surface and
groundwater irrigation, with numerous cropping options and various resource
constraints, is amenable to modelling by linear and other forms of mathematical
programming analysis. Such an approach would enable analysts to explore the
merits of alternative projects and various specifications. It should indicate
crucial and weak points in the data, enable tests of alternative design criteria
to be carried out and indicate the policy implications of alternative objective
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functions. This was shown to be technically feasible by the work of Smith and
others in the Harvard Water Programme more than a decade ago. Smith (1970) aimed
to ensure model development which 'does not seriously violate economic or
technical reality, that assumptions are clearly enunciated, that sensitivity.
analysis can be readily performed, that readily available data are used
efficiently, and that efficient, well known techniques are employed to provide
the fundamental computational kernel'. He illustrated the approach with data
from what was then East Pakistan and derived both deterministic and stochastic
models.

Very little progress in applying these techniques has been made in the
developing countries since that time. It is extremely rare for planning
authorities to use mathematical programming techniques for anything other than
investigation of the hydraulic potential of the aquifer. It is worth speculating
on the reasons for this:

(i) the real-world problems are proving to be more complex than even the
most refined models. Specification of a comprehensive model requires
inputs from several disciplines and the unsatisfactory outcome of many
modelling exercises may be attributable to the inherent difficulty of
incorporating all the system components and of obtaining an appropriate
balance of components as well as valid data. Seldom do all the
specialists fully understand the workings of the model and therefore
they will either accept the working of the model uncritically or reject
it out of hand. Specification of socio-economic aspects of the
integrated system has inevitably been particularly poor;

(ii) the technical capacity to construct models and software is not readily
available in poor countries;

(iii) the computers and other hardware are not available or not reliable
enough to service the tight timetables of planning groups;

(iv) leaders of traditional planning teams have often failed to keep abreast
of developments in computer modelling and are sceptical or even hostile
to their use. The modellers are not always effective communicators of
their art.
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ANNEX I

An Analytical Framework and Agenda for Future Research

The variables, which enter a theory of rural development, of which those
concerning groundwater development comprise a sub-set, are well established. But
the relationships between them, particularly the dynamics of social change as it
affects and is affected by groundwater development, are extremely vague.
Identification of key structural variables and their interactions within the
groundwater development systems and with general rural development should be the
first aim of any detailed studies. In the ideal analytical framework instrument
variables, which will enable manipulation of the system, need specification and
the effect of any changes pre!dicted.

Groundwater projects have various, often multiple, objectives. It is possible to
categorise projects accordincl to their goals:-

- maximum agricultural production;

- maximum return to public (or private) investment;

- employment creation;

- etc.

Seldom are objectives set out in this way and almost never is any weighting
given. In the case of private farmers, objectives are a matter of research,
debate and controversy. In principle, complex weighting procedures are possible
but, in practice, one objective - say, rate of return to investment - is
maximised subject to minimumn performance levels with other goals.

Project level objectives are seldom specified by those familiar with the major
sector problems and resource requirements and availabilities. This study was
intended to assist those involved with groundwater to set (or appraise)
reasonable, realistic objectives. General goals, such as 'maximise employment
creation', need decomposing into operational targets. This requires effective
communication between politicians, adminstrators and technical experts. Issues
papers such as this have an important role in the process of disaggregated or
target objective setting.

It is easy to regard the hypothesis as the basis or rationale for the target.
However, they cannot aid planning of the detailed components until operation-
alised by criteria or tests of preferedness. Here is a weak link in many
planning exercises. General criteria of the form 'line canals if net present
value to farmers of water saved exceeds the net present value of costs incurred
- all measured in efficiency prices' are often not made explicit. Where they are
defined there are often problems of data availability and quality which preclude
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selection of targets, design decisions or other policy issues on the basis of
the test set. We hope that the bald format of our conclusions will stimulate
scientific testing of groundwater development options and more sensitive
assessment of problems and opportunities which arise.

t Define objectives l

4

Specify T ypotheses

Defirndwter 1 --- in n a Collect data t
or tests

Anal yse,
re-assess objectives

anid choose

There are several categories of hypotheses which must be specified including
technical, economic, financial, administrative, social, legal and political
categories. The selected hypotheses should be testable by empirical procedures
or at least assessable by reference to theory or logic. Whilst behaviour of
groundwater in an aquifer will be subject to the laws of a robust theory, once
the water is lifted it is part of the more complex social system. Here theory is
much weaker, events less predictable and much of importance is not understood.
Water use will be influenced by such matters as the size of the country, its
political philosophy and traditions, the level and form of development, the
scarcity value of water and many other issues. Therefore general conclusions
from research will be hard to defend in the light of divergent circumstances.
Nevertheless we believe that a certain degree of technological determinism can
be sustained. We have therefore set out some provocative hypotheses which are
judged worth accepting or testing. They are set out in plain English with no
formality and then are elaborated in the body of the report. The reaction of
knowledgeable practitioners, with a wider range of experience than the writers,
plus detailed case studies and ex-post evaluations may help alleviate the major
anticipated problems of either over-development or under-development of
groundwater, increasing salinisation, inappropriate technology and institutional
control, inequitable access to a profitable resource, and inadequate operation,
maintenance and management.

Technical (Engineering)

Mechanically powered wells are preferable to hand-or animal-powered wells in
almost all circumstances, from whatever viewpoint. Tubewells are a better
investment than open wells. Over time, drainage will become increasingly
important where operating problems exist. In time, mining will become a problem
where fresh groundwater exists. Excessive data requirements are often specified
but recording (especially lithology) and access to the data is poor. Frequently
a great deal is spent on drilling test wells and relatively inexpensive testing
and analysis is inadequate. Recent advances in groundwater simulation models
(excluding economic and social aspects) have increased our capacity to predict
aquifer behaviour under alternative development patterns. There are shortages of
skilled manpower in some countries and generally too narrow a disciplinary
focus.
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Coping with saline disposal, including mixing, is a problem. The risk of
pollution of aquifers with salt water and industrial waste is increasing.
Appropriate wellfield design and pumping regimes can help prevent saline water
intrusion. Revised water quality guidelines and the related watering regimes are
urgently required. Saline water (greater than 1 500 ppm) should probably be
developed publicly.

Technology packages should be compared on the basis of field operating
experience, not on potential efficiency. There has been no rigorous test of the
hypothesis that low cost wells are inferior from a hydraulic, engineering and
financial viewpoint. Econornies of scale in well costs are more apparent than
real. Labour-intensive construction is slower than alternatives. It is more
economical to redrill an encrusted well than to attempt to rehabilitate it.

Centrifugal pumps are a better proposition than any other where they can be
used. Electrically powered wells are much preferred by farmers and operating
agencies.

Economic

Net benefits are greater when rainfall or surface irrigation is augmented. Poor
canal operation and maintenance creates opportunities for privately profitable
groundwater development. Additional water from public tubewells creates a unique
opportunity for surface irrigation reform. The benefits from public regulation
of groundwater will increase over time. Studies of seasonal opportunity costs of
water shortage and of the value of critical water will aid unrestrained
planning. Designs of public schemes to incorporate advanced multi-purpose
benefits, such as design fur either load shedding or maximum hydro-electric
power, are needed. Integra-tion of technical engineering and socio-economic
models to produce decision models has not advanced beyond the research phase.

The effect of discount rate choice (or IRDR) upon technology choice requires
further research. Mining generally pays. Rehabilitation projects are the most
economic type. Private development is rapid and efficient until abstraction
exceeds recharge. Economic (not financial) assessments of alternative power,
pumps, screen and disposal systems in different countries are required to aid
technology choice. Funding of 0 & M can yield large returns.

Legal

Absence, or lack of enforcernent, of a suitable legal framework precludes crucial
public policy initiatives. F-or example, without legal sanction (or financial
subsidy) socially uneconomic mining cannot be stopped. A legal framework to

83



ensure reasonable access for all beneficiaries can be devised. Legal frameworks
derived from temperate countries (for example, Britain) will prove inappropriate
in arid areas. Preparation and implementation of the law lags behind need.

A single legal entity responsible for surface and groundwater is desirable but,
failing this, there should only be one body co-ordinating groundwater
development.

Political

Lack of determination to apply legal sanctions creates sub-optimal and
inequitable development. The costs of limits to government power are not
acknowledged. The various real objectives of government are not well specified
and the separate and varied objectives of institutions and individuals not
recognised. Some frankly political objectives are inappropriate to groundwater
development. Aid for foreign capital but not local costs or recurrent costs
favours sophisticated capital intensive technology. Rehabilitation is not the
easiest project to get aid funded. The opportunity is passing for conserving
groundwater for the benefit of poor people. Once mechanically powered pumping is
introduced to a region, manual pumping and, eventually, animal-powered pumping
will become either uneconomic or unfeasible. Groundwater is not a good area to
pursue either real or illusory income distribution policies.

Financial

Financial returns to public projects are minimal and could be enhanced.
Recurrent funds are inadequate. Short and medium term credit for private farmers
is deficient. Rehabilitation projects are the cheapest. Financial returns from
co-operatives are at a lower rate than those from independent farmers. Private
farmers have high operating efficiency and make high profits particularly when
credit, capital and fuel are subsidised. Private development saves public
investment.

Administration

O & M on public projects is poor and deteriorating. Too many agencies are
involved with groundwater.

Successful management of integrated surface, irrigation and groundwater systems
need analysis and publicity.

Administration capability is the single largest constraint to project implement-
ation and performance.

Governments can, in principle, manage aquifers but not efficiently operate
wells. Private owners operate wells and distribution of water efficiently but
cannot do so in a way that optimises wellfield social benefits.
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Social

Local monopoly of private groundwater leads to exploitation of weaker/smaller
farmers. Independent power frorn diesel/electric engines is employment replacing
but tubewells are employment creating. Low-cost, simple technology generates
local employment and, whilst hydraulically inferior, deserves support on this
count in many cases. Fragmentation of holdings impedes private development.

Sociological research is needed on the links between technology, land income and
wealth creation, the relative importance of exploitative relationships and
levelling mechanisms within the social fabric.

The factors required for successful co-operative formation needs study.

Technical (Agriculture)

Profitable cropping patterns have peak demands; canal supply often cannot match
these needs. Empirical measurEs of the effect of alternative levels of saline
and fresh groundwater on crops are lacking. Groundwater is most profitable when
supplementing other water sources.

Soils problems have often been over-emphasised in respect of using saline water.

The need for drainage is well established but the implementation record is
abysmal.
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E3IBLIOGRAPHY

The groundwater development literature is scattered, touches a wide range of
subjects and the bulk is in report form and not published in recognised
journals. A computer search was made using the Common Agricultural Bureau
(CAB Abstracts) and US National Agricultural Library (Agricola) data base. Key
words included groundwater, tubewell, developing countries, management or
planning projects.

This search was not very successful. This is partly due to the bewildering
mixture of terms adopted from geology, physics, engineering mathematics,
agriculture, economics and other social science disciplines. Much of the key
material is not published but it is in mimeographed form - what is sometimes
termed 'fugitive literature'. Sorne 55 references were produced but only seven
were new to the authors. Over two hundred references are included in the
following bibliography, the majority of which are readily available.

Readers are invited to supply supplementary reference lists which can be
incorporated into a final version.

89



90



BIBLIOGRAPHY

Abate, E. 1975 Optional allocation and management of
aqricultural water. Fort Collins; Colorado
State University, 117 pp.

Ackermann, W.C. 1969 Costs of wells and pumps. Groundwater 7(1),
pp 35-37.

Agarawal, B. 1981 Agricultural mechanisation and labour use a
disaggregated approach. International Labour
Review 120(1), pp 115-127.

Ahmed, N.U. 1975 Field report on irrigation by handpump
tubewells. Dacca; United States Agency for
International Development.

Ahmed, R. 1972 Economic analysis of tubewell irrigation in
Bangladesh. East Lansing; Michigan State
University, PhD thesis.

Ahsanullah, M. 1973 Economics and management of tubewell
irrigation in one area of Bangladesh. Land
Tenure Centre Newsletter - Madison, Nr 40,
pp 30-37.

Alam, A.T.M.B. 1975 A brief note on the experimental bamboo
tubewell at Norshingdi. Dacca; Bangladesh
Agriculturai Development Corporation.

Alam, M. 1975 Capacity utiiisation of deep tubewell
irrigation in Bangladesh: a time series
analysis of Comilla Thana. Bangladesh
Development Studies, 3(4), pp 495 -504.
(i&DA 1976 Ab. Nr 1630)*

t1 A I -- 7 r"alm,, lvi. 17 I Evaluation ou Tiana irrigation programme,
1974-75. Comilla; BARD.

Alexandrin, N. 1975 (International Congress on Irrigation)
internaLionale Zeitschrift der Landwirtschaft,
Moscow; CMEA Secretariat, Nr 6, pp 710-713.

Allison, S.V. 1967 Cost, precision and value relationships of
data collection and design activities in water
resources planning. Berkeley; Hydraulic
Engineer-ing Labor-atory (unpublished PhD).

Note * I&DA - Irrigation and Drainage Abstracts

91



BIBLIOGRAPHY (cont.)

Allison, S.V. 1972 The development of tubewell irrigation in
Bangladesh: an analysis of alternatives.
Overseas Development Administration Library,
London.

Anderson, R.S. 1974 People and water in rural Bangladesh.
University of British Columbia; Department of
Anthropology and Sociology,

Arlosoff, S. Water resource development and management in
Israel. Israel Agriculture. Autumn/Winter,
pp 69-71.

Asopa, V.N. and 1975 Irrigation agriculture in Gujarat: problems
Tripathi, B.L. and prospects. Centre for Management in

Agriculture, Indian Institute of Management.
CMA monograph, Nr 53, 154 pp.
(I&DA 1976 Ab. Nr 1199)

Ayers, R.S. and 1976 Water quality for agriculture. Rome; FAO.
Westcot, D.W. Irrigation and Drainage Paper 29, 97 pp.

Balishter 1972 Cost of tubewell irrigation. Bichpuri, India;
Balwant Vidyapeeth Journal of Agricultural and
Scientific Reseach, 14(1), pp 31-36.

Ball, N. 1978 Deserts bloom ... and wither. Ecologist
Quarterly, 1, pp 20-31.

Bari, F. 1975 Causes and effects of late operations of pumps
and tubewells in Comilla Kotwali Thana, 1973-
74. Bangladesh Academy for Rural Development,
Comilla, India.

Bauzil, A. 1975 Handbook on irrigation (Traite d'irrigation).
Paris; Ecole Nationale de Genie Rural des Eaux
et des Forets, 2 vols, 444+ 60 pp.
(French).

Beaumont, P. 1977 Water and development in Saudi Arabia.
Geographical Journal, 143(1), pp 42-60.
(I&DA 1977 Ab. Nr 873)

Bergmann, H. and 1976 Guide to the economic evaluation of irrigation
Boussard, J.M. projects (revised edition). Paris; Organisa-

tion for Economic Co-operation and
Development. 257 pp (English). Also published
in French.

92



BIBLIOGRAPHY (cont.)

Bergsrud, F.G. 1978 Water sources in : Water sources and
irrigation economics 'DISC' development of
irrigation and speciality crops. Miscellaneous
Report, Minnesota Agricultural Experiment
Station, 150, pp 4-12.

Bhatia, R. and 1975 Tubewell irrigation: analysis of some
Mahta, M. technical alternatives. Economic and Political

Weekly, 10 (52), pp AI1 - A119.
(I&DA 1976 Ab. Nr 1632)

Biggs, S.D., 1978 Irrigation in Bangladesh: on contradictions
Edwards, C. and and underutilised potential. University of
Griffiths, J. East Anglia, Overseas Development Group.

Development Studies Discussion Paper Nr 22,
58 pp.

Biggs, S.D., 197E Irrigation in Bangladesh, Sussex University,
Edwards, C. and Institute of Development Studies. IDS
Griffiths, J. Discussion Paper, Nr 126, 20 pp. (summary of

the above paper).
(I&DA 1978 Ab. Nr 1321)

Biswas, M.R. An investigation into the factors affecting
et al the command area of different irrigation

facilities in Bangladesh. Mymensingh;
Bangladesh Argricultural University, Dept. of
Irrigation and Water Management.

Bittinger, M.W. 1964 The problems of integrating groundwater and
surface water use. Groundwater 2(3), pp 33-38.

Bostock, C.A., 1977 Minimising costs in well field design in
Simpson, E.S. and relation to aquifer models. Water Resources
Roefs, T.G. Research, 13(2), pp 420-426.

Bredehoeft, J.D. 1970 The temporal allocation of groundwater. A
and Young, R.A. simulation approach. Water Resources Research,

6, pp 3-21.

Bromley, D.W., 1980 Water reform and economic development.
Taylor, D.C. and Institutional aspects of water management in
Parker, D.E. developing countries. Economic Development

and Cultural Change, 28(2), pp 365-387.

Burdon, D.J. 1971 Groundwater's role in social and economic
et al. development: an example based on FAO's Near

East regional activities on groundwater
development and use. FAO Agl. Misc. 71/8,
33 pp.

93



BIBLIOGRAPHY (cont.)

Burt, O.R. 1966 Economic control of groundwater reserves.
Journal of Farm Economics (now called American
Journal of Agricultural Economics), 48,
pp 632-647.

Burt, O.R. 1967(a) Groundwater management under quadratic
criterion functions. Water Resources Research,
3, pp 673-682.

Burt, O.R. 1964 Optimal resource use overtime with an
application to groundwater. Management
Science, 11, pp 80-93.

Burt, O.R. 1967(b) Temporal allocation of groundwater. Water
Resources Research. 3, pp 45-56.

Caponera, D.A. 1954 Water laws in Moslem countries. Rome; FAO,
Agricultural Development Paper. Re-issued
(1973) as Irrigation and Drainage Paper Nr 20.
2 vols, 202 pp.

Carruthers, I.D. 1981 Neglect of 0 & M in irrigation. The need for
new sources and forms of support. Water Supply
and Management. 5(1), pp 53-66.

Carruthers, I.D. and The economics of irrigation. Liverpool
Clark, C. 1981 University Press, Liverpool, 320 pp.

Carruthers, I.D. and 1977 Ex-post evaluation of agricultural projects
Clayton, E.S. its implication for planning. Journal of

Agricultural Economics. Sept., pp 305-317.

Chambers, R. 1981 In search of a water revolution. Questions for
canal management in the 1980s. Water Supply
and Management. 5(1), pp 5-18.

Chang, L. 1973 Digital simulation of an outwash aquifer.
Groundwater 11(2), pp 38-43.

Chhatrapati, U.M. 1974 The bamboo tubewell. Agriculture and Agro-
July Industries Journal, 7(7), pp 3-6.

(IRRICAB, 1, Nr 1, 1976, Ab. Nr 0046.)

Clark, L, and 1980 Regional groundwater development in temperate
Stoner, R.F. and arid zones. Water resources and changing

strategy. Paper from: Proc. Conf. Oct. 1979,
ICE, London.

Clark, E.M. and An analysis of private tubewell costs.
Ghaffer, M. Karachi; Institute of Development Economics.

Research Report Series Nr 79.

94



EIIBLIOGRAPHY (cont.)

Clay, E.J. 1974 Planners, preferences and local innovation in
tubewell irrigation technology in north-east
India. IDS Discussion Paper, Nr 40.

Clay, E.J. 1975 Equity and productivity effects of a package
of technical innovations and changes in social
institutions : tubewells, tractors and high
yielding varieties. Journal of Agricultural
Economics, 30(4), pp 74-87.

Clay, E.J. 1976 Choice of technique in tubewell irrigation: in
Joy, J.L. and Everitt, E. The Kosi Symposium,
IDS, University of Sussex, pp 290.

Clay, E.J. 1981 Technical innovation and public policy
forth- agricultural development in the Kosi region.
coming Bihar, India; Agricultural Administration.

Clayton, E.S., 1974 Wadi Dhuleil, Jordan. An ex-post evaluation.
Carruthers, I.D. and Wye College;Agrarian Development Unit.
Hamawi, F. Occasional Paper Nr 1. 108 pp.

Collette, W.A. 1976 The conceptualisation and quantification of a
water supply sector for a national
agricultural analysis model involving water
resources. Ames, Iowa. 73 pp

Connorton, B.J. and 1978 A numerical model for the prediction of long
Reed, R.N. term well yield in an unconfined chalk

aquifer. Journal of Engineering Geology,
11(2), pp 127 - 138.

Consumers 1981 Hand/foot operated water pumps for use in
Association developing countries. Harpenden, England;

Consumer Association (Report produced for
United Nations, not available for external
distribution.)

Cullen, R.J. 1979 Groundwater development in Northwest
Bangladesh, the necessity for control.
Proceedings of 3rd World Congress on Water
Resources. International Water Resources
Association.

Cyprus, 19810 Southern conveyor project, Stage 1: Main
Republic of Report. Cyprus; Department of Water Develop-

ment.

Dastor, D.J. 197B The Garland canal project : answer to India's
prayer? Eastern Economist. 71(19), pp 915-920.

95



BIBLIOGRAPHY (cont.)

Dhawan, B.D. 1973 Unutilised potential of state tubewells, Uttar
Pradesh. Poona, India. Artha-Vijnana. 15(3),
pp 296-304.

Dhawan, B.D. 1975(a) Economics of groundwater utilisation
traditional versus modern techniques. Bombay;
Economic and Political Weekly, 10(25/26), pp
A31-A42.
(I&DA 1976 Ab. Nr 643)

Dhawan, B.D. 1975(b) Externalities of new groundwater technology on
small farmers. Indian Journal of Agricultural
Economics, 30(3), pp 191-196.

Dhawan, B.D. 1977(a) Groundwater exploitation in India : a study of
internal and external economics. Indian
Journal of Power and River Valley Development,
27(6/7), pp 181-196.

Dhawan, B.D. 1977(b) Indian groundwater resources. Bombay;
Economic and Political Weekly, 12(13), pp A18-
A20.
(I&DA 1977 Ab. Nr 874)

Dhawan, B.D. 1977(c) Tubewell irrigation in the Gangetic Plain.
Bombay; Economic and Political Weekly. 12(39),
pp A91-A104.
(I&DA 1978 Ab. Nr 967)

Dhawan, B.D. 1978 Scale economies in tubewell irrigation. Indian
Journal of Agricultural Economics, 33(1),
pp 30-43.

Dhawan, B.D. 1979 Trends in tubewell irrigation 1951-78. Bombay;
Economic and Political Weekly, 14(51/52) pp
A143-A154.

Dommen, A.J. 1975 The bamboo tubewell: a note on an example of
indigenous technology. Economic Development
and Cultural Change, 23(3).

Dracup, J.A. 1966 The optimum of a groundwater and surface water
system: a parametric linear programming
approach. Berkeley, Hydraulic laboratory,
University of California. 134 pp.
(Water Resources Centre, Contribution Nr 107)

Easter, K.W. 1975 Field channels : a key to better Indian
agriculture. Water Resources Research, 11(3),
pp 389-392.
(I&DA 1975 Ab. Nr 1192)

96



13IBLIOGRAPHY (cont.)

Evenson, D.E. 1974 Groundwater quality models: what they can and
et al. cannot do. Groundwater 12(2), pp 97-101.

Falkenmark, M. 1980 Water and society : conflicts in development.
et al. Part 2 : Water conflicts and research

priorities. Oxford, Pergamon Press.
(IRRICAB 1980 Ab. Nr 1805)

FAO 1964 Groundwater legislation in Europe. Rome; FAO.
Legislative series Nr 5. 175 pp.

FAO 1973 Groundwater seminar, Granada. Rome; FAO
Irrigation and drainage paper Nr 18, 293 pp.

FAO 1976 Improvement of irrigation facilities through
groundwater development, Philippines. Guimba
irrigation development project. Summary
report, a feasibility study. Technical report,
Philippines. Guimba Irrigation Development
Project, FAO, Nr 2, 29 pp.
(I&DA 1978 Ab. Nr 963)

FAO 197f, Improvement of irrigation facilities through
groundwater development. Philippines, Laguna
irrigation developmnent project. Summary
report, a feasibility study. Technical report,
Philippines, Laguna Irrigation Development
Project, FAO. Nr 1, 115 pp.
(I&DA 1978 Ab. Nr 964)

Faust, C.R. and 198() Groundwater modelling: numerical modelling.
Mercer, J.W. Groundwater 18(4), pp 395-409.

Fireman, M. 1968 Mysticism surrounding irrigation water quality
standards. Symposium on Waterlogging and
Salinity. Pakistan Accademy of Science.

Fleming, G. 1979 Deterministic models in hydrology. Rome; FAO.
Irrigation and drainage paper Nr 32. 80 pp.

Folk, L.H. 197C0 Economic aspects of groundwater basin control.
Baton Rouge, Louisiana State University.
(Louisiana Water Resources Research Institute
Bulletin GT-3)

Frederick, K.D. 1975 Water management and agricultural develop-
ment, a case study of the Cuyo region of
Argentina. London; John Hopkins University
Press. 187 pp.
(I&DA) 1976 Ab. Nr 634)

97



BIBLIOGRAPHY (cont.)

Garg, J.S. and 1976 Impact of tubewell irrigation on farm economy
Alj, U. - a micro study. Financing Agriculture, 7(4),

pp 6-10

Gelhar, L.W. and 1974 Groundwater quality modelling. Groundwater
Wilson, J.L. 12(6), pp 399-408.

Ghate, P.B. 1980 Irrigation for very small farmers: appropriate
technology or appropriate organisation.
Bombay; Economic and Political Weekly. 15(52),
pp 161-172.

Gibson, U.P. and 1969 Small wells manual: a manual of location,
Singer, R.D. design, construction, use and maintenance. US

Aid Health Service, Washington. Reissued
(1971) as Water well manual. Berkeley; Premier
Press. 156 pp.

Giesel, R.M. and 1974 Investigation of soil water regime dynamics in
Strebel, 0. the field and on digital models. Proc. 10th

International Congress of Soil Science 1974.
1, pp 327-334.

Gisselquist, D. 1979 Design for a low pressure pipe distribution
system for tubewells to give a measured supply
of water to individual plots. Dacca; Ford
Foundation.

Gisser, M. and 1973 Economic aspects of groundwater resources and
Mercado, A. replacement flows in semi-arid and

agricultural areas. American Journal of
Agricultural Economics, 55, pp 461-466.

Glickman, T.S. and 1973 Investment planning for irrigation development
Allison, S.V. projects. Socio-Economic Planning Science,

7(2), pp 113-122.

Gotsch, C.H. and 1974 Technological indivisibilities and the distri-
Shahid, Y. bution of income: a mixed integer programming

model of Punjab agriculture (subsequently
published in Food Research Institute Studies
but reference not available).

Green, D.E. 1973 Land of the underground rain - Irrigation of
the Texas high plains, 1910-1970. Austin;
University of Texas Press, 295 pp.

Groundwater 1980 Umm Er Radhuma study: Bahrain assignment.
Development For Ministry of Agriculture and Water, Riyadh,
Consultants Saudi Arabia.
(International)
Limited

98



BIBLIOGRAPHY (cont.)

Gudarzinejad, S. 1977 An outline of water budget for Iran.
Geographical Review of India. 39(3), pp 201-
205.

Hagan, R.M, 1975 Successful irrigation: planning, development,
Houston, C.E. and management. 2nd edition. Rome; FAO. 53 pp.
Allison, S.V.

Haisman, I. 197]. Generating skilled manpower for irrigation
projects in developing countries: a study of
north-west Mexico. Water Resources Research,
7(1), pp 1-17.

Hannah, L.M. 197E8 Choice of groundwater irrigation technology in
Bangladesh. Bangladesh Development Studies,
6(1), pp 55 - 70.
(I & DA 1979 Ab. Nr 1316)

Hannah, L.M. 1976 Handpump irrigation in Bangladesh. Bangladesh
Development Studies, 4(4), pp 441-454.
(I & DA 1978 Ab. Nr 1975)

Hamid, M.A, 1978 Irrigation technologies in Bangladesh. A study
Saha, S.K., in some selected areas. Rajshahi, Bangladesh;
Rahman, M.A. and Department of Economics, Rajshahi University,
Khan, A.J. 308 pp.

(I & DA 1979 Ab. Nr 882)

Harbans, S. 1964 Firming up of hydropower by tubewells and
apportionment of costs - general principles
and their applications to Bhakra power system.
Irrigation and Power 21(3).

Hardin, D.E., 1978 The value of improved irrigation distribution
Lacewell, R.D. and efficiency with a declining groundwater
Petty, J.A. supply. Paper presented to Western

Agricultural Economics Association. Texas
Agricultural Experiment Station, Technical
Article Nr 17294, 13 pp.
(I & DA 1979 Ab. Nr 1317)

Hartman, L.M. 1965 Economics of groundwater development.
Groundwater 3(2), pp 4-8.

Hashim, A.S 1981 Practical experience of irrigation reform,
Andra Pradesh, India. Water Supply and
Management. 5(1), pp 19-30.

Heindl, L.A. 1975 Hidden waters in arid lands. Report of a
(editor) workshop on groundwater research needs in arid

and semi-arid zones. Paris, November 1974.
Ottawa; International Development Research
Centre, IDRC - 057E, 19 pp.

99



BIBLIOGRAPHY (cont.)

Hoekstra, D.A. 1978 Optimisation of pump size and cropping pattern
with the help of linear programming. Farm
management notes for Asia and Far East. 5,
pp 42-51.
(I & DA 1979 Ab. Nr 45)

Howe, C.W. 1979 Natural resources economics: issues, analysis
and policy. Chichester; John Wiley. 350 pp.

Hunting Technical 1966 Lower Indus Report. Water and Power
Services Ltd. & Development Authority. Lahore, Pakistan.
Sir M. MacDonald & Ptrs

Hutchins, W.A. Groundwater legislation. In Economics and
1964 public policy in water resources development,

Chapter 17. Iowa State, University Press.

Illo, J. 1980 The farmers in communal gravity systems; rice
yields, work and earnings. Quejon City; Ateneo
de Manila University, Institute of Philippine
Culture.

International 1980 Report of a planning workshop on irrigation
Rice Research water management. Philippines; IRRI.
Institute

Islam, T.R. 1976 Socio-economic and institutional factors
determining the efficiency of low-lift pump
irrigation in Bangladesh. Dacca; Bangladesh
Ministry of Planning, Rural Institution
Division.

India Government 1972 Report of Irrigation Commission. Vol 1. New
Delhi.

India Government 1976 Report of the National Commission on
Agriculture. New Delhi; Ministry of
Agriculture and Irrigation.

Jaim, W.M.H. and 1978 Relative profitability of HYV boro under
Rahman, M.M. different systems of tubewell irrigation in an

area of Bangladesh. Bangladesh Journal of
Agricultural Economics, 1(1), pp 56-92.
(I & DA 1979 Ab. Nr 1298)

Jenkins, C.T. 1968 Techniques for computing rate and volume of
stream depletion by wells. Groundwater 6(2),
pp 30-36.

Johnson, J.W. 1980 Summary of the 1980 Arizona Groundwater
Management Act. Sate Bar of Arizona,
Continuing Legal Education, Phoenix, pp 35.

100



BIBLIOGRAPHY (cont.)

Khair, A., 1980 Development and application of indigenous low-
Dutta, S.C. and cost technology to minimise water losses due
Rahman, M.A. to seepage in irrigation canals: the case of

Bangladesh. Geneva; ILO World Employment
Programme, Working Paper.

Khazhi, N.A. 1978 Utilisation of groundwater resources. Bombay;
Economic and Political Weekly, 13(17), pp 738-
740.

Kruseman, G.P. and 1976 Analysis and evaluation of pumping test data.
De Ridder, N.A. Wageningen; International Institute for Land

Reclamation and Improvement, Bulletin Nr 11,
200 pp.

Kuiper, E. 1965 Water resources development: planning,
engineering and economics. London;
Butterworths. 483 pp.

Lakshminarayana, V. 1977 Optional cropping pattern for basin in India.
and Proc. of the American Society of Civil
Rajagopalan, S.P. Engineers. Journal of Irrigation and Drainage

Division, 103, IRI, pp 53-70.
(I & DA 1978 Ab. Nr 46)

Lal, D. 1972 Wells and welfare : an explanatory cost
benefit study of the economics of small scale
irrigation in Maharashtra. Paris; OECD.
Development Centre Studies, Case Study Nr 1.

Lazaro, R.C., 1977 Irrigation systems in south-east Asia. New
Taylor, D.C. and York; Agricultural Development Council. ADC
Wickham, T.H. Teaching and Research Forum. Seminar Report,

Nr 6.

Lehr, J.H. 1979 Mathematical groundwater models may be
intellectual toys today, but they should be
useful tools tomorrow, Groundwater 17(5) pp
418-422.

Lowdermilk, M.K., 1978 Farm irrigation constraints and farmers'
Early, A.C. and responses: comprehensive field survey in
Freeman, D.M. Pakistan. Fort Collins; Colorado State

University, Water Management Technical Report
Nr 50.

MacDonald, Sir M. 1975 Riyadh additional water resources study. For
and Partners Ministry of Agriculture and Water, Riyadh,

Saudi Arabia. 4 vols.

MacDonald, Sir M. 1980 North Bangladesh Tubewell Project, Vol 1.
and Partners Main Report

101



BIBLIOGRAPHY (cont.)

Mann, J. F. 1968 Concepts of groundwater management. American
Water Works Association Journal, 60 p 1336.

McFarland, J.W. 1975 Groundwater management and salinity control; a
case study in north-west Mexico. American
Journal of Agricultural Economics, 57(3),
pp 456-462.
(IRRICAB, 2, Nr 1, 1977. Ab. Nr 0019)

McGuiness, C.L. 1966 Recharge and depletion of groundwater
supplies. Proceedings of the American Society
of Civil Engineers, 72, pp 963-984.

Maji, C.C. and 1969 A case study on the financial feasibility of
Sirdhi, A.S. an electrically operated deep tubewell in

Illambasor development block, West Bengal.
Indian Journal of Agricultural Economics,
24(4), pp 181-190.

Malik, R.K. 1975 Improve yield of gravel-packed irrigation
tubewells. Rural India, 38(3), pp 74-75.
(IRRICAB, 2, Nr 4, 1977. Ab. Nr 1171.)

Mandel, S. 1977 The overexploitation of groundwater resources
in dry regions. In Arid zone development:
potentialities and problems. Proc. Symp.
Jerusalem, Oct. 1975. Cambridge, Mass;
Ballinger. pp 31-55.

Mapp, H.P. and 1976 A biochemic simulation analysis of regulating
Eidman, V.R. groundwater irrigation. American Journal of

Agricultural Economics, 58(3), pp 391-402.

Matlock, W.G. and 1976 Well cutting analysis in groundwater resources
Horin, G.C. and evaluation. Groundwater 14(5), pp 272-277.
Posedly, J.E.

Mellor, J. and 1971 Dilemma of state tubewells. Bombay; Economic
Moorti, T.V. and Political Weekly, 4.

Michael, A.M. 1972 Design and evaluation of irrigation methods.
et al. New Delhi; Water Technology Centre, Indian

Agricultural Research Institute. 208 pp.

Minhas, B.S. 1972 Scheduling the operation of Bhakra system.
et al. Calcutta; Statistical Publishing Society.

Molenaar, A. 1956 Water lifting devices for irrigation. Rome;
FAO. Agricultural Development Paper Nr 60.
76 pp.

Mondal, G.L. and 1974 A cost-benefit analysis of deep and shallow
Roy, N.K. tubewells in West Bengal. Economic Affairs,

19(3), pp 105-113.

102



BIBILIOGRAPHY (cont.)

Moore, J.E. 1974 Integrating the use of groundwater into water
resource planning. Great Plains Agricultural
Council Publications, 72, pp 97-103.
(IRRICAB, 2, Nr 3, 1977, Ab. Nr 1048)

Moorti, T.V. and 1972 Cropping pattern, yields and incomes under
Mellor, J.W. different sources of irrigation. Indian

Journal of Agricultural Economics, 27(4), pp
117-125.

Moorti, T.V. and 1973 A comparative study of costs and benefits of
Mellor, J.W. irrigation from state and private tubewells in

Uttar Pradesh. Indian Journal of Agricultural
Economics, 28(4), pp 181-189.

Moorti, T.V. and 1976 Economics of diesel and electrical tubewells
Verna, K.K. in Nainital Tarai, Uttar Pradesh. Indian

Journal of Agricultural Economics, 31(3), pp
207-211.

Munasinghe, M. and 1979 Optimum economic power supply reliability.
Gellerson, M. Washington; World Bank. Staff Working Paper

311. 35 pp.

Nace, R.L. 1960 Water management,agriculture and groundwater
supplies. Washington; United States
Geological Survey, Circular 415, 12 pp.

Nadkarni, M.V. 1979 Impact of irrigation - studies of canal, well
(editor) and bank irrigation in Karnataka. Bombay;

Meena Pandey for Himalaya Publishing House.
400 pp.

Nambiar, R.G. 1977 Future water demands: the impact of growth on
the water use patterns in selected sectors of
Gujurat's economy 1969-2000. Artha Vikas,
13(1), pp 1-13.
(I & DA 1978 Ab. Nr 1313)

Narain, H, Exploration techniques for groundwater.
Raghavo Rao, K.V. and Proc. of a workshop by COSTED (Committee
Balakrishna, S. (eds) on Science and Technology in Developing

Countries).

Narayana, V.V.D. 1979 Rain water management for low land rice
cultivation in India. Proc. of the American
Society of Civil Engineers, Journal of the
Irrigation and Drainage Division. 105. IRI, pp
87-98.

Nelson, F. and 1974 Taking and use of ground water for irrigation.
Schwab, D. Oklahoma State University. Extension Facts,

pp 1508-1508.3.
(IRRICAB, 1, Nr 1, 1976, Ab. Nr 0023)

103



BIBLIOGRAPHY (cont.)

Nguyen, D.T. and 1976 A social cost - benefit analysis of irrigation
Alamgir, M. in Bangladesh. Oxford Bulletin of Economics

and Statistics 38(2), pp 99-110.

Nightingale, H.I. 1974 Soil and ground-water salinization beneath
diversified irrigated agriculture. Soil
Science, 118(6), pp 365-373.
(IRRICAB, 1, Nr. 1, 1976, Ab. Nr 0193)

Noel, J.E., 1980 Optimal regional conjunctive water manage-
Gardner, B.D. and ment. American Journal of Agricultural
Moore, C.V. Economics, 62(3), pp 489-498.

Osborn, J.E. 1975 Agricultural economy and irrigation under
declining water table conditions. Proc.
specialty conference on contribution of
irrigation and drainage to the world food
supply. Biloxi, Mississippi, August 1974. pp
163-171.
(IRRICAB, 3, Nr 1, 1978, Ab. Nr 0512)

Oldham, W.K. 1974 Spray irrigation of secondary effluent. Proc.
international conference on land for waste
management, Ottawa, October 1973. Civil
Engineering Department, University of British
Columbia, Vancouver.

Overseas 1980 Who gets a last rural resource? The potential
Development and challenge of lift irrigation for the rural
Institute poor. London; ODI Agricultural Administration

Unit.

Patel, M.R. and 1976 Investment pattern and cost analysis of
Singh, S.B. electrical and dieselised pumps used for lift-

irrigation in Mehsana district, Gujarat.
Indian Journal of Agricultural Economics, 31
(3), pp 211-219.
(I & DA 1977 Ab. Nr 463)

Patel, C.C. 1977 Irrigation plan - a water resources develop-
ment plan. Agriculture and Agro-Industries
Journal, 10(11), pp 15-16.
(I & DA 1978 Ab. Nr 1342)

Pearse, A. 1980 Seeds of plenty, seeds of want. Social and
economic implication of the Green Revolution.
Oxford; Oxford University Press.

Peterson, D.F. 1968 Groundwater in economic development.
Groundwater 6(3), pp 33-41.

Philippines 1977 Irrigating the archipelago. Philippine
National Economic Development, 5(1), pp 13-21.
and Development (I & DA 1979 Ab. Nr 494)
Authority

104



BIBLIOGRAPHY (cont.)

Puttaswamaiah, K. 1979 An appraisal of irrigation projects. In Indian
economic development and policy: essays in
honour of Professor V.L. D'Souya. New Delhi;
Vikas Publishing House. pp 325-339.

Radhakrishnan, S.A. 1978 Formulation of minor irrigation schemes - data
requirements and problems. Indian Journal of
Agricultural Economics, 33(4), pp 191-202.
(I & DA 1979 Ab. Nr 1328)

Rahman, M. 1976 A preliminary report on two experimental
bamboo wells in Comilla Kotwali Thana.
Comilla; Bangladesh Academy for Rural
Development. 16 pp.

Rahman, M. 1976 Use of diesel and electrically operated pumps
for irrigation : a comparative study. Comilla;
Bangladesh Academy for Rural Development.

Remson, I., 1980 Computer models in groundwater exploration.
Gorelick, S.M. and Groundwater 18(5), pp 447-451.
Fliegner, J.F.

Renshaw, E.F. 1963 The management of groundwater reservoirs.
Journal of Farm Economics (now American
Journal of Agriculture Economics), 45, pp 289-
295.

Reserve Bank 1973 Joint ownership of wells by small farmers (a
of India case study in Karad Tatuka, Maharashtra).

Reserve Bank of India Bulletin 27, pp 1290-
1307.

Reyes, R.P. 1980 Communal gravity systems, four case studies,
Queyon City; Ateneo de Manila University,
Institute of Philippine Culture.

Reyes, R.P. 1980 Communal gravity systems: organisation
profiles. Queyon City; Ateneo de Manila
University, Institute of Philippine Culture.

Reyes, R.P. 1980 Managing communal gravity systems: farmers'
approaches and implications for programme
planning. Queyon City; Ateneo de Manila
University, Institute of Philippine Culture.

Robertson, V.C. and 1970 Land use surveying - a case for reducing the
Stoner, R.F. costs. Proc. Symposium on modern methods in

land use evaluation. London; International
Geographical Union.

105



BIBLIOGRAPHY (cont.)

Rose, C.J. 1973 Management science in developing countries: a
comparative approach to irrigation feasibil-
ity. Management Science, 20(4), pp 423-438.
(WRC Info. 1974 Ab. Nr 1103)

Roy, S. and 1977 An assessment of optimum command area and
Singh, L.R. economic feasibility of private tubewell

installation in Lucknow district of Uttar
Pradesh. Financing Agriculture, 9(2), pp 20-
23.
(IRRICAB 1980 Ab. Nr 2795)

Sain, K. and 1976 Economics of shallow tubewell irrigation in
Kundu, S.N. West Bengal - benefit-cost appraisal (a case

study). Economic Affairs, 21(3), pp 100-107.
(I & DA 1977 Ab. Nr 1392)

Saleem, Z.A. 1970 A computer method for pumping: a test
analysis. Groundwater 8(5), pp 21-24.

Schwarz, J. 1979 Strategy and management techniques for the
integration of groundwater resources in
regional planning. ITC Review, 8 (3(31)),
pp 53-70.
(I & DA 1980 Ab. Nr 447)

Scott, V.H. and 1975 Investigation of groundwater resources : Yolo
Scalmanini, J.C. county, California. Davis; University of

California Department of Water Science and
Engineering Paper Nr 2006.

Senapati, P.C., 1977 Design and construction of bamboo tubewell for
Sahu, S.K. and irrigation. Agriculture and Agro-Industries
Sharma, S.D. Journal, 10(8), pp 25-26.

(IRRICAB 1980 Ab. Nr 2128)

Senghi, A.K. and 1976 An economic analysis of irrigated farming with
KI epper, R. diminishing groundwater reserves. Washington

University; Centre for the Biology of Natural
Systems, Nr CBNS-AE-8, 50 pp.

Shetty, H.V. 1968 Power orientation of lift irrigation : a case
study of potentials and situations in South
Konara district. Asian Economic Review, 10(4),
pp 371-388.

Shevah, Y. 1975 Environmental effects of irrigation with
effluents in central Israel. Journal of the
Association of Engineers and Architects in
Israel, 34(6), pp 19-24.
(IRRICAB 1977 Ab. Nr 0030)

106



BIBLIOGRAPHY (cont.)

Singh, I. 1979 Small farmers and the landless in South Asia.
Washington; World Bank staff working paper
320. 194 pp.

Singh, K. and 1975 Impact of S.F.D.A. on its beneficiaries in the
Garg, A.K. Punjab (a case study of loans for minor

irrigation). Financing Agriculture, 7(3),
pp 27-30.
(I & DA 1976 Ab. Nr 1627)

Singh, S.P. 1973 Impact of tubewell irrigation on cost and
return. Balwant Vidyapeeth Journal of
Agricultural and Scientific Research, 15(1/2),
pp 72-77.
(I & DA 1977 Ab. Nr 1393)

Singh, S.P. and 1972 Impact of tubewell irrigation on cropping
Singh, B. pattern and production efficiency. Balwant

Vidyapeeth Journal of Agricultural and
Scientific Research, 14(2), pp 131-137.

Sivanappan, R.K. 1978 Land and water resources of Coimbatore
and District. Coimbatore, India; Tamil Nadu
Aiyasamy, P.K. Agricultural University,

Smith, D.V. 1970 Stochastic irrigation planning models. Havard;
Centre of population studies.

Smith, D.V. 1973 Decision rules in chance constrained
programming: some experimental comparisons.
Management Science, 19(6), pp 688-702.

Smith, D.V. 1973 Systems analysis and irrigation planning.
Proc. of the American Society of Civil
Engineers, Journal of the Irrigation and
Drainage Division, 99, IR1, pp 89-107.

Srinivasan, T.N. and 1974 Poverty and income distribution in India.
Bardhan, P.K. (eds.) Calcutta; Statistical Publishing Society.

Sternberg, Y.M. 1964 The Hele-Shaw model: a research device in
and Scott, V.H. groundwater studies. Groundwater 4(2),

pp 16-22.

Stoner, R.F. and 1968 A mechanism for salt transfer. Pakistan
Milne, D.M. Academy of Sciences.

Stoner, R.F. 1969 Minimal data gathering procedure. Proc. 2nd
hydrology seminar on water resources.
Evaluation with scarce data. Tehran; Central
Treaty Organisation.

107



BIBLIOGRAPHY (cont.)

Stoner, R.F., 1979 Economic design of wells. Quarterly Journal of
Milne, D.M. and Engineering Geology, 12, pp 63-78.
Lund, P.J.

Stutley, C.J. 1980 The economics of alternative irrigation
methods in Bangladesh. Wye College
(Unpublished MSc).

Sutton, M and Survey of pumps suitable for small irrigation
Thompson, A. systems. Irrigation Pump Research Scheme Nr

2814, BHRA, Fluid Engineering, Cranfield.

Taylor, D.C. 1976 Agricultural development through group action
to improve the distribution of water in Asian
gravity-flow irrigation systems. New York;
Agricultural Development Council. ADC
Teaching and Research Forum, Nr 1.

Thomas, J.W. 1975 The choice of technology for irrigation
tubewells in East Pakistan: analysis of
development policy decision. In Choice of
technology in developing countries. Harvard
Studies in International Affairs.

Thomas, R.G. 1973 Groundwater models. Rome; FAO. Irrigation and
drainage paper Nr 21. 192 pp.

Thrall, R.M. 1976 Economic modelling for water policy evalu-
(editor) ation. Amsterdam; North Holland Publishing

Co., 266 pp.

Timmer, G.P. and 1975 The choice of technology in developing
Thomas, J.W. countries (some cautionary tales). Stanford;

Stanford University, Food Research Institute.
Harvard Studies in International Affairs, Nr
32, 114 pp.

Tyagi, B.N. 1970 An economic study of state tubewell in
Varanasi and Etah districts, Uttar Pradesh.
Agricultural Situation in India, 25(3), pp
241-247.

United Nations 1960 Large scale groundwater development. Sales Nr
60 II.B.3.

United Nations 1975 Groundwater storage and artificial recharge.
New York; United Nations. Natural Resources,
Water series Nr 2.

United Nations 1979 Proceedings of the workshop on the efficient
use and maintenance of irrigation systems at
farm level in China. Economic and Social
Commission for Asia and the Pacific Water
Resources Schemes. Nr 51, 108 pp.

108



EIIBLIOGRAPHY (cont.)

United States 1954 Diagnosis and improvement of saline and
Department of alkali soils. Washington; USDA Handbook Nr 60.
Agriculture 160 pp.

US Committee on 1978 Development of techniques to recharge
Irrigation, Drainage subterranean aquifers to conserve surplus
and Flood Control, river flows in the United States, Proc. ICID
ICID Symposium, Athens, Rl.

Veerman, T.S. 1973 Water policy and water institutions in
Northern India: the case of groundwater
rights. Natural Resources Journal, 18.

Vijakumar, H.S., 1973 Feasibility of converting unirrigated farms
Venkataram, J.V. and into irrigated farms in Kengari circle of
Ramanna, R. Bangalore South Taluka, Karnataka - a

simulation analysis. Financing Agriculture,
9(4), pp 27-30.
(I & DA 1979 Ab. Nr 498)

Walker, W.H. 1975 Effluent for irrigation: a need for caution.
Groundwater 13(1), pp 11-16.

Walton, W.C. 1971) Groundwater resource evaluation. New York,
McGraw-Hill. 664 pp.

Warford, J.J. and 1977 The multiple objectives of water rate policy
Julius, S.D. in less developed countries. Water Supply and

Management, 1(3), Pergamon Press.

Watt, S.B. and 1976 Hand dug wells lined with reinforced concrete.
Wood, W.E. Appropriate Technology 3(2), pp 8-10.

Wiener, A. 1967 The role of advanced techniques of groundwater
management of Israel's national water supply
system. Bulletin of the International
Association of Scientific Hydrology (Louvain),
12, pp 32-38.

Wilkinson, R.H. and 197:5 Irrigation in developing countries. Agricul-
Kidder, E.H. tural mechanisation in developing countries,

pp 176-197.

World Health 1963 International standards for drinking water,
Organisation Geneva; WHO. 206 pp.

Yaron, D., 1974 Economic evaluation of water salinity in
Shalhever, J. and irrigation. Rehovot, Israel. The Hebrew
Bresler, E. University, Faculty of Agriculture. 203 pp.

Yehuda, P. 197(0 Model tests for a horizontal well.
Groundwater 8(5), pp 30-34.

109



BIBLIOGRAPHY (cont.)

Yeshwanth, T.S. 1965 Economics of well irrigation: a case study of
small farms in Uppathur village and
Ramanathapurn village. Agricultural Situation
in India, 20(2), pp 81-86.

Young, K.B. and 1978 Impact of increasing natural gas prices on
Coomer, J.M. groundwater use in the Texas high. plains.

AAEA Meeting. From American Journal of
Agricultural Economy, 60, 5, pp 1070.
(I & DA 1979, Ab. Nr 924).

Yunus, M. 1977 Some preliminary findings in the study of deep
tubewells operation in Chittagong Division.
Paper presented at the 3rd Annual Conference
of Bangladesh Economic Association, Rajshahi
University, June 19-21, 1977, Chittagong,
Department of Economics, Chittagong University
(unpublished).

110















HG 3881.5 .W57 W67 NO.496 c.3

CARRUTHERS, IAN.

ECONOMIC ASPECTS AND POLICY
ISSUES IN GROUNDWATER

A U ) pin m zh 


