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FOREWORD 

Recent ·years have witnessed a remarkable acceleration in the 
utilisation of ground water resources of the country. At the end of the 
Third Five-Year Plan· there ·were about 80,000 private tube-wells 
in operation; another 1,75,000 private tube-wells were added during 
the three-year period 1966-69. During the same period as many as 
4 lakh percolation· wells were deepened and renovated as compared 
to 2.2 lakh wells· during the wJ?.ole Third Five-Year Plan. At the end 
of 1968-69 over a million irrigation pump sets and tube-wells had 
been energised, which is more than 5 times the number of such 
wells energised in 1960-61. rhe Fourth Plan provides for more than 
doubling this number. 

This remarkable development in the utilization of ground water 
resources was perhaps stimulated by the droughts of the year 1965-66 
and 1966-67 which also coincided with the development of the high 
yielding varieties in the agricultural . sector which perform best under 
conditions of controlled and timely irrigation. The increased avail­
ability of equipment for drilling and blasting and of pump sets 
coupled with the expansion of the rural electrification programme has 
made this development possible. 

This expansion in the utilisation of the ground water resources 
lias taken place not only in the'are.as which were without other alter­
nate sources of irrigation but also in alluvial tracts already commanded 
by existing canal systems. Ground water exists in comparatively 
copious quantities at shallow depths in such areas and this enables 
the farmer to grow more than one crop on an assured basis. It is 
well-known that such utilisation of ground water from canal commanded 
areas has in certain places acted as the appropriate remedy to combat 
the evils of water-Jogging and development of salinity. In various 
tracts of Punjab and Haryana this system of ground water exploitation 
in canal commanded areas has helped in arresting the spread of 
water-logging and its attendant evils. 

With such a massive programme for utilisation of ground water 
resources it becomes necessary to ensure that the development takes 
place along controlled lines. It is also necessary ·to safeguard against 
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over-utilization. There is thus a need to undertake a correct assess­
ment of the ground water potential of various regions of the country 
and to plan the integrated utilisation of both surface and 'ground water 
resources. To focus attention on this subject and to pool the 
knowledge and experience gained in tackling this problem, the Central 
Board of Irrigation and Power decided at its 43rd Annual Session held 
in 1970 that a Symposium may be arranged on this subject at the time 
of the next Board Meeting. 

Twelve papers have been received for the Symposium scheduled 
to be held along with the 44th Annual Board Session. These cover 
the aspects, "Assessment of Resources'' and "Planning for Integrated 
Development of Surface and Sub-surface Water Resources", The 
initial announcement of the Symposium indicated that the scope of 
the Symposium would also cover the aspect "Implementation of 
Plans for Integrated Development". However, no papers have been 
received on this topic. 

These papers are presented in this pre~session volume of the 
proceedings to enable all the participants to study the papers in advance 
and take part actively in the discussions. It is hoped that the information 
~ontained herein would be useful to the profession in the economic 
and efficient utilisation of the water resources of the country. 

NEW DELHI 

November 1971 

J.P. KAPILA 
Secretary 

Central Board of Irrigation and Power 
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SESSION I 

ASSESSMENT OF RESOURCES 



Technique and Methodology for Assessing Surface 
Water Resources of a River Basin 

K. V. SREENIVASA RAO 
Member (W.R.) 

M. GANESAN D.P. GHOSE 
Director Deputy Director 

Central Water and Power Commission, New Delhi. 

SYNOPSIS 

A reliable assessment of the surface water resources in different regions of the 
country is a basic requirement in the planning of water resources development 
projects. The assessment of surface water resources of a river basin depends upon the 
nature and extent of hydrological and meteorological data which may be of three 
types, viz. : (I) when adequate records are available for a long period, (2) when the 
records are for a limited period, and (3) when there are no records of hydrological 
data but meteorological data are available. This paper describes briefly the methods 
of assessment of surface water resources for the three types of data. A statement 
showing the results of studies carried out in C. W.P. C. in respect of water resources of 
Sabarmati, Tapi, Mahanadi alid Damodar Ri1•er basins is appended. Additional 
measures to ensure dependable assessment of water resources in future have been 
briefly indicated. 

1. Introduction 

1.1 The water resources of a country are the most 
important of all the natunil resources for its economic 
development and the welfare of its people. This 
naturally calls for the optimum exploitation of the 
water resources. A reliable assessment of the water 
resources in different regions is a basic requirement for 
the proper planning of water resources development 
projects. In March 1962, the then Technical Commi­
ttee on Water of the Planning Commission while 
reviewing the existing status of. the availability and 
utilisation of the country's water resources felt the 
necessity of a more reliable knowledge of the water 
resources and the balance of water that would 
·be available in each river basin and sub-basin 
after meeting the current utilisation and additional 
future requirements for existing and committed pro­
jects. Accordingly, the Committee recommended an 
outline of studies for making a comprehensive and 

. dependable assessment of the water resources based 
on observations and data currently available.-

1.2 The Central Water and Power Commission bas 
been entrusted with the studies of surface water resources 
of all the river basins of the country other than the 
<Janga, the Brabmputra and the Indus River basins. The 
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Commission bas evolved the necessary techniques and 
methodology for assessing the surface water resources 
of a river basin which are briefly presented in this 
paper. 

2. Methods of Assessment of Surface Water Resources 

2.1 A dependable assessment of surface water reso­
urces of a river basin can only be made by analysis of 
observed hydrological and hydrometeorological data 
and existing quanta of consumptive utilisations of 
river waters. However, the requisite observed data 
are generally lacking for the river basins of this country 
and as such the method of assessment will depend 
upon the nature and extent of data which may be of 
the following categories :-

(i) When adequate records of gauge and discharge 
and withdrawals data, etc, to cover the 
entire basin and sub·basins are available for a 
sufficient length of time, say 30 to 40 years . 

(ii) When a limited record of gauge and discharge 
data for a period of say 10 to 15 years are 
available, but other meteorological data such 
as rainfall, temperature, humidity, etc., are 
available for a period of 30 to 40 years. 
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(iii) When there are no records of gauge and dis­
charge but other · meteorological data. like 
rainfall, temperature, humidity, etc., are 
available. 

3. Assessment of Water Resources from Adequat.e 
Record of Data 

3.1 Study of River System 

3.1.1 As a first step for the assessment of water 
resources, a study of the basin as regards river system 
including the tributaries, topography of the basin and 
its characteristics, geology, etc., is made with the help 
of topographical maps. An index map showing the 
river and its tributaries, gaug~·discharge sites both 
existing and proposed, project sites, State boundaries 
and catchment limits is prepared to serve as a refer­
ence map. 

3:2 Collection and Compilation of Gauge and Discharge 
Data 

3.2.1 An inventory of gauge-discharge data giving 
information of the location of the gauge-discharge sites 
and the period for which the gauge-discharge data are 
available for each site on the main river and its tri­
butaries is prepared. from a study of the index map 
showing the location of gauge·dislharge sites and of 
the extent of availabihty of gauge-discharge data, 
the important gauging sites are selected. After having 
selected the gauge-discharge sites, the relevant gauge­
discharge data are collected from the various sources 
with whom these data may be available. 

3.3 Unit Period of StuJy 

3.3.1 The unit period of study may be a IO·day period 
or a month depending on the nature of data available. 
It is obvious if the water resources are worked out 
on a 10-day basis, the planning of a project can more 
accurately conform with the various seasonal water 
requirements. This advantage is, however, lost if the 
water resources are worked out on a monthly basis. 

3.4 Scruti11y of Gauge-Discharge Data 

3.4.1 Before the gauge-discharge data can be used 
for studies these have to be scrutinised for consistency 
and reliability to ensure that these are reasonably 
accurate. Consistency as well as reliability has to be 
checked as extremely misleading results can arise from 
t~e use of non-homogeneous data. Consistency of 
nver flow da.ta can be judged from a comparison of 
gauge and dtscharge hydrographs at a particular dis­
charge site which will reveal whether there are wide 
vanations in the discharge for more or less the same 
g~uge readi.ngs and whether higher gauge readings 
gtve lower dtscharges and vice versa. The consistency 
of the data can also be judged by a comparison of the 
dtscharges at a site with thos~ a~. gauge-discharge sites 
above and below. The rehabthty of the river flow 
data can be ascertained from the methods and equip­
ment used for the discharge observation. The velocity 

observed by current meter will be more reliable as 
compared to the velocity measured by floats. As 
regards method of computation it needs to be checked 
whether. the cross-section of the river was divided into 
a number of smaller segments and the total discharge 
for the whole section was worked out by summation 
of discharges calculated for each of the segment. 

3.5 Supplementing Missing Data 

3.5.1 After carrying out the scrutiny of the observed 
discharge data and adjustment, if any, for removing 
inconsist~n~ies, t~e n:xt step is to fill up the gaps 
or the mtssmg hnks m the observed discharge data. 
The gaps may be for a few days or for a longer period. 
The missing data may be either the gauges or the 
di~c~arges or both. If the .discharge data are only 
mtssmg but gauges are avatlable, the discharges may 
be estimated with the help of properly drawn •gauge­
d~scha,rge' cutves, ~y. extrapolation. Where gauge­
dtscharge data are mtssmg for longer periods say, for 
a month, the runotr is estimated after establishing 
monthly rainfall-runoff relationships. The estimated 
discharges are further checked up by comparing them 
with the corresponding obs~rved. run?ff figures at up­
stream or downstream gaugmg sites, 1f available. 

3.6 Collection and Compilation of Data of Consumptive 
Utilisatioll of Surface Water · . . 

3.6.1 The observed discharges at a site are the actual 
flows after upstream withdrawals from the river have 
been made in respect of irrigation projects industrial 
undertakings, urban and rural water suppiy schemes, 
hyde! and steam power plants and other uses such as 
a_nti-salinity measures, flus~ing river channels, naviga­
llon needs, etc. To obtam the historical flow at 
a site the quanta of actual upstream consumptive 
utilisation (or withdrawal) must be added to the 
observed discharges at a site. . 

3.6.2 An inventory of project sites together with the 
details of withdrawals is prepared and the data collect­
ed for the period these are available. Besides the 
information r.egarding existing ',"ithdrawals, the details 
of planned. Withdrawals for projects under construction 
~nd commttted for future construction are also required 
m o_rder to work out .balance·· of water that would be 
a~atlable after meetmg the requirement of planned 
wttbdrawals. 

3.~.3: The evaporat~on losses from a reservoir, if 
e~tstmg, are also constdered as withdrawal from the 
nver. The evaporation losses may be estimated on 
the basis of evaporation data recorded by the Indian 
Meteorological Department at a nearby observatory. 

3.64 · In cases where the actual withdrawal data for 
irrigation schemes are not available these may be esti­
mated from the agricultural statistics of the areas 
actually irrigated, crop pattern, duty/delta, etc. 
3.7 Determination of Time-lag 

3.7.1 The ti_me-lag between any two sites is defined as 
the average hme taken by a particle of water to travel 
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from one station to another. It is generally measured 
to the nearest day and is given by the time interval 
between the prominent flood peaks or troughs of 
the corresponding discharge hydrographs betweeen the 
two stations. Th1s time-lag decreases as the discharge 
increases, but the exact relations are indefinite and 
at confluences where the discharge Q!' one river affects 
or is affected by the discharge of the other, relations 
are further complicated. In view· of these difficulties, 
the time-lag can, at best, be determined only approxi­
mately. Thus, for example, if the average time 
interval between the corresponding peaks in the dis­
·charge hydrographs of two stations A and B is 3 days 
and that between the corresponding troughs is 5 days, 
then the time-lag for the reach between A and B may 
be taken at its median value, say 4 days. Time-lag is 
important in dealing with water resources studies 
based on a 10-day period as the total discharge m 
the period 1st-10th at a station is related to the period 
5th-14th at a downstream station, if the time-lag is 
4 days. The time-lag is, however, not of any conse­
quence for a monthly analysis. 

3.8 Determination of Historical Discharges 
3.8.1 The historical flows at any point in the river 
basin are determined by adding to the adjusted dis­
charges, after screening and scrutiny, the quanta of the 
actual upstream consumptive withdrawals including 
evaporation losses from reservoirs. Similarly, if need 
be, additions for measured spills upstream and deduc­
tions for the known inlets from outside sources have to 
be made. ,.The diversions for storage or to adjacent 
basins are to be treated as withdrawals, while releases 
from storages upstream are to be accounted for as 
inlets. 
3.8.2 A typical case is assumed to illustrate the pro­
cedure for the determination of historical. flows. Let 
A and B be the two gauging sites on a river. In the 
reach A-B, there exists a tributary T, a storage reservoir 
SR and an inlet /. There are withdrawals taking place 
from the river. The hypothetical reach of the river 
basin considered is shown in Figure 1. 

... 

I\IAIIII RIVER A. 

QA.-----

(i) Particulars of Gauge-Discharge Site at A 

·(a) Observedfadjusted discharges = QA 

(b) Withdrawals upstream 
{cumulative consumptive) 

(c) Historical flow at A 

WA 

~ QHA 

(ii) Particulars of Gauge-Discharge Site at B 

(a) Observed/adjusted discharge = Q8 

(h) Withdrawals upstream 
(cumulative consumptive) 

(c) Historical flow at B 

(iii) Particulars in the Reach A-8 

(a) Consumptive withdrawals in the 
tributary 'T' 

(b) Consumptive withdrawals in the 
reach A-8 

(including spills within the reach) 
(c) Storage into or releases from 

the reservoir 'SR' (Storage into 
the reservoir + WSR 
Releases from reservoir - WSR) 

(d) Evaporation losses from· the 
reservoir 'SR' 

(e) Inlet into the river from outside 
As stated in para 3.8.1 the historical flow 

QHA=QA+WA 

= WB 

=QHB 

= WT 

= WAB 

=:1: WSR 

=ESR 
=I 

at A is, 
... (3.1) 

The historical flow at B would be given by the follow­
ing expression :-

QHB=Q8+WB:!:WSR+ESR-I ... (3.2) 
Where, WB=WA+WT+WAB 

It may by seen that the moderating effect of 
reservoir ± WSR may be either storage into the 
reservoir + WSR in which case it may be treated as +ve 

CiJ 
;;: 

QS---

FIGURE 1 : A hypothellc:al reaeh or a basin. 
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consumptive withdrawal or the releases . from the 
reservoir-WSR in which case it may be treated es -ve 
consumptive withdrawal. The physical . co_ncept in· 
volved is that bad there been no reservoir m bet ween 
the sites A & B, the element of storage occurring in it 
would have contributed to the observed discharge at B. 
Similarly, the element of release from the reservoir 
would not have resulted in increasing the observed 

. discharge at B .. 

3.9 Absorption and Transit Lorses and Contributions 
by way of Return Flow from Regeneration and 
Valley Storage 

3.9.1 There is a loss of water due to absorption and 
transit of water from one station to another station. 
Similarly, there will be contributions to the river 
discharges at a site due to return flow from regenera· 
tion including regeneration from .the irrigated areas 
upstream and valley storage. If the runoff at a lower 
site is less than that at an upper site, there is a loss in 
the reach. On the other hand, if the runoff at the 
lower site is more, then there is a contribution from 
the intermediate catchment. The absorption and transit 
losses and the contributions from the regeneration 
and valley storage under the existing conditions of 
withdrawal are worked on the basis of historical run­
offs. For the purpose of assessing what would be the 
unutilised or residual water resources in the river 
after all the existing and committed projects have 
reached the full development, it is necessary to re-assess 
the future changes that are likely to occur in the 
absorption and transit losses or contributions by return 
flows from regeneration and valley storage. 

3.10 Assessment of Absorption and Transit Losses 
and Contr.ibutions from Regeneration a11d Valley 
Storage 

, 
3.10.1 The absorption· and transit losses are expres­
sed as a percentage of the discharge at the head of the 
reach. Thus, the percentage historical loss is given by, 

Historical loss 
Historical flow at the head of the reach X IOO. 

These losses are assumed to vary in direct proportion 
to the discharges in the river. If there is an additional 
upstream withdrawal, there will be reduction in the 
river flows and consequently, the losses will be less. 

3.10.2 The contributions due to regeneration would 
increase on account of reduction in flow in tbe river 
consequent upon withdrawal upstream. No definite 
method of esiimating regeneration flow has yet been 
found. It will be safer to assume that the contribution 
from the regeneration and valley storage will remain · 
unchanged as a result of the additional withdrawal. 

3.11 Assessment of Residual Ri•er Flows 

3.11.1 The unutilised or residual water resources are 
determined on the assumption of the continuity 
equation which expresses the fact that. the volume of 
water amving at any point on a river is the volume 

of water leaving an upstream point Jess the withdrawals 
plus the contributions from tbe reach between these 
points but Jess the absorption and transit losses. Based 
on this assumption, water accounts are prepared for 
working out the residual water resources, reach by 
reach, starting from· the uppermost to the lowermost 
discharge site in a river basin. The operations involved 
in these water accounts are explained in the illustrative 
example given in Appendices I and II. Tbe line diagram 
of the river basin considered is shown in Figure 2. 
Appendix-I shows the 10-day water a_ccount to. calcu­
late historical discharges. Appendix II is the .I 0-day 
water account for computation of residual" discharges 
after taking into consideration additional future with· 
drawals. As will be seen from the water accounts, 
effects of time-lag have been duly considered with 
reference to the lowermost discharge site C. In · the 
example, the time-lag between A and B is I day, bet­
ween Band C 2 days and between Tand B it is nil. In 
case ·where long-term data are available these water· 
accounts should be prepared for a period of 30 to 40 
years so that percentage dependabilities of the available· 
runoff can be worked out. 

FIGURE 2. : Line diagram of a river basin. 

3.12 Determi11ation of Ri1•er Flows at various Percent-
age of Dependabilities 

3.1 2.I The total annual runoff in a river varies from 
year to year and a knowledge of the variability of 
runoff is essential for planning any water resources 
project. The design criteria for such a project is 
normally fixed for a specified dependability of the 

. annual yield. For example, an irrigation project is 
normally designed based on a 75 percent dependable 
annual yield which would mean that for' a successful 
irrigation the annual runoff must be available for 3 out 
of 4 years on the average. 

3.12.2 The percentage dependabilities of historical 
run_ off are wor~ed out by statistical analyses of a runoff 
senes for a per1od of 35 years. The runoff series are 
tested to see whether it follows a normal distribution 
or a skew frequenc~ distribution. The determination 
of percentage d7pe~da~ilities, therefore, depends on 
the nature of d1stnbut10n of the runoff series. When 
the annual runoff series f?llow a normal distribution, 
the stream-How for vanous percentages of time op; 

/ 
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percentage dependabilities are worked out from the· 
equation, 

... (3.3) 

where, m is the mean flow' z is the value of fre­
quency factor of normal distribut~on (given in l?ub­
lished normal tables) correspondmg to the vanous 
percentage dependabilities and a is the standard 
deviation of a long-term runoff series. __ 

When the annual runoff series do not follow· a normal 
distribution.but follow some type of skew ·freq~ency · 
distribution, the percentage dependability of runoff 
R.% is calculated by the following equation given by 
Goodrich<21 · ·•· · 

. . 

log R.%-A+B log coiog ( 1.,:- 1~0 ) ... (3.4) 

where, ·p is the perc~ntage d~pendability, A and B­
are constants which are evaluated by solving the 
following equation · by · the method· of 'Least 
Squares' 

log R _ A+B log log ( m~i ) ... (3.5) 

where, R is the runoff, m is the rank order of the 
runoff R, after arranging the runoff series· in 
ascending order of magnitude and n is the number 
of years in the runoff series. 

4. Assessment of Water Resources. from a Limited 
Record of Data 

4.1 When the records of gauge-discharge daui are 
available for a limited period of say 10 to I 5 years, 
then the runoff data are extrapolated for the balance 
period of 25 to 20 years to obtain a 35 years' runoff 
series. Such extrapolation is done by establishing 
suitable rainfall-runoff correlation by statistical 
methods. In this way only the annual runoff and to 
some extent monthly runoff are estimated by the 
methods explained in paras 4.2 and 4.3. The estima­
tion of 10-day runoff is, however, not made as the 
factors like soil characteristics, absorption, regenera· 
tion, .evapo-transpiration which significantly affect such 
short period runoff are difficult to evaluate. 
4.2 Annual and Monsoon Rainfall-Runoff Relation· 

ships 
4.2.1 In developing annual rainfall-runoff relation­
ship the yearly observed runoff of 10 to 15 . years is 
correlated with the corresponding annual rainfall by 
statistical analyses. Similarly, monsoon rainfall is 
correlated with observed monsoon runoff or annual 
runoff to develop monsoon rainfall-runoff relationship. 
The relationship which estimates runoff values closer 
to the observed ones is adopted for extrapolation of 
runoff series. 
4.2.2 The nature of relationship is approximately 
judged from a scattered diagram or plot of points of 
one variable against the other. The relationship can 
be either a straight line or a parabolic curve. In the 
latter 91se, the points when plotted on logarithmic scale 
(both axes) will align along a straight line. The func-

tion relating to the variables is termed as 'Regression 
Equation' and if all the plotted points of the observed 
data lie exactly on the Regression line, the correlation 
coefficient is unity and the relationship is perfect. If 
the points are very much scattered the relationship is 
then said t~ be very poor and the correlation 
coefficient may be zero. When the correlation coeffi· 
cient is found to be sufficiently high (after performing 
reliability test) then a good regression equation con­
necting the two variables, viz., runoff and rainfall may 
be obtained by the method of 'Least Squares'. Using 
this equation, the values of runoff can be extrapolated 
from rainfall data. The effective length of extended 
record will depend upon the period of recorded data 
and the coefficient of correlation<•'. 

4.3 _Monthly Rainfall-Runoff Relationship 

4.3.1 The runoff during a month includes runoff 
from the previous months' rain in addition to the run­
off from the rainfall during the concurrent month. 
Throughout this period ground water is also available 
to the runoff. Thus, the runoff in a month may be 
considered as funciions pf the concurrent and preced­
ing months' rainfall. This may be expressed by a 
'Linear Multiple Regression Equation' of the form, 

Y=a+blXi+boXo+baXa ... (4.1) 
Where, Y is the current month's runoff 

X1 is the current month's rainfall 
X 2 is the rainfall of the first antecedent month. 
x. is the rainfall of the second antecedent month, 
and so on 
a is the station constant 

. b,, b2 and b3 are the regression coefficients which 
represent the relative contribution of a previous 
month's rainfall to current month's runoff. 

4.3.2 Equation (4.1) holds good for the monsoon 
months. In the case of non-monsoon months the 
'Linear Multiple Regression Equation' is given by, 

Y=a+b1X1+k.P. ...(4.2) 

Where, Y, X10 a and b1 have the same meaning as in 
Equation (4.1). 
k is the regression coefficient. 
P. is antecedent precipitation index (A. P. I.) which 
is computed by the following formula given by 
Langbein<•l, 

I 1 1 
P•=zP•-1+-4 P•-•+gPn 8 

I 1 
+-ut·-•+ 32 Pn---5+ ... 

The antecedent precipitation index, P. is the sum of i 
of the precipitation in the month immediately antecedent 
(P._1), ith of the second antecedent month (P •• 2) and 
so on. For example, A. P. I. for November 1961 is the 
sum of one-half the rainfall for October 1961, plus one­
fourth the rainfall during September 1961, plus one-
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eighth the rainfall during August 1961, plus one-sixteenth 
· the rainfall during July 1!161, plus one-thirty-two the 

rainfall during June 1961, where coefficients ; + ~ + 
I I I dd "t g+ 16+ 32 ...... a to um y. 

4.4 Assessment of Water Resources 

4.4.1 The studies mentioned in para 3 for the assess­
ment of water resources from adequate records of data 
are carried out for the period for which data are. avail­
able (I.e., 10 to 15 years). From the Water accounts 
prepared on the lines suggested in Appendix I, the 
historical runoffs at various gauge-discharge sites are 
calculated. The historical runoffs are used to develop 
suitable rainfall-runoff relationship for extending the 
runoff series for 35 years to work out the various per­
centage dependabilities of annual and monthly runoffs. 
The residual water resources are worked out by pre­
paring the water accounts as explained in Appendix II. 

5. Assessment of Water Resources of a Uogauged River 
Basin 

5.1 When no discharge records whatever are available 
for a river basin, the water resources of the basin may 
be assessed either from the runoff records of an adjacent 
river basin or by empirical formulae. 

5.1.1 When the discharges have been observed at a 
station in an adjoining river basin having similar basin 
and hydrometeorological characteristics the rainfall-run­
off relationship of that station may be assumed to bold 
good for the ungauged basin also. The long-term run­
off series for 35 years may then be obtained using the 
rainfall-runoff curve after working out the rainfall for 
the past years. The percentage dependabilities of the 
runoff values are determined, based on the estimated 
runoff series. 

5. 1.2 The empirical formulae for estimating runoff 
that are commonly in vogue are: (I) Strange's tables, 
(2) Khosla's formula, and (3) Inglis formula. But 
these formulae have serious limitations. From a com­
parison of the observed flows for a few catchments, it is 
found that the errors in estimating the flow from these 
empirical formulae are very great. These formulae 
are therefore, not recommended for any reliable esti­
mat~ ?f flows .. Th(y can at best be ~a ken for purely 
prchmmary studtes and not for any prOJect planning. 

5.1.2.1 Strange's Table 

Mr. W. L. Strange has prepared a table in· which 
the percentage of monsoon runoff to monsoon rainfall 
are separately tabulated for three classes of catchment 
namely, good, average and bad catchments. While 
using the Strange's table, great caution is warra'nted in 
assigning the type of catchment. Also, Strange ·s tables 
do not give runoff values for rainfall values of over 
152 em (60 in.). Strange himself has cautioned that 
his. tables should not be used .where observed data are 
available. 

5.1.2.2 Khosla's Formula 

The forecast of runoff by this formula is based on 
the concept that runoff is the residual of rainfall after 
the evapotranspiration losses have been accounted for. 
The mean temperature is assumed as a complete 
measure of all the factors affecting such losses. The 
formula based on month as a unit is, 

Tm-32 
Rm=Pm-

9
.5 .•. (5.1) 

Where, Rm=Monthly runoff in inches 

Pm=Monthly rainfall in inches 

Tm=Mean monthly temperature in degrees 
Fahrenheit (Temperature greater than 
40• F). 

In this formula monthly runoffs are worked out and 
are aggregated to give the annual runoff. This formula 
is, however, not meant for working out individual 
month's runoff. 

5.1.2.3 Inglis Formula 

Messrs Inglis and D'souza had evolved two empm­
cal formulae for the Bombay State (now Maharashtra ). 
One is for the Ghat "catchments and the other for non­
Ghat catchments. The formula for the Ghat catchment 
is~ 

R=0.85P-12 
for non-Ghat catchment the formula is, 

I P-1 
R 100 X p 

Where, R=Annuar runoff in inches 

P-:Annual rainfall in inches. 

•.• (5.2) 

... (5.3) 

The limitations of the above formulae are indicated 
here. The formula for Ghat catchments is applicable 
to la~ge catchments in which rainfall over a part of the 
area 1s very great. In the case of non-Ghat formula 
it is only applicable for low figures of rainfall. ' 

6. Results of Some Studies 

6.1 The detailed studies for the assessment of surface 
water resources and the residual water resources have 
bee~ worked out in respect of Sabarmati, Tap1, Maha­
nadt. an? Damoda~ River basins. The result of the 
studtes IS enclosed m · Appendix HI wherein 75 percent 
depend.able yield and the residual water resources of 
t~ese nver basins and their major sub-basins have been 
gtven. From Appendix III it will be seen that adequate 
balance water resources in these river basins are avail­
able for future exploitation. The exploitation of the 
water .resources is, h~wever, subj~t to favourable topo­
grapbtcal and geologtcal features of the river basins. 

7. Additional Measures to ensure Dependable Assessment 
of Water Resources · . 

7.1 A comprehensive and dependable assessment of 
surface water resources is largely dependent upon the 
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adequacy and reliability of the observed hydrological 
and meteorological data. The inadequacies and limita­
tions of the current available data as revealed from the 
water resources studies need to be critically reviewed 
and suggestions for additional measures required for 
the improvement are to be made with particular 
reference to the following items :- . 

(i) Adequacy of hydrological network. 

lii) Adequacy of hydrometeorological stations. 

(iii) Methodology and equipments used for observa­
tion of hydrological data. 

(iv) Organisation control. 

7.2 If the network of ga~ge and discharge sites and the 
bydrometeorological stations are found to be inadequate 
in the basin, the recommendations are to be made as 
regards additional number of stations required and 
their distribution. 

7.3 Similarly, if the methods adopted and equipments 
used for the measurement of river discharges are not 

dependable, then suggestions for improvement in the 
methodology, equipment& and organisations for collec­
tion and compilation of data are required. 

7.4 There should be adequate arrangements and orga· 
nisations in the States for maintaining detailed and 
systematic records for various water utilisation data and 
for standardisation and publication of hydrological 
data. 
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APPENDIX I 

Computation of 10-day Historical Flows in the Reach A to B. 
(Refer Figure 2, para 3.11) Units: Cumecs~days 

G-D stands for gauge-discharge 

--- ---- ----- -----

AT G-D SITE, A ON MAIN STEM AT G-D SITE, TON TRIBUTARY AT G-D SITE, B ON MAIN STEM 

Period at Obser1·cd Withdrawal Historical Corresponding Obserred Withdrawal Historical Corresponding Ob:;,:erved Withdrawal StorOf!e ( +) Historical 
G·D ,\·ire (Screened up to G-D flow period at (Screened up to G-D flow period at (Screened up to G-D or Release flow Col. 
A or adjutsed) .1ite A Col 2+3 G-D site T or adjusted) site T Col. 6+7 G-D site B or adjufled; site B (-)from 10+11±12 

"' flow /low flow resefl'oir 'R' "' Ill z 
2 3 4 5 6 7 8 9 10 11 12 13 ~ 

"' > 
March-April March-April March-April "' > 

29-7 351.12 45.93 397.05 30-8 25.27 Nil 25-27 30-8 2738.59 1374.96 (-)2284.94 1828.61 
s> 
0 

8-17 299.87 43.13 343.00 9-18 20.04 Nil 20.04 9-18 2912 07 1404.75 (-)2284.94 > 
2031.88 z 

!Jl 
18-27 236.16 17.15 313.31 19-28 16.92 Nil 16.92 19-28 3478.07 1438.77 (-)2284.94 2631.90 > z 

April-May April-May April-May > 

28-7 213.95 64.01 277.96 29-8 33-51 Nil 33.51 29-8 2754.15 1501.23 (-)2006.24 
~ 

2249.14 

~ 8-17 185.00 56.06 241.06 9-18 33.14 Nil 33.14 9-18 1041.44 1480.37 (-)2006.24 515.57 
"' 18-28 153.05 60.93 213.98 19-29 35.43 Nil 35.43 19-29 452.23 1589.13 
ta 

(-)2006.24 35.12 
May-June May-June May-June 

29-7 171.28 62.57 179.85 30-8 22.33 Nil 22.33 30-8 10.18 1500 44 (-) 929.99 580.63 
8·17 104.29 63-70 167.99 9-18 8.66 Nil 8.66 9-18 236.87 1527.09 ( -) 929.99 833.97 

18-27 358.93 61.98 420.91 19-28 1542.55 Nil 1542 .. 55 19-28 Nil 1533.83 (-) 929.99 603.84 



APPENDIX II 
10-Day W~ter Account for Compot~tloo of Residual Discharge after Additional Future Withdrawals.· 

- (Refer para 3-11 and Appendix I) . Units : Cumecs-days 
(Cusecs-days) 

G-D stands for gauge-discharge 

AT G-D SITE, _A ON MAIN STEM AT G-D SITE, T ON TRIBUTARY AT G-D SITE, B ON MAIN STEM 

Ptriod al Historical New with- Residual Period at Historical New Residual Period Historical Conlribu- %age Reduced Future New with- Residu3/ ;;l 
G·D discharge drawal discha- G-D discharge witluira· discharge atG-D discharge tion from Historical% Loss Losses(-) drawal river dis- <"l 

til site A prior to rge at A site T prior to 1val at TCo/. site B at B (+) orlos- Loss(-) after new contribua at B d~arge'/Jt a; new with- Co/ •. 2 new with· 6-7 ses (-)In Col. 11 wilhdra- lion(+) Dafter 0.· drowal -3 draw a/ reach AB 2+6 wal Col. after new ·new with- lii - Co/.10,.... '4+8 witlrdra- drawal 
_ Co/. (2+6) · x100 2+o 'wai. Loss Col. 4+8 > 

=Col. 13 ± Col.l4 ~ X Col. 12 X Col. -Col. 15 
4+8con-

!!: 
1W ~ tribution 0 
-Coi.JJ l:l 

0 
8 

I 2 3 4 s 6 7 8 •9 10 11 12 13 14 IS 16 f;l 
... 

March-April March-April March-April ~ 
( + )1,406.29 

> 
29-7 391.0S 100 291.0S 30-8 25.27 10 IS-21 30-8 1828-61 (+)1406.29 800 918.61 "' "' (3244S.31) '" "' "' " 52 8-17 343.00 ISO 193.00 9-18 20.04 10 10.04 9-18 2031.88 (+)1668.84 (+)1668.84 800 1071.88 0 (378SUO) 

~ 
18-27 313 31 ISO 163.31 19-28 16.92 10 6.92 19-28 2631.90 ( + )2301.67 (+)230!.67 soo 1971-90 :0 

(69647.SI ::;! 
April-May April-May April-May &l 

~ 28-7 277-96 ISO 127.96 29-8 33.Si 10 23.S1 29-8 2249.14 <+ )1937-67 (+)1937.67 soo IS89.14 .... 
(S6128.42) ,.., 

:0 
8-17 241-06 100 141.06 9-18 33.14 IS 18.14 9-18 SIS.S7 ( +> 241.37 <+> 241.37 . 200 200.51 f::• 

(7084.13) "' 
18-28 213.98 100 113.98 19-29 35.43 15 2o.43 19-29 35-12 (-) 214.29 (-)85.92 (-)46.30 (-) 62.23 so 22.18 ! (783.40) 

Moy-June • May-June May-June 

29-7 179.8S 100 19,8S 30-8 22.33 1S 7.33 30-8 S8o.63 <+> 378-4S (+) 378.45 so 4!5.63 
(14680.05) 

8-17 167.99 100 67.99 9-18 8.66 s 3,66 9-18 833-97 ( +> 6S7.32 <+> 657.32 400 32R.97 
(11619.22) 

18-27 420.91 200 220.91 . 19-28 1542.55 500 1042.4S 19-28 603.84' (-)1359.62 (-)69.25 <-)44.S6 (-) S63.00 100 600.46 
(21200.2S) "' 
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AP:PENDIX III 

Statement showing tbe Surface Water Reso.arces of Mabanadl, Sabarmatl, Tap! and Damodar River !Jasins. 

SI.No. Name of Basin Catchment area 7 5% dependable Residual water resources 
I sq km yield M. cum M. cum 

1 2 3 4 s 

I (I) Mahaoadi Basin 1,31,717 53,186 43,072 
(up to Kaimuodi) 

(i/) Major Sub· Basins 

I. Sheo-Nalh 30,760 12,132 9,194 

2. Hasdeo 9,803 4,966 4,602 

3. IB 12,447 8,375 8,181 

4. Jonk . 3,483 1,767 1,744 

s. Ong 5,12& 2,058 1,958 

6. Mand 5,237 3,660 3,~53 

7. TEL 22,817 10,898 10,729 

II (I) Sabarmali Basin 21,674 2,602 1,]05 
(up to Cambay) 

(II) Major Sub-Basins 

1. Harnav 972 87 61 

2. Hathmali 1,523 lSI Nil 

3. Meshwa 2,808 273 Nil 

4. Watrak 3,108 357 357 

s. Shedi 2,722. 324 324 

III (I) Tapi Basin 62,701 13,235 6,418 
(up to Kathore) 

(if) Major Sub-Basins 

1. Pur0a 18,259 .1,118 701 
2. Girna 10,075 

I 
2,149 891 

3. Bori 2,447 322 283 
4. Vaghur 2,422 ISO ISO 
5. Aner 1,260 143 143 

IV (•) Damodar River Basin 19,5S4 6,160 1,276 (up to Du~gapur Barrage) 

(ii) Major Sub-Basins 

I. Barakar 6,294 2,250 1,309 . 
2. Kooar 2,240 784 485 
3. Jamunia ~ 1,141 327 316 
4. Gowai 1,412 434 432 

' 



Ground Water Potential of the Part of Ong Basin, 
Balangir, Orissa 

M. N. SATPATHY C. P. SENGUPTA 
~irectorate of Lift Irrigation, Bhubaneswar 

SYNOPSIS 

The paper reports an investigation conducted to estimate the ground water 
resources of a part of Ong basin. The area considered includes southern catchment 
from its confluence with Mohanadi to about 110 T..m upstream. The northern 
catchment being partly covered under Hirakud Canal System is not considered in the 
present investigation. The paper discusses the geomorphology, geology, ground water 
geology and ground water hydrology of the basin. The investigations have shown 
that ground water tract comprising ·unconsolidated sandstones as available are 
suitable for ground water del'elopment by deep tube-wells. Shallow aquifers confined 
to weathered and fractured zones of the archaean tract can be tapped by dug wells and 
brought under use in minor irrigation. 

1. Introduction 

1.1 River Mahanadi has an important catchment 
through·Ong River which has a gross catchment area of 
4,303 sq km mostly in Orissa. This river joins Mana­
nadi near Pondtal village (83° 99' 20" long 20° 54' N 
Lat.). The basin including the southern catchment from 
its confluence with Mahanadi to about 40 km . upstream 
has been taken into consideration under the present 
discourse. The northern basin is partly covered by the 
Hirakud Canal System. Hence ground water develop­
ment is essential particularly in the .southern basin. 

1.2 The area is approachable from Balangir through 
Salebhata (20° 57' : 83° 32') in the Balangir-Sambalpur 
State Highway. There are metalled roads to approach 
Upper .Bahal (20° 59' 30" : 83° 28') Lachipur (20° 55' : 
83° 40') and confluence (20° 54' : 83° 50') of Ong with 
Mahanadi from Salebhata and Sonepur. 

2. Geomorphology 

2.1 The part of the Ong sub-basin under discussion is 
bounded by low hills (stretching roughly east-west) on 
the south and the River Ong itself on the north running 
from WNW to ESE. The hill range which forms the 
water divide between the Suktel sub-basin on the south 
and Ong sub-basin on the north ranges in height from 
150 to 470 m and the billy terrain has a steep slope 
whereas the .submountainous region lies between the 
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elevations 135 m and \50 m. The ground slope is of 
the order of 5 to 6 m/km. The valley portion lies 
between contours I 10 m and I 35 m and slope is gently 
being of the order of 4 to 5 mfkm. The River Ong 
bas an average fall of 6 m/km for its stretch of length 
under consideration. 

2.2 The main drainage is WNW-ESE which is highly 
influenced by the east· west stretching trough fault, with· 
in gondwanas. Jts tributaries are mostly oriented in 
SW-NE trend and are perennial in character. The run· 
off is exceedingly high due to steep hill slopes. As such, 
the flood plains are limited. 

2.3 This geomorphological condition partly contri· 
butes to the hydrological condition of the area 
under consideration. 

3. General Geology (Figure 1) 

3.1 This is a narrow valley bounded in the south by 
medium to high hill ranges composed of archaean for· 
mations, (khondalites) generally dipping at steep angles 
to the south. There are number of charnockite intru­
sives of acidic type mostly on the northern slope of 
these hill ranges. There appears to be a boundary fault 
running east-west from Lacbipur to Uperbahal and the 
fault plane is marked by later quartz and pegmatitic 
intrusion at few places. Talcber shales are seen in 
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FIGURE 1 : Geological map in parts of Ong River. 
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faulted contact with khondalites, where the shales have 
been highly disturbed and steep dipping to the north. 
The khondalite rocks north of the fault zone, wherever 
exposed, show northerly steep dip. The entire fault 
zone area is occupied by lateritic and gondwana rocks. 
The northern down faulted block preserves an outlier 
of Mahanadi gondwana master basin which is only 
about 1.5 km at the broadest. The gondwana beds 
started with typical needle shales of Talcher stage over­
lain by sandy shales and fine grained compact buff 
sandstones. The intercalated shales or these sandstones 
contain fragmentary fossils of glossopteris assemblages 
and proves beyond doubt the lower gondwana age of 
the beds (these beds were mistaken to be cuddapahs by 
earlier workers). These sandstones and shales deep at 
10° to the north. The thickness of Talcher shales and 
sandstone as evidenced in the well section and compu­
ted from the exposed thickness may ·be of the order of 
H2 m (400 ft) at the fallest development. These are 
of Barakar age. The total thickness is of the order of 
90 m. They have a faulted contact of Talcher forma­
tions as is evident from the nature of outcrop in Kula· 
singha area. The lowest bed is of the gritty to pebbly 
sandstone which is exposed in Lachipur area. The 
gondwana boundaries are obscured in south by laterite 
and in north by alluvia. The River Ong more or less 
forms the boundary of gondwana outlier in the north 
although sandstone exposers are seen in the northern 
bank of Lachipur. It appears that the northern bound­
ary is also faulted by which is occupied by the river. 
A faulted block near Duduka (20° 59' : 83° 24') exposes 
charnockite, dipping south south-east. To the north of 

.Ong River towards Kutasingha bridge archaean rock of 
granitic suite area exposed showing the gondwana to be 
confined to the faulted trough along the Ong valley. 

3.2 The general geological sequence of the area is : 

Recent to sub- -River alluvia 
verent 

-Laterite 

-Sandstone, grey· 

3to 12m 
(10 to 40ft) 

Tertiary 

Gondwana 
Barkar shale, carbona­

ceous shale, pebbles 
sandstone 

9 m (30ft) 

30to91 m 
(I 00 to 300 ft) 

+ Talcher 

Archaeans 

-Ferrugenous sand­
stone, sandy 
shales, needle shales 

-Granite un­
conformity 
gneisses, 
charriockites 
and khondalites. 

4. Ground Water Geology 

61 to 122m 
(200 to 400 ft) 

Weathered zone 
-25', Fissured 

' zone- 20-45' 
continues to 
depth. 

4.1 The ground water geology is essentially different 
in two distinct lithofacies: (1) the archaeans and (2) the 
gondwanas. 

4.2 In the archaean group of rocks namely the granite 
gneisses and khondalites ground water exists essentially 
in the shallow/perched aquifer, composed mainly of 
weathered and fissured zones. Weathered zone of course 
is covered either by laterite or r~idual soils. The top 
unconsolidated and shallow formation serve as passage 
for ground water percolation. 

4.3 The weathering of the granites and gneisses produces 
kaolin extensively which renders bad permeability con- 1 

dition in such formations. The weathering khondalite 
produces mostly materials which exihibit better permea­
bility than the weathered felspathic granite and gneisses. 
Although the laterites have good porosity and permea­
bility they do not serve as aquifer as the local water­
table is below the laterite thickness. Jn the parts of 
the valley reaches covered by archaeans the geolithologi­
cal sequence is as shown below :-

Thickness range Depth zone Lithology 

0-3m Top layer Residual soil, clay, 
sandy clay, laterite 
and lateritic soil. 

0-8 m Weathered zone Weathered 
khondalites. 

granite 

6-14 m Fissured zone Fissured granite 
gneisses and khon· 
dalites. 

below 14 m Compact rock Massive granite 
gneisses and khon-
dalites. 

4.4 In the gondwana sandstones, ground water exists 
in the water-table aquifer as well as in the deeper un­
confined and confined aquifers composed of medium to 
coarse grained sandstone, lying between beds of fine 
cemented sandstone. It is evident from drilling at 
Salebhata that the zone composed of medium to coarse 
grained sandstones are likely to be moderately produc­
tive. The overlying and underlying fine grained sand­
stone, also the shale horizons are unsuitable for ground 
water exploitation. The conglomerate sandstone with 
a width of ISO m is seen near the village Bhirpali. It 
is unproductive as the pebbles are finally cemented in 
fine grained sandstone matri. Jn the gondwana 
stretch of the terrain two drill boles have been given at 
Uperbahal and Salebhata, Figures 2 and 3. 

5. Ground Water Hydrology 
5.1 The first aquifer exists in the weathered archaeans 
and deep aquifers under both confined and unconfined 
condition are restricted to the gondwana sandstone. 
The valley portion occupied by archaeans is 110 sq km 
whereas the gondwana covers about 55 sq km. The 
remaining part of the sub-basiu covered by high rehef 
comprises 155 sq km of recharge area. 

5.2 The average rainfall is 119 mm annually and the 
total bills recharge area is 155 sq km. The rate of 
i!lfiltration as calculated from the pump test conducted 
in Salebhata areas comes to 10 percent. As such, the 
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FIGURE 2 : Bore·hole ·log-Uperbahal. 
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FIGURE 3 : Bore bole Jog-Salebbata. 
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total infiltration comes to 56,740 T cu. m (46,000 acre­
fl), which is likely to recharge the valley area in ideal 
condition. · 

and perineabilily will not deviate much from that of 
the area occupied by weathered archaeans. With these 
assumplions the direct recharge to the water-table aquifer 
comes at 70.3 million cum (57,000 acre-fl) per annum. 
Hence the total ground water rechqrge to the unit of lhe 
sub-basin 1270.48 lakh cu m ( 1.03 /akfl acre-ft) assu­
ming the leakage to be nil. The difference of postman­
soon and premonsoon water-table is taken as 3 m in 
average. Wilh calculated 5 percent of effective porosily 

5.3 In the valley tracts ·the area occupied by archaean 
and gondwana is 165 sq km. The annual average rain· 
fall is approximately 1140 rom. Assuming infiltration 
at 15 percent for both the regions, the gondwana sand­
stone at the top layers is fine grained and their porosity 
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the ground water reserve in the valley area is estimated 
at 25.9 million cum (21,000 acre-ft) of available water. 

5.4 On the basis of hydrological investigation, the 
following compact areas !Ire selected for ground water 
development : 

Location 

(I) Lachipur, Sale­
bhata, Phasar. 

Area in sq km 

33 

(2) Daduka, Gaisi­
let, Baripa Pukha­

. pani .. 
(3) Along Ong River 

near Kurtipur. 

23 

2.5 

Terrain type 

CtA 

C,.B 

5.5 An area of 155 sq km of the part of the Ong 
basin under discussion falls under 'D' "category of terrain 
classification where no ground water development is 
possible due to poor storage conditions. . 

5.6 115 sq km area falls under 'C' .category of 
which ~8 sq km. area can be brought under intensive 
agricultural development by tapping both shallow and 
deep aquifer and the later area is classified under C1A, 
C1B and C28. 

6. Conclusion 

6.1 It is evident from the above discourse that the 
gondwana tract comprising unconsolidated sandstones 
at deeper horizons are suitable for ground water develop­

. ment by deep tube-wells. The shallow aquifer confined 
to weathered and fractured zones of the archaean tract 
can be tapped by dug wells and be brought under use in 
intensive minor irrigation. 

6.2 As electricity is readily available at Salebhata, the' 
roadside village within the basin, ground water develop­
ment by both deep tube-wells and shallow open wells be 
taken up from the village in both easterly and westerly 
direction gradually. 
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SYNOPSIS 

India is facing problems of flood damage in some areas and severe droughts in 
other areas. , For many irrigation projects in the past, surface water reservoirs with 

· expensive distribution systems were pro1•ided to store excess rain water and for 
. supplying it during low flows and/or to areas with little precipitation. However, it 

is expected that the uJe .of surface water will grow more expensi~e as good reservoir 
sites are exhausted and as treatment costs increase. Also in arid and semi·arid 
regions where the water. is usually· scarce, a significant percentage of the total 
surface water is lost in evaporation. Under these circumstances aquifers should be 
looked as possible storage media for surplus flood water, in place of dams and 
reservoirs. In U.S.A. and Israel many projects of artificial recharge to ground water 
are in progress. 

Planning of aquifers for storage reservoirs involves management of surface 
and ground water. Availability of good hydrogeologic maps, giving the position of 
aquifer system and its boundaries and a description of water bearing properties are 
very important for the planning of recharge sites. The paper presents some aspects 
for the planning of ground water reservoirs for arid and semi-arid regions. 

1. Introduction 

1.1 The distribution of rain£all with respect to time 
ana space in India is _highly unequal. The bulk. of . 
precipitation occurs dl!nng the monsoon season wh1ch 
lasts for about three months. Substantial variations 
in the quantity, incidence and duration of rain£all 
in individual tracts of India from year to year cause 
flood havoc at some places while other places are left 
completely dry. This extreme variation of rainfall 
together with increased use of water on account of 
rapid industrialization, agriculture and population 
growth has been posing serious problems of water 
conservation and management in the country. 

1.2 The average annual surface water resources of 
India from its llO rivers have been placed at a total 
of 168 million ha m, of which only about l/3rd can 
be used for irrigation on account of physio-graphical 
conditions. It is further estimated that about 22 
miUion ha m of ground water can be utilized for 
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irrigation. · The planning and execution of the best 
possible programmes for the conservation and control 
of water is the nation's most important natural resource 
problems especially in arid regions. 

1.3 Since independence, India has developed a large 
number of irrigation projects in which many dams 
have been constructed to store excess rain water in 
surface water reservoirs. Enormous amounts of public 
money have been spent in the construction of these 
surface reservoirs and on providing necessary distribu­
tion systems. In the past, surface reservoirs have been 
used with almost complete disregard of the interaction 
between surface and ground water. Although we have 
made some progress, the water problems in the country 
are still ac.ute. It is possible that for many areas in 
the country ground water reservoirs may be better and 
more economical than surface water reservoirs for 
storing excess precipitation. This paper presents some 
aspects of ground water reservoirs and their usefulness 
in arid and semi-arid regions. 
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2. Advantages of Ground Water Reservoirs 

2.1 In most cases ground water reservoirs have 
tremendous storage capacity and small losses from 
evaporation and sub·surface outflow. For example, 
it is estimated that the Sacramento Valley in California. 
has ground water storage capacity equal to abbut thr~ 
times the reservoir capacity of Grand Coulee Dam 111 
Washingtonm: Th~ rate of ~vap~ra~ion .for· arid a~d 
semi-arid regtons ts very btgh; !t ts eshmated that 111 
some areas about SO ..to 60 percent or. even more, of 
the total quantity of surface water is lost thr~u_gh 
evaporation. Surface storage is, therefore, tess effictent. 
If it is assumed that 50 percent of the water is lost 
through evaporation, it would mean that the efficiency 
of storage can never exceed 50 percent. The evapora­
tion losses can be eliminated almost completely with 
ground water storage. · 

2.2 Another advantage of underground storage over 
that of surface storage is that it requires no man· made 
reservoirs and few distribution ·works. "A river, "for 
example, carries water to a diversion-point from which 
man must then construct -numerous lengthy canals to 
carry the water to his thirsty fields. An underground 
storage basin1 on the other hand, carries water not to 
a point but to a wide area throughout which· man may 
sink wells directly to serve those same fields. ·Under- · 
ground water conveyance has a long history and has 
been tried by Middle East countries through what is 
known as systems of "Quanats'', i.e , tunnels in the 
rock for transporting water. 

2.3 During fnfiitration cif water into the ground, the 
-quality of water improves. It is known101 that the 
upper few centimetres of the soil mantla of the earth 
is an effective barrier to the travel of pathogens. It 
also arrests suspended particles. An excellent example 
for this is the Whittier Narrows Water Reclamation 
Plant at. Whittier, CaliforniaUJ where about 2,000 ha 
m per year' of reclaimed waste water is artificially re-
charged to the ground water basin. . . . . 

2.4 As compared· to surface water reservoirs, ground 
water reservoirs have uniform temperatures of water. 
Underground storage is almost invulnerable to earth· 
.quakes. 

2.5 ·.The defence requirements necessitate a sparing 
use of surface reservoirs (particularly in border areas) 
as the enemy can destroy such reservoirs very easily. 
Underground storage . has a definite advantage under 
such a situation. 

3. Methods of Artificial Recharge 

3.1 Various methods of ground water recharge have 
been discussed by .several investigators13l lfJ. The 
common method~ of a~~ificial. recharge are : (() re-

'. charge from basms, . (11) recharge from· pits and 
· (iii) recharge through well$. . .. ' 

: ·1~ .... 

rate of infiltration and large quantities of water can be 
made to infiltrate. Jn Los Angeles County, thl\_ sus­
tained rate of infiltration is around 55 to 60 cu rdfsec, 
through the use of 20 spreading grounds. 

(ii) Recharge from Pits : Recharge from gravel pits 
or auger bored holes filled with gravel :has been prac­
tised in some cases. It has been ·found successful, 
especially where natural recharge water is desilted 
through detention reservoirs, by chemical precipitants, 
or by a combination of both. . 

(iti) Recharge through Wells : Recharge through 
wells or seepage pits has been found e.specially ·useful 
for confined aquifers. Basin recharge through wells" 
may simultaneously give rise to a fresh water barrier 
to stem intrusion of the aquifer by the saline water of 
the sea. 

4. . Physical Considerations of Artificial Recharge 

4.1 'The design of a· ground water reservoir for infil­
tration of excess water into the ·soil ·Will depend upon 
the hydraulic properties of the aquifer. The. ground 
water recharge can also be achieved with the help of 
ditches and furrows. The ·soil has to be permeable 
whatever be the method of recharge. The design of 
a system of recharge areas with wells or other collection 
facilities should be such that high water-table mounds 
beneath the recharge areas can be avoided, otherwise 
this will reduce the rate of infiltration. Bouweri•J has 
developed a procedure to predict water-table positions 
for .a system of parallel, rectangular recharge areas, 
with wells located. midway between the areas. This 
enables the evaluation of the most favourable layout of 
recharge areas and wells with the desired water-table 
response and . travel t~mes. Procedures for obtaining 
the necessary mformat1on on the hydraulic conductivity 
conditions of the a'!uifer for recbarg~ systems have 
been developed. Usmg an analogue technique, Bouwer 
has also determined the horizontal and vertical· hydrau­
.lic conductivity of an. aquife~ from the recharge rate 
and the water-level response m two observation wells 
of different depths. From the· hydraulic· conductivity 
data, an· effective transmissibility coefficient of the 
aquifer· for recharge can be_ computed. .· 

4.2 Any other design of a ground water recharge can 
be a~alysed bas~d on. the physics o~ flow through porous 
medta. · Extenstve hterature'6" 11 ts available in this 
area. Electrical analogue computers have been extensi­
vely used in problems involving ground water move­
ment. The use of electrical analogues has been a stand­
ard design procedure, used for many years by the Bureau 
of Reclamation, U.S A., i_n studying .complex ground 
water problems. The basts for these. model studies is 
.the analogy between Ohm's law for tbefiow of electricity 

. through a conductor and barcy's ·law "for. the ·flow 
· througf! porous media. Voltage, current" capacitance 
and conductance ca~ be related ·I? :.head, ·quantity {)f 

(i) Recharge from Basins : If t~e basins are designe,!l 
and operated properly, it is posstble to have a high· 

flow, storage ·coef!icJent ·and "trlblsm issl bility't"espectively. 
The validity of the analogue depends upon the accuracy 
~ith which the field conditions can be portrayed in the 
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electrical simulation. Field tests must be made to esta­
blish values of transmissibility and storage coefficient 
for the aquifer. Phillips and Me Donald'8l have deve­
loped an analogue model which adequately simulates 
the hydrologic conditions for a historical period of 
about 50 years. The model was used to evaluate the 
adequacy of existing water supplies for the period 
1962 to2010. Jmport~d water was used to recharge 
the aquifer in the project area which also served as a 
distribution system to supply irrigation wells in the 
project area. · With the help of the analogue model, 
Phillips and Me Donald. were able to determine that 
for the year 21ll0 the aquifer was not as effective a di;t­
ribution system as was desired; the analogue indicated 

· that sufficient water would be available physically to 
meet the project requirements. · ·, 

. 4. 3 Artificial recharge_ implies the existence of surface 
floWs at or ·reasonably near the ' areas ·of possible 
recharge. In arid regions surface flows can be tem­
porarily controlled by dams, dikes, "pits' or a combina• 
tion of them. In order to estimate the quantity· of 
recharge that may be expected and to design the 
necessary structures, the surface flows must be des· 
cribed. The physical processes governing recharge have 
been further described by Marshal1191 and Liako-
poulosllol~ · 

5. Practical Examples of Gronnd Water Recharge 

5:1 Artificial ground water recharge has been prac­
tised since 1890 in California and its southern arid 
parts. · It has now found use at a number of places in 
U.S.A. and Israel. An excellent example of ground 
water recharge is the Flushing Meadows Project in 
Phoenix, Arizona. In this project treated sewage has 
been put to beneficial use by providing artificial 
recharge to the ground water basin. The Flushing 
Meadows Project consists basically of six parallel 

. recharge basins 6x210 m each and 6m apart. Constant 
water depths of about 20 em are maintained during 
inundation and the infiltration rate for each basin is 
evaluated from records of the inflow at one end and 
the outflow at the other end of the basin. Because 
maintaining high infiltration rates is crucially important 
in the successful operation of a recharge system, 
different surface conditions have been included to 
determine how these affect infiltration rates. Preliminary 
results<11l show that with .an inundation schedule of 
about 4 days wet, 3 days dry, infiltration rates of about 
0.6 m/day can be maintained for an inundation depth 
of about 0.3 m. Including the time for dry ups and 
maintenance, recharge rates of about 90 ha m/ha/year 
could be maintained. The basins with gross cover 
gave the highest infiltration rates. For the Flushing 
M·eadows Project area, the water-table rose only about 
1·2 m in the centre of the 66 x 120 m basin area for 
an average intake rate of I m/day in the basins. 

5.2 Some projects of ground water recharge are 
underway in Israel. Accordingly, some of the rain­
water runoff is intercepted by damming the streams 
that carry the water of winter storms and inducing__ the 

arrested flows to percolate underground instead of 
running out to sea. Attention has been paid to the,. 
development of regional systems. The largest of these 
is the Yarkon-Negev Project1121, for diverting the water 
of the Yarkon from its sources, at the Rosh Ha 'avin 
springs near Tel Aviv, to the northern Negev. The 
first part of it was completed in 1955 to supply from 
the Yarkon, and from numerous bore-hole wells incorpo­
rated in the system 270 million cu m per annum 
through 106 km of prestressed concrete pipe. Another 
important project wl:ere ground water reservoirs have 
been utilized in Israel is that of Lake Kinneretll•J. 
During the rainy season, surface water from Lake · 
Kinneret is transferred through the National System 
to the South and injected underground through special 
wells, for subsequent recovery by pumping during 
the dry. season. Similar measures of artificial recharge 
are being taken to conserve storm-water. and keep. it 
from running out to the sea .. Accordingly, some of 
the rain-water runoff is intercepted by damming the 
streams that carry the water of . winter storms and· 
inducing the arrested flows to percolate underground 
instead of running out to sea. 

5.3 Pilot experiments in artificial recharge conducted 
at Bay Park, Long Island, New York, using tertiary 
treated sewage plant effluents for recharge water has 
shown little deterioration in well capacity<"l. In­
jection of recharge water was made through a well 
cased with fiberglass and finished with a gravel packed, 
40 em diameter, stainless steel screen. An entirely 
different technique of artificial recharge, viz., surface· · 
spreading was utilized in Walnut Creek Watershed, in 

. Central Kansas, to replenish ground water at a rate of 
about 0.15 ham/per dayfha. The water: was pumped 
into a pond formed by a semi-circular dam enclosing 
about 0.33 ha on an alluvial slope covered with native 
grass. The pond could hold about 0.24 ha m of water 
with an average depth of 0.66 m. The water was 
successfully recharged through approximately 13 m of 
clayey to sandy silt ~o the underlying sand and gravel 
beads'"l. 

5.4•- An impressive plan of deep tunnel storage is 
being developed for pollution abatement and flood 
conlrol for the city of Chicago1161• The Chicago Land 
Deep Tumiel Project, as the plan is called, would 
capture the flow. from the 750 sq km section of the city, 
now served by combined storm-sanitary sewers, in 
mammoth storage caverns carved from· bedrock 250 m 
or more below the city. From such storage caverns, 
the water would be pumped subsequently to surface 
reservoirs during low flow periods. The most impressive 
aspect of the plan is its magnitude. The cost of the 

. I Q year project would be a staggering 8 1.02 billion. 
.The two proposed mined storage cavities would each 
have a capacity of up to 2,160 ham of water. 

6.. Problems Associated with Ground Water Storage 
6.1" The biggest problem for the development and 
planning of ground water reservoirs in India is Jack of 
adequate hydrological and geological data. Extensive 
and reliable data must be available for proper investi-
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gations to th~ feasibility of !he project. If th~ groun.d 
water is sahne, the chargmg of good water mto thts 
aquifer, may render the good water also useless. 

6.2 Banks'"' has enumerated some financial and legal 
problems. The following are some of them : 
(I) How can control be retained over the sale and 

distribution of water that has been salvaged by 
operations of underground reservoirs 1 

(2) Who will receive the benefit of such a conservation 
programme and to what extent 1 

(3) Who is to pay the costs for conservation 1 How 
are such costs to be allocated and in what 
amounts 1 

(4) How can a legal right be. attaine~ to operate. an 
underground reservoir, particularly tf exportauon 
is to be increased ?. 

rate of water consumption is rising at an alarming 
rate and resources of fresh water are restricted, other 
techniques for augmenting fresh water resources have 
also to be adoped like reclamation of waste waters, 
artificial rain through cloud seeding and sea water and 
brackish water desalination. • 
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7. Need for Research 

7.1 Although ground water res.ervoirs are being used 
at many places (mainly in U.S.A. and Israel) there is 
need of further research to critically look into the 
feasibility of such projects. Some specific problems 
for research aro ~iven below : · 
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servoir by artificial means in sandy soils, for 
example-sides and bottom being sealed by bento­
nite clay or similar material 1 

(2) Can recharge operations be taken up to feed rock 
aquifers 1 For example, in Rajasthan, Lathi series 
of the Jurassic age in Jaisalmer area yield potable 
water through rock aquifers, how can this supply 
be augmented through artificial recharge ? 

(3) Under what geological, climatical and hydrological 
conditions, would the ground water reservoirs be 
technically and economically feasible 1 

8. Conclusions 

Ground water aquifers can be looked on as possible 
storage media for surplus flood water, in place of dams 
and reservoirs. This can be done by artificial re­
charge of the aquifers. The key to artificial recharge 
is economics. The water resources engineers should 
conduct the needed research and experimentation to 
determine when, where, and how ground water re­
servoirs can be charged artificially at a reasonable cost. 
This is just one aspect of the problem only .. Since the 

Movement". Moscow Gosizdat, Tekh-teor. Liter (In Rus-. 
sian) 1952. English Translation, Princeton University Press, 
1962. 

(7) Scheidegger, A.B. : "The Physics of Flow through Porous 
. Media". Toronto University, Toronto Press, 2nd edition, 

1960. 

(8) Phillips, H. B. and' Me Donald, H.R. : "Analog of Ground 
Water in East Central New Mexico". Journal of the Irriga­
tion and Drainage Division, American Society of Civil 
Engineers, March 1966, pp. 27-42. 

(9) Marshall, T.J. : "Relations between Water and Soil". Com­
monwealth Bureau of Soils, Harpenden, England, Technical 
Communication SO, 1959. . 

(10) Liakopoulos, A. C. : "Theoretical Approach to the Solution 
of the Infiltration Problem". International Association of· 
Scientific Hydrology, 1966, Bulletin 11(1), pp. 69-110. 

(II) Bouwer, H.: "Putting Waste Water to Benefkial Use-The 
Flushing Meadows Project". Proceedings of the 12th . 
Annual Arizona Watershed Symposium, Phoenix, Arizona, · 
1968. 

(12) "Water in the Land of Sand Dunes". ·A Pragya Prakashan 
Publication, Jaipur, 1970, pp. 101-106. · 

(13) Prushans~y, Y.: "Water Development". Israel Today, No.· 
II, Pubhcat1on by Israel Digest, P.O.B. 92, Jerusalem, 
December 1967. 

(14) U.S. Department of the Interior. Geological Survey 
Research 1969. Chapter A. Geological Survey Professional 
Paper 650-A. U.S. Government Printing Office, Washing· 
ton, D.C. 1969. 

(IS) "Deep Tunnel Storage may solve City Storm Water Pro· 
blem". Environmental Sci_eoce and Technology, Vol. 3, 
No. 3. March 1969, pp. 209-211. 

(16) Banks, l;l•~rey 0. : "l!tilization of Underground Storage 
R~~rvo1r~ . Transactions of the American Society of 
CIVIl Engm~rs, Vol. 118, 1953, pp. ~20-234 .. 



Dipole Pumping Test and Concept of Aquifer Matrix 
to be Utilised for Computer Simulation of Aquifers 

P. KUMARASWAMY 
Director 

Irrigation Research Station. Poondi 

SYNOPSIS 

The author had. developed in the year 1966 a new approach for simulating 
aquifers by a Direct Simulation Electronic Analogue Computer. In order to transmit 
data from the aquifer to the Computer Tank through telemetry and to operate the 
servomechanisms of the penetrodes of the computer, a new type of sensor, both 
hydraulic and electrical, called Dipole has also been e•·oll•ed. An_ interesting 
concept of Aquifer Matrix has also been developed for utilisation in electronic . 
simulatiOII of aquifers with a large number of pumps. ~This. paper describes the 
philosophy of dipole pumping and elucidates the concept of Aquifer Matrix. 

1. Introduction 

1.1 In the usual pumping test to enumerate the 
factors, transmissibility T and storage coefficient S 
of an aquifer, the aquifer is excited with a pumping 
pulse of constant discharge and the response of the 
aquifer through its water-level change pattern is observed 
in selected observation wells. Since there is continuous 
extraction of water from the aquifer, the transients 
take a pretty long time to die down and during the 
test period, a lot of background noise and external 
perturbations are injected into the observations. It 
is very difficult to isolate the pumping features of the 
test pump alone, filtering out the background noise. 

1.2 In order to ·devise some means by which the 
integrated characteristics of the aquifer collected all 
over its extent up to its boundary, can be condensed 
into a single parameter, a new type of pumping 
test called Dipole Pumping Test has been conceived by 
the author. 

1.3 Referring to Figure 1, it may be seen that the 
dipole has two limbs. One of the limbs (which is a 
tube-well penetrating the aquifer) is used to pump 
water out of the aquifer. The same flow is pumped 
in a closed circuit through the second limb back 
into the aquifer. The differential head between the 
limbs gradually increases with time and attains 
a steady state quite quickly, and the fraction 
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}<low 
Differential head is called the •Conductance' of the 
dipole. 

2. 

2.1 

Hydraulic ~haracteristics of the Dipole 

Shape Factor 

2.1.1 Let us now derive the conductance of a 
dipole assuming an aquifer with vertical leakage 
(Figure 2). 

. The radii of the two wells are each r., and the 
dzstance bet ween the centres of wells is d. The flow 
thro':lgh the circuit i~ Q. The recharging limb will be 
cons1dered to be positive and the discharging limb 
negative. The limbs are numbered as I and 2 as shown 
in Figure 2. 

2.1.2 The various drawbowns in the wells are defined 
as follows :-

Drawdown in Well I due to its own pumping •• y11 

Drawdown in Well 2 due to its own pumping .• y
21 

Drawdown iri Well 1 due to pumping in Well 2 .• y
21 

Drawdown in Well 2 due to pumping in Weill .• y,,. 
If K = Coefficient of permeability of the aquifer, 

K' = Coefficient of permeability of the aquiclude, 
b = D~pth of the aquifer, 
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FIGURE I : Dipole Pumping-Test Deftoilion Sketcll for Dipole Assembly. 

Flow 
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" 

FIGURE 2 

b' = depth of the aquiclude, 

B = (Kbb'/K')i, 

t' ":' time elapsed after pumping started, 
. r•s 

andu = '--• 
4Tt 

From existing theorytu, we know tha~ 

Yu = 4,.~ • W (uu, '.8) 
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.. · +Q 
and Yn- 4,. T ' ( d) ·w. ri21, B •. and 

as u-+0, wehavew(o.~) =2K0 (;). 

Where W is the Well function, and 

K0 is the modified Bessel function of the second l<ind 
and of Zero order. 

Asu .... o 

Yu ;=. 41< T .•. 2. {(o . . '; . . -Q ( ) 

and . +!2 .· (d) 
Yn = 4,. T • 2. K0 B .. 

The drawdown 'in well "1 ·= ,y1 

=.Yu +Yn 

2.1:3 We know that for sni.all values of x, 

K0 (x) =- tn( ;)=It{;) 
If ! is a small value, 

Ko '( r,.) = In 2B -In 2B 
B · d r,. 

As u -+ 0, or t -+ oo 

Y1=- In --Q (d) 
2n: T r,. 

S. 'I I +Q 1m1 ar y, y 0 = 
2

,. T 

= In (; )=-tn(r~) 

In ( ;..) 

Therefore the differential head of the dipole 

= hu = Yo-Y1 = "'~ . In (,~ } 

= d tn(rJ 
"' "' = l-n (-r-d") • T = In (..!!...) K.d. 
re · Tw 

Hence the shape factor of a dipole 

=In(!!_) 
r,.~ 

2.2 Shape Factor derived More Accurately 

2.2.1 The above shape factor can be -derived more 
accurately by the formula developed by the author for 
computing shape factor between two external wells 
(Appendix I). Since the two lilllbs have equal radius 
r,. each, 

·r,. d 
m=-=1;E=-

rw ·r~ 

, = E"- (1+m2) 

" 2m = 
E 1-2 E 1 

2 =-y -1 

d> = 2n: = 2n: 
Cosh-1 ~ ( E 2 

) Cosh-l 2 - 1 

Now, Cosh-1 ~=In [ ~ + '\1"~1 -l] 
If :E._> 5, which is generally the case, 

r,. 

~ + v~·- 1 ""'2~ 

d 
as > 5, Cosh=1 ~ = In 2~ r,. 

=ln2( ~· -1 )""'tne• 
2n: 2n: "' 

, d> = In E" = 2 In E = . ( d ) as before 
In -

r,. . 

2.2:2 . Therefore it is possible to calculate the shape 
factor of the dipole most accurately without any 
limiting assumptions using the formula developed by 

2. 1.4 It may be noticed that S does not find 
in the formula for differential head which is 
advantage in field tests. 

a placet · the author and shown in Appendix I , if !!_ is < 5 a grea . ,._., 

2.1.5 Therefore Conductance of 

dipole = Flow · 
DilferentJal Head 

= 'Q X --"',T.....--::-
Q.tn(;..) 

also. 

We' have ·therefore, 

Flow Conductance of the dipole = ""i'<=:-:::-..,.,.--;-;..-~ 
Differential Head 

={Shape factor of dipole) x <n . 
H T Conductance of dipole ence = 

Shape Factor of dipole 
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T can thus be derived from a number of field tests 
very accurately and quickly. 

2.3 Time to attain Steady Stale 

2.3.1 We know that W(u)-+ In ( 
0·~62 ) 

When u ~ O.oi 

Therefore when u21 (the larger of u11 or u.,) is 
<0.01, h12 would have stabilised and steady state would 
have been reached. 

. d2S 
1.e., 4TI.e = 0.0 I 

· 25 d"S 1.e., 1,1 = T 

Therefore, S = 1
'' X T · 
25 d2 

2.3.2 By measuring the conductance of the dipole 
and the time taken to attain steady .state, S and T can 
1,e computed much more quickly and more accurately 
than by the traditional pumping tests. 

3. Dipole as an Aquifer Sensor 

3.i The conductance of a dipole may not be strictly 
constant, but will vary minutely dependent upon the 
activities of other pumps and dipoles in the neighbour­
hood and also on the variation ofT from time to time 
consequent to changes in aquifer water levels in the 
case of unconfined aquifers. Therefore these dipoles 
permanently fixed at strategic locations man aquifer can 
be used as Sensors of the prevalent status of the 
aquifer from instant to instant. If the ftow and the 
differential head are suitably transduced to current 
and voltage, these data can be transmitted through 
telemetry to tbe computer tank when the Direct 
Simulation Electronic Analog Computer developed 
by Kumaraswamy is the type of computer used for 
simulating the aquifer 121, 131, 141• It is also possible to 
evolve electrical aquifer dipoles on this principle after 
establishing a physical correlation between the hydraulic 

. conductance.I8Dd storage characteristics of the aquifer 
and. their · electrical counterparts 161 1• no1. Further 
work in this direction is in progress at the Irrigation 
Research Station, Poondi. . 

4. The Concept of Aquifer Matrix In Problems of 
Multiple Well Pumping from Leaky Aquifers 

4.1 Suppose there are n pumps working in n wells, 
and let the parameters of the i'A well be defined as 
follows:-

Location coordinates . . . . . . . • . • . • (X1, Y1) 

Radius of well • • • . • • . • • • • . • • • r1 

Representative thickness of aquifer at pump 
location • • . • . . • • • • • • • . . . • • •• ·. b, 

Permeability coefficient of aquifer material • . . . k. 

Representative thickness of clay (aquiclu!je) 
Layer at pump location • . . . . . . • . • . 

Permeabilty coefficient of clay • • • • • • • • • • k', 

Penetration coefficient to account for the 
effects of partial penetration • . . • • • • . . Pt 

Storage coefficient of aquifer at pump 
location •••.••.... ·• • • • • . • • . . . SL 

4.2 Let the following field experiment be conducted:__: 

Start all the n pumps simultaneously with constant 
discharges (not necessarily equal to each other) out of 
the aquifer, Q11 at the i'h pump. After time t has 
elapsed, note the drawdowns Z11 in each well. This 
triplet is defined as (t, Q11• Z 11). Now stop all the 
pumps, and after steady conditions have reached, 
conduct the experiment again with different discharges 
in each well. After the elapse of time t, note down 
the second triplet (t, Q18, Z1.). 

. Repeat the experiment n times . 

4.3 All the data obtained can be represented in two 
matrices as shown below :-

r Qu Q,. Ql800 •Q1Joo•Q1n 
1 
I 

I Qll Q •• 
I 

Q ..... Q., ... Qzn I 
I I I Q" 1 

I I· 
I f: 

Q= I· ! 
Qu Q~a Q<a- .. Qij ... Q,n I 

I 
J. I 
I I 
I· 

Qnsoo•Qnloo•Qnn I I l Qnl Q •• 
J 

The first numeral is the suffix is the pump number 
and the second the test number. 
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( I Zn (I) 

I Zu (I) 

, .. 

and j· 
Z(l)= 1 z11 (t) 

I 
I. 
I 
I . 

- 1 
Zu (I) ... Z 11 (IJ ••. z,. (I) I -

I z •• (l) ••. z~.~ (l) .•. z •• (I) 1 

z,,(l) ... ziJ (l) ... z,. (1) 1 

I 
I 
II 
I L Znl (1) Zn2 (I) ... ZnJ (1) ... -Znn(f) J 

4.4 In a typical drawdown element Z 11 (t) .. Z 
refers to drawdown at time t after the simultaneous 
start of all pumps ; i refers to the well in which draw­
-down is measured and j refers to the _test number. 

Now, during test j, the discharge vector is 

4.5 Let us now define the parameters linking any 
two wells I and m in the system. 

• d,,.s, 
· Let U,a= 4T, 

1 
, where 

d,.,=distance separating wells I and m 

and T1=K1 b1 and 

where 

Let us define the drawdown in well/ after time t due to 
pumping in well m as S1m (t) 

Hence the total drawdown in well/ in test j 

is z,1 (1)=311 (t)+312 (t)+···+81,. (t)+ ••. +81• (I) 

and 31m(I)=W(Um,)l 4~J!,. .Pm 

and if we define (a ) t /::; W( u .. ,) t · P,. 
lm - 47l: T,. 

·we have 81 .. (1) =a1m (I) . Qm1 

:. Zu(l)=(alllt. Q,J+(a,,),. Q,J+···+(atm)1 • Qm1+ 
... +(a,.), . Q.J 

for"all l=l,n 

~.6 Th~se equa~ions can be represented by the follow­
mg matnx equat1on. 

Z (I)=A (I) • Q 

( ,, 
I a,,(t) au(t) .•. a11(t) ... a1.(1) 
I I 
I a21(1) a22(1) . a2J(I) a,.(t) 1 

I. 
I 

I : 
I 

where A(t)= I a11(1) a12(t) ... a11(1) ••• a1.(t) 
I 
I· 

I . I 

\. I .I I 
L a.1(1) a.2(t) ... a.1(t) ••. a •• {t) j 

and Z(l) and Q are defined already. 

4.7 Now since Z(t)=A(t) • Q, 

we have A(I)=Z(t) . Q· 1 

and since Z(t) and Q are available from the n field 
tests, we can compute A(t) as indicated above. 

4.8 If measurements are made over a period of 
time, A(t) can be represented as a matrix function of 
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time from start to end and this family of curves can be 
used . to predict Jon& range responses of the aquifer for 
given Q. 

4.9 The above concept is -eminently suitable for 
digital · computer use. But if the number of pumps n 
increases indefinitely the 'limited memory capacity of 
any digital computer will of. course preclude satisfactory 
solution of the problem. 
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APPENDIX I 
Iotraresistances between Wells 

1. Concept of Shape Factor 

1 1 Figure 3 shows a concentric well system of outer 
r~dius R and inner radius r,. The bottom of the 
electrotyiic tank is electrically insulated ~nd the t~o 
circular electrodes are made up of cond~ctmg mat~n!ll· 
The tank contains an electrolyte of SJlectfic conductiVIty 
a and is of depth d. 

1.2 It can be mathematically derive~ that the· con­
ductance G between the two electro_des IS 

2:n: 

2:n:. 
The 'shape factor' -7--'-.- is now 

rn(;;) 
(a, Tamil letter pronounced as 'Ka') 

G=<h.ad 

G 
or cb=ad 

defined as cb 

1.3 The shape factor cb, therefore is !fihe condducttance 
between two electrodes per unit spec1 c con uc ance 
of the conducting medium per unit depth of the 
medium. 

1.4 Suppose we impress· a _voltage di~erence of V 
between the two electrodes, which results 1n a fiow of 
a current/, 

weha'l'e/= V.G 

=V.<~>.a.d 

cb- I 
·· -v.a.d 

In other words, the shape factor can be defin~d as ~he 
current per unit potential dilfer~nce per Ul\Jt Sp~clfic 
conductance per unit depth m a two-dimensional 
system. 
1.5 The concept of shape_ factor is u~iversal in 
appplication. For example, m a hydraulic sy~tem, 
treating the outer circle as a feed conto~ and the mner 
circle as the periphery of a well, we still can say that 
Q =H. <II .K. d, 

where cb = 
In ( ~:) 

again, 

and Q is the fiow into the well, 

K, the permeability coefficient of the aquifer 
medium 

H, the differential bead, and 
d, the depth of aquifer: 

Therefore the shape factor cb can be defined generall:r 
as the flux per unit potential difference per umt 
specific conductance per unit depth in a tli'o·dimen~ional 
flow system. This concept is valid for a three-dimen­
sional system also. 

2. The Eccentric Well System 

2.1 Now let us derive the shape factor for the 
eccentric well system shown in Figure 4. The inner 
well with radius r 1 is eccentrically situated within the 
outer well of radius r.. The eccentricity is 8. 

2:2- Previous researchers have solved the above problem 
only when r, < <r. and not for the cases when r, is com­
parable tor.. The author bas solved this problem com­
pletely without any such limitation by using Complex 
Variables theo~y. The procedure for deriving the shape 
factor <I> is given below :-

If 
r, 

m = -, . r. 
£ = · 8 ·d..:. l+m2-E

1 

-, · f'- 2m '· . ' 
-~;- ._, 

then 

To simplify calculations, we can prove that 

if ·r· = ~ + v[i•-J, 
then cosh-1 ~ = In r0 

where.r0 is the radius of the equivalent concentric outer 
well with the same shape factor in relation to the inner 
well. · 

2.3 Since the above eccentric well problem was 
completely solved theoretically by the author for the 
first time, experiments were done to verify the 
formula. 

3. · Experiments to verify the Shape Factor for the 
Eccentric Well System 

3.1 An electrolytic tank of outer diameter 800 mm, 
was fabricated. Internal wells of radii ranging from 
3 mm to 200 mm w~e placed at various eccentricities. 
Relative resistance for every eccentric location compared 
to its central location was measured by means of an 
accurate Impedance Bridge. To avoid D.C. polarisa­
tion effects, alternating current of 50 Hz was used. 
Tapwater and copper sulphate solutions of various 
concentrations were used for the purpose of varying 
the parameter a in the series. The measured shape 
factor values were compared with the theoretical values 
and Ihey tallied within :1: I percent error. Therefore 
the formulae developed for computing the shape 
factor for eccentric weU systems have been proved to be 
valid. 
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FIGURES 3, 4 and 5 : Sbape factors of weD systems. 
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3.2 One Example of Application of the Formula 

3.2.1 Let r. = 300 m 

r4 = 10m 

8 =150m 

K = 30m/day 

d= 25m 

If a head difference of 10 m is maintained between 
the outer feed contour and the eccentric well, compute 
the water flow Q into the well. 

3.2.2 Solution 

m = ;: . ~go =0.033 

8 150 
E = f. = 300 = 0.5 

l+mi-EI 
• ~ = = 11.3, and 
"" 2m 

r0 = ~ + v'~•-1 - 22.55 

... '= 2
'" 

2
'" 2 01 - c::: == • In r0 In 22.55 

:. Q = d., H. K. d. = 2.01 X lOX 30x25 
== 15,100 m3/day 

4. Intraresistance hetwevn two External Wells 

4.1 Assume the existence of two wells r, and r, 
external to each other separated by a distance d in an 
infinite medium {Figure 5). Using the previous 
technique of complex variables, it has been mathemati- · 

cally derived that the shape factor for this sys tern can 
be computed as follows : 

'· d 8 If m = - an E =-- . r, r, ,'• 
E0- (l+m") 

and~= 2111 

' 2 .. 
then d.= 

CO$h"1 ~ 

5. ]11/raresistance between an Outer Well and a pan'ia/ly 
Penetrating Internal Well 

5.1 Let us now consider the shape factor between a 
fully penetrating outer circular well and a partially 
penetrating inner circular well. The inner well can be 
either concentric or eccentric. Since a theoretical 
solution was found intractable, experiments were done 
with a similar set-up as before and the partial ·results 
as obtained are graphed in Figure 6. 

Since the shape factor d. is a function of m, E, p and 
. d 

.6. where .6. = -- , we can write the shape factor as 
r. . 

cb (m, E, p, .6.) 

Experiments were done with m = 0.0304, 0.0237 and · 
0.01565 with E varying from 0 to the maximum possible, 
p varying from 0 to 1.0 and .6. with values of. 0.0617. 
0.1235 and 0.2470. ' -

• 
L .. d fin ( , A) d. (m, E,- p, .. ,6.) 

etus. ~ e ~ m, E, p, u cb (m; O, l.O, .6.) 

and these values of y are graphed in Figure 6. · 

Further experiments to complete the series are 
proposed to be taken up shortly. . 
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SYNOPSIS 

Ground water is being increasingly used ·to meet the growing demands of 
agricultural production. The paper describes the techniques that are u~ual/y employed 
for locating potential basinJ of ground water. In this context, the techniques 
employed both for surface and sub-surface investigations of ground water ha~·e been 
listed and discussed. Methods to evaluate the ground water resources of an area 
have been reported, 

The paper lastly describes the concept of safe yield from the underg(ound 
reservoir which is of vital importance in any basin -wide ground water development 
programmes. Different methods which are usually employed for ascertaining the 
safe yield have been reviewed. It has been concluded that selection of any method 
depends upon the availability of the relevant data, stage of development of ground 
water and its exploitation. .This paper also suggests the various methods for appli- · 
cations under different situations. 

1. Introduction· 

1.1 India has vast surface and sub-surface water 
resources. ln order to get optimum benefits, it is of 
utmost importance to make an appraisal of these 
resources. The appraisal is also necessary for formula­
tion of projects for integrated use of these resources. 
Of late we have concentrated our efforts on exploitation 
of surface waters which led to the construction of 
storage dams and network of canal systems to carry 
waters to the fields. However, the development of 
surface water has not been found to cope with· the 
increased demand with the result that emphasis has 
now shifted to the exploitation of ground waters. 
Consequently, tube-well pumping is receiving a great 
fillip under the present circumstances. Apart from 
the schemes of tube-well construction under the 
Government Plan Schemes, private parties on their 
own accord as well as encouraged by way of loans 
and subsidies have taken to tube-well pumping in a big 
way in all parts of the country. 

2. Utilization of Ground Water Resources 

2.1 Indiscriminate use of ground water could lead to 
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disastrous consequences which would be as challenging 
as the challenge of growing water shortage. The 
disastrous consequences of extensive exploitation 
without proper appraisal of these resources in various 
countries of the world are already before us and how 
the water is being returned to the underground reser­
voir through costlier sche~es of !echa~ge in these 
countries point to the necesstty of usmg thts apparently 
unlimited resource in this country by adoption of 
scientific and sound practices of development of these 
vital resources. 

3. Appraisal and Development of. Ground Water 
Resources 

3.1 Potential basins of underground water could be 
located and their appraisal made in the following way. 
Prospecting for ground water in any area should 
comprise the fo!Jowing investigations. . 

(i) Inventory of Existing Wells : Inventory of all exist­
ing wells in the area should he made and ali relevant 
data collected. This should include strata logs, yield. 
drawdown and depth to water-table and lastly quality 
of water. 
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{ii) Test Holes : The information obtained vide item 
li) should be supplemented, if necessary, from results 
of test holes which should be drilled. 

3.2 ·contour Maps 

The information obtained vide items {/) and {ii) 
could be profitably employed for the preparatio!l of 
contour maps for demarcation of areas of vartous 
thicknesses of the aquifers and depths to aquifers below 
natural surface. 

3.3 Geophysical Methods 

3.3.1 Geophysical methods are also being increasi!lg­
ly employed for prospecting fo.r water. Tb~se comprtse; 
(a) Resistivity Surveys, (b) Setsmtc Refraction Meth<?d• 

·and {c) Electrical Logging. These methods can gtve 
the following information :-

{i) Depth, thickness and. lateral extent of aquifers 
in sedimentary region. 

{ii) Depth of water-table and bed rock in hard 
rock areas, thickness of weathered layers. 

(iii) Quality of ground water in terms of salinity. 
Location of zone of salt water encroachment 
in coastal areas. 

Some details of the methods are given below :-

{a) Resistivity Surveys : Resistivity survey is a geophy­
sical prospecting operation in which measurement of 
earth resistivity is made from the ground surface. 
Various types of earth materials generally exhibit 
certain ranges of resistivity values. 

Measurement of earth resistivity is made by using 
four electrodes set in the ground. The current is 
applied to the ground water through two of these and 
potential drop across the two is noted. The most 
common arrangements are the Wenner and Schlum­
berger configurations. East European countries adopt 
Schlumberger while the west adopt Wenner configura­
tion. 

(b) Seismic Refraction Method: Seismic refraction 
method is based on the principle that shock waves 
travel through different earth materials-sands, clay 
and hard rocks at different velocities, the denser the 
material, the faster the wave travels. 

The field measurements of different velocities thus 
help in identification of different layers of sub-surface 
materials. The limitation of the method is, however, 
that it can be used only there the velocity of the shock 
wave increases with depth. 

(c) Electrical Logging : Electrical logging has come into 
widespread use in ground water hydrology during 
recent years. It helps in the correct locations and · 
indentification of ground water zones and in approxi­
mately determining the quality of water contained in 
such formations. The method is an excellent tool for 
sub-surface correlation. 

3.4 Recent Techniques 

3.4.1 Use of Radio Isotopes : Use of radi? isotopes 
has been made in the solution of problems m the field 
of water studies. These serve as valuable tools in t~e 
determination of many hydrological parameters m 
ground water and surface water studies. Isotopes 
techniques are useful in finding out measurement of 
flow rate, interconnection of aquifers, porosity and 
permeahilty, the velocity and direction in ground 
water flow. A large number of reactor produc~d 
isotopes are available but all are not useful tracers ~n 
ground water studies. Of the iso~ope~ . used m 
water studies, the most important ts tnllum. The 
radioactive material is injected and by measuring the· 
activity of radio tracers at the point of injection and 
the point of measurement, the time taken for travel 
between the two points is calculated. In India, Tala 
Institute of Fundamental Research, Bombay has been 
equipped in undertaking these studies. 

3.4.2 Use of Electric Analog Model : The electric 
analog model, as the name suggests, is an electric model 
'for aquifers prepared on the basis of similarity of: 

Ohm's law I= ! · f with Darcy's law V=K. ~ 
1 

R . 
1 

=C=CoeJlicients of conductivity. R eststance 
lis current, E difference in voltage in length. Tb us 
electric current lin model corresponds to velocity, i.e., 
the flow in tbe prototype. The voltage difference E in 
model corresponds to bead difference H in prototype, 
The conductivity in model corresponds to the permeabi­
lity in the prototype. An extensive data of permeability 
coefficients, storage coefficient, thickness, etc., of 
aquifers and the boundary conditions are required for 
construction of such model. On a proved model, any 
development like artificial recharge, putting a set'of 
new tube-wells, etc., can be put and the corresponding 
effect on S. W.Ls. can be studied. 

4. Yield of Ground Water 

4.1 Estimation of Specific Yield from Strata Logs 

4.1.1 For estimation of ground water resources, it 
is very essential to ascertain . the specific yield of the 
sub-strata. Strata log data has been usefully utilised to · 
work out the specific yield of the Upper Bari Doab Tract; 
Bist Doab Tract and Western Yamuna Canal (East 
Tract). The procedure involves the classification of well 
logs data in various classes of materials. Percentage of 
each class of material is assigned specific yield value 
based on the work done in U.S.A. and average specific 
yield for different depth zones can be worked out. · 
Computation procedure to be adopted is explained in . 
case of Shababad Barara area· in Western Yamuna 
Canal (East Tract), as under. 

4.1.2 Well logs in respect of Sbahabad Barara area 
in Western Yamuna Canal (East Tract) were examined. 
The sub-strata described in the well logs was classified 
in the following five groups :-
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TABLE I . 
Classift"'tloo of Materials from Jogs of wells In Shahabad Barara Area. 

(Western Yamuna Canal, East Tract) 

_ Bore Clay, clay Fine sand, Medium sand, Coarse sand, Bajri, gravel, Total depth 
Number with kankar, light sand, gravel & coarse sand pebbles, stone, (m) 

silty clay, tight gravel kankar and gravel etc. 
surface clay, and similar 
bard clay, other 

sandy clay, materials 
sand, stone, etc. 

1 2 3 4 5 6 7 

5 65.5 21.9 19.2 3.0 1.8 111.4 

10 27.7 34.4 9.1 9.1 1.8 82.1 

54 33.2 12.2 23.8 13.1 82.3 

17 50.3 22.6 . 5.5 11.6 90.0 

46 26.8 37.2 6.1 12.2 82.3 

69 88.7 41.4 4.0 134.1 

16 34.8 19.8 16.4 14.9 85.2 

24 50.9 11.6 13.4 18.9 94.8 

20 38.1 17.4 14.0 9.7 79.2 

35 60.0 32.6 13.0 5.5 111.1 

14 26.8 36.3 9.7 12.5 85.3 

15 34.7 30.2 6.1 11.3 82.3 

12 46.3 20.1 3.3 15.5 85.2 

18 24.4 40.2 17.7 82.3 

37 39.9 29.6 18.9 6.1 94.5 

65 68.3 22.2 18.6 9.7 6.1 124.9 

58 22.2 43.9 11.3 4.9 82.3 

44 48.5 19.8 - 14.0 6.1 88.4 -
71 70.4 19.2 2Q.4 5.8 115.8 

21 31.4 3.6 31.7 7.6 4.9 79.2 

53 46.3 .. 14.6 9.8 14.6 85.3 

13 32.6 36.6 17.4 4.9 91.5 

51 34.7 29.3 4.9 16.4 85.3 

Total 1001.8 596.7 263.8 218.6 53.9 2134.8 

Average 92.8 

P. Average 47.0 28.0 12.3 10.2 2.5 
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TABLE II 

Estimation of specific yield from strata logs In Shahabad Barara Area. 

(Western Yamuna Canal, East Tract) 

Material 

1. Clay, clay with kankar, silly clay, surface 
clay, hard clay, sandy clay, sandstone, 
etc. 

2. Fine sand, tight sand, tight gravel and 
similar other material 

3. Medium sand, gravel and kankar 

4. Coarse sand, coarse sand and gravel 

5. Bajrl, gravel, pebbles, stones, etc. 

Overall yield 

(I) Clay, clay with kankar, silty clay, surface clay, 
hard clay, sandy clay, etc. 

(il) Fine sand, tight sand, tight gravel and similar 
other materials. 

(iii) Medium sand. 

(iv) Coarse sand, coarse sand and gravel. 

(v) Bajri; gravel, pebbles, stones, etc. 

4.1.3 The percentage depth of material for all the 
five categories was struck of with respect to the total 
depth of the bores (Table I). 

4.1.4 Assigning specific yields of tbe order of 6, 10, 
I 5, 20 and 25 percent respectively to the above cate­
gories based on experimental results obtaided in U.S.A., 
average specific yield for Sbahabad Barara area in 
Western Yamua Canal (East Tract) was worked out 
to be 10.14 percent as shown in Table 11. 

4.2 Estimation of Hydraulic Properties of Aquifers 
from Pumping Tests 

4.2.1 Pumping tests are made to . determine the hy­
draulic characteristics of the aquifers. In areas where 
ground water is to be used in larg~ quantities, it is 
important to kt)OW the ·hydraulic properties of the 
aquifer. A determination of these properties makes 
it possible to understand the physics of ground water 
systems and helps to evaluate-the ground water resour­
ces of an area in relation to its develop01ent.- The 
hydraulic properties control the storage capacity, the 
total amount of water available for withdrawal, and the 
rate of transmission of water in the aquifer. '!'he esti­
mation of these characteristics, viz., the coefficients of 

, 

Specific yield 
% (assigned) 

6 

10 

15 

20 

.25 

Percentage depth 
of material 

47.0 

28.0 

12.3 

10.2 

2.5 

Percentage 
yield 

2.82 

2.80 

1.85 

2.04 

0.63 

10.14 

permeability, transmissibility and storage is essential 
for the evaluation of the yield from ground water 
reservoirs. Various formulae have been developed 
from time to time for ascertaining these hydraulic 
characteristics from data of pumping tests and are given 
below. 

4.2.2 Theim Equi/ibriwn Formula : It enables the 
aquifer permeability to be determined from a pumped 
well. It envisages pumping at a uniform rate for a 
sufficient time to approach a steady state condition and 
observation wells located close enough to the pumping 
well so that their drawdowns are appreciable. The 
formula for determining the permeability of the water 
bearing formation for confined aquifers is : 

. 1: 
Q log, T 

K ' 
2 'II" b th.-h,)· 

where, 1:1 and 1:0 are the distances and 111 and h
0 

are the 
heads of the respective observation wells. 

4.2.3 Theis Non-Equilibrium Formulae : The develop· 
ment. of non-equi~ibrium formula by Theis {1935) was 
a maJor advance ·~ th~ field of ground water hydraulic. 
It enables determmat10n of the formation constants, 
storage and transmissibility by means of pumping 
tests of wells. Theis formula is :-

• 

where, 

s = ___$L W(U) 
4'11"T 

s = drawdown in metres 
Q = well discharge in cu m/min. 
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T = the transmissibility (m1/min.) of 
aquifer, and 

W (U) = the exponential integral termed as 
"well function" where the argument 
U is given by : 

r• s 
U= 4T.t 

where, 'S' is the dimensionless storage coefficient, 'r' is 
the distance in metres from discharging well to the 
observation well and 't' is the time since pumping 
started. Theis has suggested an approximate solution 
based on a graphical method of super-position for 
obtaining values of formation constants from pumping 
tests from the above two relations. 

4.2.4 Jacob Method: For small values of 'r' and 
large value of 't' Theis non-equilibrium equation can 
be applied to determine T and S. From pumping 
tests data, drawdown is plotted against logarithm of 
time in days which forms a straight line. T and S are 
obtained from the following equation.= 

and 

where, 

T= 2.30 Q 
4'1</:;h 

S = 2.25 Tt0 

r• 

' Q = discharge cu m/min. 
T = transmissibility (m2/min.) of aquifer 
S = coefficient of storage 

!:;h = drawdown difference in metres per Jog 
cycle time 

t0 = time intercept on the zero drawdown 
axis. 

r = distance of the observation well from 
the pumped well in metres. 

4.2.5 Theis Recovery Formula : The· recovery data 
of a pumped well can be used to find out the value 
ofT. The modified formula is as under:-

T _ 2.30 Q I .!._ 
- 4'~<s' ogt' 

· where, Q and Tare as previously defined 
s' = residual drawdown 
t = time since pumping started 
t' = time since pumping stopped. 

4.3 Estimation of Transmissibilily Coefficient from 
Specific Capacity Data 

· 4.3.1 In many ground water investigations especia1ly 
those of a reconnaissance type, the specific capacities 
of the wells can be used as a basis for estimating the 
coefficient of the transmissibility of the aquifer. 
Theis, Russel H. Brown, Rexe R. Meyer in Geological 
Survey Water Supply paper 1536-1 entitled "Methods 

of Determining Permeability, Transmissibility and 
Drawdown" have developed procedure and given 
charts correlating well diameter, specific capacity of 
wells, coefficient of transmissibility and storage. from 
which the transmissibility of the aquifer can be esti­
mated from the known specific capacity of the well. 

5. Extent of Utilization of Ground Water Safe Yield 

5. I In basin wide ground water development pro­
grammes, the concept of safe yield from the under­
ground reservoirs is of vital importance. It is the 
amount of water which can be withdrawn from it 
without producing any undesired effect, may be in the 
form of permanent depletion of water-table making 
pumping cost prohibitive. The question generally 
posed is-What is the safe yield for this particular basin 
and bow do we know that we are overproducing a 
ground water basin and how can we determine the 
amount of overdraft. 

5.2 Different methods which are usua1ly employed 
for ascertaining the safe yield are discussed below : 

5.21 Inventory Method : The most effective method 
for basing safe yield is the inventory method in which 
aU available methods are utilised to make inventories 
of the entire water supply area from its entrance into 
the area as precipitation, stream flow or underground 
percolation to its exit as evapotranspiration, runoff 
or underground seepage. It requires the identification 
of various factors and their evaluation for a particular 
basin. The usual factors that need to be evaluated 
in preparation of ground water inventory are : 

On Recharge Side 
(i) Rainfall penetration to ground water. 

(ii) Natural influent seepage from stream. 
(iii) Influent seepage from irrigation channels and deep 

percolation. 
(iv) Inflow of ground water from the area outside the 

area under investigation. -

On Discharge Side 
(i) Efiluent seepage of ground water.· 

(ii) Losses by evapotranspiration. 
(iii) Artificial removal by seepage drains. 
(iv) Discharge by pumping. 
(v) Outflow. 

5.2.1 .I The evaluation of some of the factors 
requires investigations of the extended nature and as 
such this method can only by applied in area of some 
special importance as this would involve establishing 
of gauging stations on influent streams, evaporation 
and transpiration studies, rainfall infiltration studies 
besides a network for measuring seepage losses from 
irrigation canals which obviously entails lot of experi­
mental work, it being assumed that there already 
exists a network of rainfall recording station and 
arrangement for ground water-table observations. 
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5.2.1.2 Some methods have thus been evol~ed 
to compute safe yield in case supply is the governmg 
criterion. 

• 
HILL MllTHOD 

Data required for computing safe yield by this 
· method are ground water observations ~nd .extent of 

annual withdrawals. It is also assumed m th1s method 
that the water supply to the basin is reason~bly cons­
tant. Annual change in ground w~ter l~vels IS plotted 
against annual drafts and a straight hne can be fitted 
to· the points. The draft correspondin~ to . ze~o 
change in ground water-level from th1s straight hne IS 
read and defined as safe yield. 

HARDING METHOD 
Annual retained inOow in basin is plotted against 

annual change in ground water elevation. A stra!ght 
line is fitted to the plotted points. The retamed 
inHow corresponding to zero change in water-table 
elevation is the safe yield. It is, however, assumed that 
draft on the basin should be r~asonably constant. 

METHOD BASED ON ZERO NET GROUND WATER-LEVEL 
FLUCfUATIONS 

If the ground water elevation at the beginning and 
end of a period of time extending to several years is 
the same, the average annual net draft on the basin is a 
measure of safe yield. 

METHOD BASED ON DARCY LAW 

If the inflow into a basin is lateral and direction is 
known, the safe yield can be obtained by Darcy Law. 
The cross-sectional area can be det~rmined from 
geological cross-sections, the parm:ability coefficient 
from pumping tests and hydraulic gradient by actual 
observations. The method is most advantageous for 
confined aquifers having uni-directional flow. 

METHOD BASED ON SPECIFIC ·YIELD AND AVERAGE 
ANNUAL RisE IN WATER-TABLE 

In unconfined aquifers, the annual recharge can be 
worked out from data of ground water levels and speci­
fic yield. It is equal to the product of specific yield, 
annual rise of water-table and area of the aquifer. 

ESTIMATION OF GROUND WATER POTENTIAL FROM 
RAINFALL 

In case precipitation is the predominant source for 
recharge ~f ground water, the estimation of rainfall 
per year that contributes to the recharge of ground 
water would be the available potential loss by the 
amount of losses through evapotranspiration and sub­
surface drainage which may be estimated or assumed. 
Rainfall recharge relations.hip c_an be ~orked for .the 
area. The empirical relattonshtp as denved by Imga­
tion Research Institue, Roorkee and is given below can 
be profitably employed : 

where, 

• 
R» = 2.0 (R-15)'" (F.P.S. System) 

' • 
R» = 3.5 (R-38.10)'" (Metric System) 

R = the average annual rainfall in inches/ 
c.mtimeters 

R» = the annual rainfall penetration to 
water-table in inches/centimeters. 

' There is, however, need to develop a relationship 
that takes into consideration· other factors namely, 
physical characteristics of the soil, slope, rainfall 
intensity, initial moisture content, etc. 

ESTIMATION OF GROUND WATER POTENTIAL IN CASE OF 
CANAL COMMANDED AREAS 

In case of canal commanded areas, in addition to 
recharge due to rainfall penetration, amount of seepage 
from main canals, branches, distributaries and on 
account of deep percolation may be estimated and 
added to the recharge due to rainfall to get overall 
potential available for safe pumpage from the two main 
sources. 

5.3 Selection of Technique 

METHOD B~SED ON SPECIFIC YIELD AND RISE OF 
WATER-TABLE FROM JUNE TO OcTOBER 

5.3.1 The technique that can be adopted for estimation 
of ground water potential in an area depends upon the 
availability of relevant data, stage of development of 
ground water and its exploitation. Most of the 
methods mentioned above need data relating to the 
extent of the annual withdrawals that have been affected 
from year to year and water-table fluctuations. The 
practice of water-table observations in various areas is 
prevalent in. almost all the States but that of keeping 
record of ~·t~drawals f~om the underground is not 
usually mamtamed. It IS thus of utmost importance 
that this record of withdrawals of water from the under­
ground be also kept up-to-date for taking up the 
essential studies. In case of the tracts where ground 
wate~ development i~ in initial stages, water balance 
studtes could only gtve us the requisite information for 
basing the extent of withdrawals from the basin. 
Method based on specific yield and average aunual rise 
of water-table can give the requisite information pro­
vided da~a of strata logs of bore-holes and water-table 
observatiOns extended over a period of years, are 

Rainfall in this country is mostly received during 
monsoon period. Rise of ground water-table from 
June to October gives the net recharge due to rainfall. 
Increase in ground water storage due to average least 
rise of water-table for the period of record can be 
worked out as above which is the available ground 
water potential safe for pumpage. In case of high 
water-table areas, due to formation of water mounds, 
sufficient amount of it passes into the nearby drainages 
in the tract. 
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available. This method has been employed in the 
Irrigation and Power Research Institute for working 
out tbe ground water potential in respect of canal 
irrigated tracts of the Punjab and Haryana. 

6. 
(I) 

(2) 

(3) 
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SYNOPSIS 

The paper highlights the existing deficiency of irrigation water in canals, 
particularly run of the river-schemes. It draws attention to develop the soil potential 
to the full_ by providing irrigatiqn support for scientific agriculture and intensive 
cultivation with the same precision as other inputs,. It emphasises the role oF ground 
waters for supplementation of surface resources. Examples of integrated' development 
and conjunctive use of surface and ground' waters in the country are cited. An 
estimation is made. of available ground water resources and technical details and 
variables in simuliimeous development and conjunctive use examined. Emphasis is 
laid on integrated development as a safeguard against waterlogging which may occur 
due to massive application of surface waters. 

The paper draws attention to the necessity for ground water legislation to 
control extraction. It also deals with administrative needs for simultaneous planning· 
of both surface and ground waters by the same Organisation to co·ordinate all technical 
and administrative problems to constitute a composite, unified and harmonious system. 
of irrigation. 

1. Introduction 

1.1 Surface waters and ground waters are two 
important sources for irrigation purposes. Both have 
been extensively used but generally without integrated 
planning for co-ordinated development . and maximum 
benefits.-

1.2 Inadequacy of water in the irrigation systems 
of the country, particularly run of the river schemes, 
is enough well-known to need any amplification. 
They fail in no small measure to provide assured and 
timely supplies to support improved agriculture during 
periods when water .requirem.ent~ for crops are high 
and river flows and canal dehvenes low. These pro­
verbial shortages are so unpredictable that this leaves 

· the cultivator confused and guessing. He can do no 
advance planning for his agricultural activities in a 
systematic way . nor can he, with any confidence, 
persuade himself to invest adequately in land improve­
ment or other required inputs. 

1.3 Unlike the past, the irrigation development in 
the future has now to extend much beyond the short-

41 

term concept of insurance against rainfall failures and 
famine relief and prevention of mass- human suffering. 
The earlier concept of extensive irrigation, where 
water deficiencies short of complete failures were 
seldom recognised, has to give place to intensive 
irrigation and raising high yielding varieties, if the soil 
potential, to respond to higher inputs such as fertilizer 
and improved seeds, is to be properly developed. 
If it remains under-developed as a result of low inten­
sity cultivation due to lack of irrigation water, then 
a national resource is not contributing any more to 
country's economy than a river wasting its waters into 
the seas or ground water potential lying untapped. 
Rapid development of multi-cropped agriculture is 
imperative to keep pace with the growth of population. 
This is equally important to sustain the large percent­
age of population, which depends on agriculture alone, 
and enable them to raise more than one crop on their 
lands in a year for their living. · 

1.4 Massive surface irrigation works, started a 
century back, have been vastly accelerated in recent 
times. But even after harnessing ali surface water 
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resources by storage or diversion ~orks, a~ rna):' be 
feasible from economic and techmcal consideratiOns, 
not all the irrigable area in the country can ~e provided 
with irrigation facilities. Nor _would 1t t~us be 
possible to ensure adequate and. t1mely ~upphes for 
high yielding varietje_!i or for ·'1lult1ple c:roppu}l!-. 1 

i'C> ~;~ .lJ t.J\/1 i~~L !. ~iii(,\.. , I • 

factories. Raising of sugarcane crops would otherwise 
suffer badly in the restricted sugarcane area under 
block system and with water being available from 
canals only 8 months in a year. 

2.2.2 In the delta region of Cauvery, grou'nd water 
is extracted by farmers in the canal irrigated areas by 
shallow filter points, to raise paddy seedlings in early 
June before delta system is opened for irrigation. The 
water deliveries from these filter points enables them 
to raise a second rice crop successfully up to March 
even though the Delta Irrigation system is closed by 
end of January. But for such conjunctive uses of . 
surface and ground water the agriculture operations 
in Cauvery Delta would be limited to a single crop 
only. 

1.5 Extensive supplementatiP.Jl 9f.•s1•rface w~ter: with 
ground water through'-· ihtegtated • development 
and conjunctive use of the two provides the remedy 
for augmentation of irrigation supplies in ord~r. to 
maximise production from land. to the extent possible, 
by putting adequate water where it is needed and at 
the time needed, from eithFr qr boJ!J,of th,ese resources. 
It would be a combination of the two resources for 
intensification of irrigation and fulfilment of water 
requirements for high yielding varieties and even for 
extension of irrigation on areas at present not properly 
served by surface resources. 

1.6 The process of integrated development must 
therefore call for a close examination of the varied 
types of technical and administrative issues involved, 
with a view to lay down policies and programmes 
with regard to balanced and harmonious development 
of the two resources. 

1.7 The opinions expressed or problems posed for 
consideration in this note ·present author's individual 
views. However, the discussions which may ensue may 
be of help to Central and State organisations and to 
the Irrigation Commission of Government of India, 
in the formulation of their opinions on this subject 
for the future. 

.. 
-~ ?"11\11' . 

7 • . ·Some Exampl~ ., 
' 

2.2.3 In Andhra Pradesh also there is a big prog­
ramme for construction of tube-wells in the Krishna 
and Godavari Deltas to enable the cultivators to succ­
essfully raise two crops in a year. 

2.2.4 In the Indo-Gangetic alluvial zone good pro­
gress and contribution bas been made both by State 
and private tube-wells to supplement surface water 
resources. Canal systems in this region were designed 
in the past for cropping intensities much lower than 
the land is capable of enduring. The concept of inten­
sive irrigation and raising high yielding varieties was 
then unknown. The canal supplies thus fail to furnish 
the water support for modern intensive agriculture 
with the same precision with which other inputs can 
be supplied. Ground water resources now provide 
additional irrigation facilities to large areas. for develop­
ment of irrigated agriculture on scientific .lines." · ·' 

2.2.5 Along the Western Yamuna, Canal in Haryana 
256 tube-wells were constructed between 1949 and 
1954 to supplement canal supplies by no less than 
11.33 cil m/sec ( 400 cusecs). This process bas been 
continued and another 128 tube-wells were constructed 
with the same purpose. 

., 2.1 ·, Th~ ~~ricept of integ·rated deyelopment or' sur~ace 
and ground water resources is by no means a new one.· 
A system· of. combination of the two has been practised 
in the c6untry; in a· limited 'manner, and in ·a variety 
of ways,.' to fulfiL tb~ deliciencies in irrigation supplies. 
The. exploi'tationi'of ground; waters is carried out either 
by bpen wells•··open-cum-bored ·wells, operated' either 
mechaniCl!IIY :pr. with •cattle ·power as possible and' i.2.6 . In U.P. also, where inadequacy of . wate.r in 
eonvenient;tor •: by shallow 'or • deep '1ube-wells ·or by existing surface irrigation system. is · well-known, .the 
diea,ns:of.fili!!Ji pointS,,.··,, i 1 

'"· '' '' · installation of very large number of private tube-we. lis 
2i :.h; tlu );'I .. > h_·q·jr>t>.J 1·.:rl! 1 J 1 .· •, 

- 1,, , · 1 · · in 1h~se, 11reaS. is _pointed to the endeavour of ihe 
2~'2·i'Irt1 '1t11e ·~cehrta'f'ai'icr f~i\:lrt.sufat1 ·~eszii;in_s 'in _·the· cultivator·not to depend entirely on the inadequate and· 
shi!~s'O'f tJii1arnt', .M'adllyi'·Pf<jdesli·;" :,..Jidhra· ·pr~<fesn~ uncertltil:f ~arer deliveries from :canals. Exploitation 
My~bre/'1\1\tiif'Nadll'' "'-<ta-ti'tii'ltslil'hl" ap'fe' '"rre~ala, he:· of 'gr.<Hmd·• water .th_ ·rough.· pfiva:te tube-wells and i'ts 
flirml:rfilstlalijl eiiP!ok~lqiflll', wa~~·l ·~ ~~9nst'r~ctf~l conjunctive '•use . has . thus' . become an established 
open masonry wells on quite' a' lal-ge"sca e.'·-' •· ' · .v. · 

1 maru~Ell'·'' of•: s~pplementation"' .of' panal 'S'I!ppiies for 
r. boll~t• ,vhcw noilr.gi1·1i ~~~l.u, ~ .,;,. -,r 1 t·.l mu~t1~le croppmg and for·tai'Sitig lcrops of high' yielding 
4.2.1,htiMahaua&htra, '(lindll'r rP..1dva:ra:;;8ndc·!GodaVariJ ~~nr.t~~~.~.,:,;:.-4 n•;Lc . .,·'l.i :;.1: ·'"' ,,1; o · ,,:. - ' 
(ian!W $)'1Stems,Jins~Wplemelltlttion1n o€~'8'-'aila~e ®tia'JI -:1o:L! ~;!! lor.••.;~J IrJ'ii•l [.····,. • ·! .·· · • ,,.:•! -''·· ..... • 
supplies by such masonry wells sustains p~oduction 23 The progress and contribution which the State 
of sugarcane crops to feed numerous· cooperauve sugar I r.tube-wells have made in the recent past in harnessing 
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(ii) in hardJ.J,;Ock ,.and· .. ~and;, · o I , .. •I 
stone zones,u.l :J_ ., :'.''': •• ·•• :s ~ 10% app. 

II'-" ; 1; · •·. J 1 . . .. •-' :. - 11· "J 

(iii) in Western l(ajastbarr..:J ·.,, de· , ·1 l 
• .•:J :-ni'J!•:'• (; 1; l;:J _/·I 

2% 

ground water resources to_ provide irrigation facilitillS 
mostly to large tracts oC .unirriga,ted lands -in ~orthern 
India is second to none in the. ~cheme of'tbings· :of ·ir.t:l­
gation development. .There , are,, .at -present, abollt 
16,000 State tube-wells, in, opera~i_9n ._ip.,thp country. 
With about 9,700 tube-wells,, Utt.a.r :Pradesh, 1tops :.the 
Jist. Put together Bihar, 1Gujarat, Hary11na,, Plln)ab 
and West Bengal account for, apoth~r ,5,60,Q, , .. i·l ". 1 

(b) Total estimated annual rain- 3,700 T.M. cum 
,.,, ;,~ fall:l.preclpitatien .. <in thd" (ii,OOO.million 

r " ':country< II·: c··ll o : h1 · ·( lacrt>ft)> 
> J ' ' 1 ~·; . I I :.' t: I . ! j . j .' J (f~-j~:.c· 1,1u 11:1J:·I ~-l 1 '1·1.. ·. ··: ~-~ 

(c) Losses in rainfall.· prtcipitil~ .. J;233 lv..M. cu m 
lion through ev.apora!ion.L : e ,, (l,OOO:tnillion 

acre-ft) 

'! 'jl ,..·,'. ·! , ) ·;,) ~·,,-1'•) 
2.3.1 These tube'wells command, no -less• ,than 4 
million ha (10 million acres) of.area a,nd.'form: :a 
collective capacity of pumping .·at least ,566· cum/sec' 
(20,000 cusecs) of water. On ,an approximate estima­
tion these tube-wells would be extracting almost 7.400 
to 9,867 cu m (6 to 8 million acre-ft) of water annually 
from the sub-soil. They would be providing the much 
needed water for irrigation to an .area of. almo,st 0.81 

" : 'cit)·. iai;;}~~l r~~ff. ~· r~ers~ \.;' .:, J:6U i,~{'~u m 
, 1 _ .. , '} '· :•;b ,.· 11- ;.,, , (t,:3SO ~mlhon 

million ha (2 million acres). · 

.: . ( ,, .-:, acre·ft)J 

(e) B~lance seeping -;d!!Wn .,th~,., ~02 . '1)·~- c;u m 
.... , sub-~<,llJ b-;-(c+d),, .. , . 1 (650 m•!hon 

. _. ·: , . __ ,_:1 lJ •:. • ac~eMft)1 
·;· ( ''\~-1):'1'.1•1,_ 1!-: 

3, Technical Aspects 

3.1 In a sub-continent like India,. with its highly 
variable physical features of rainfall, soils, geology 1 

and underground formations there is hardly any . ::;spe~t 

(f) "Infiltration arre'sted in top 432 T.M. cum 
_,. ,. ; . ~~il ~ayers a.s, s~qil~oi~t.u,~e. -. :..! ~1r~ft;llion1 :. r_ 

' . ,; 'J'o: ~--• ,, :.r ·, J ( ~-· • .,( 

in common with respect to the quantum and qualily 
of ground waters between the .'alluvial p)ains- of the 
North to the crystaline, sedimentary 'or Deccan . Traps 
regions of Central and Peninsular India or to the arii:l 
or semi-arid zones of Western India.. Extreme. degree 

(g) . Net annual' 'groiin~' rwa_tel'!. 3?107 milli~ri. d 
recharge.componeht1of rllm-· ". cu m(3~0.mllhdn 

'fall (e-f). : • :t c· .. !.:•< · .. nacre-ft~· ·'' .· ,. 1 
:~ I ·t.U . .J~'-:·I"""'··'J 

(h) Recharge component from 54,252 million. 
canal seepage·, infiltratj?D ·¢', ,c!l:nt• (<14 ~l!iOJl 
irrigation Y!a\er: and .. imfl?wi; .aare-(t) ' · J •• :_­

from ri'letS and-streams:.a '.'J.J: ( ;, .. .-;:; ·.--II 
· · -.:r,•.-; V ., •·. · · :·1 ·,~JJ,",'/ L·•·•J····! ·,,.J 

(i) Total g~ound water re- 424,273 .mill!QJl 

of variance is in existence in the availability.· of groun'd :. · 
water over the country. In the plateau .region~; of Sout)t 
India and hilly ,tegions of. Central. India ground water· 
availability 'is confined to fossilised water in ~<ick fissur,e 
and in stony crevices, with limited possibilities . of 
recharge. Its exploitation is generally limited mostly 

charge component. cum (344 million 
~ . _ .·._:i .. :-:.. -., t1 r · ·., L .Ja<!rerft)Q [ F 

.. :J .. ) -_ .. ·J 'j, l;··i·· .. ~·!·J;lJJ•Ij' ;J.}"J."•.".JJ~•J(•(: 
through open wells. , , . 

3.1.1 The coastS:! areas in Orissa, Andhra Pradesh, 
Tamil Nadu and' parts of Narmad\1 Basin are trac~s 
with good possibilities for extraction of ground water 
for being put to conjunctive use with surface waters. . . 

I 
3.1.2 The Indo-Gangetic alluvial zones, in compari­

. son to other regions can, however, be classed as a major 
and large proven ·ground water reservoir of immense 
potentialities for integrated -development and simul­

. taneous use with surface water resources. 

. 3.2· Approximate estimates, based on general experi­
ence and such other ·data as is available, have been 
made of ground water resources of the ·country. In a 

• nutshell there are : ·· 

(a) Rainfall infiltration 

(i) m alluvial zones of North 
, ·" , Il)dia .of t0tal precipita­
: ... ,._.)1. ,lion, 

' 
20%.app. 

.. ' :(if Deducting losses dn. :tlVliPI>,, .Z70, T ~111· l:U. Ill 
· · transpiration aildsub-surf11ce , (219 qulhon, , ,~ 

· flows in .different ·percentage , IICre-ft): 1 1: , 1 
· in different regions.- total:.; _ ... , . . ·' , ·t 

available gr6und ·watenr~: . ._,_... .. , .. ··~ 
charge. · · ) ·,) ·- .. '(. :·- ... r-l 

. .· ' 1 . .. : :- ':;b '; '! ~ . ~i 

(k) Probable recharge to braclc- 14,800 · .mjll~qn 
ish zones unfit for agricul- cu m ( 12 mllhon 
1ural purposes .. · · : · · .. 1 acre-ftJ I J~ 

• I . j I " • J. iJ • j ! ' . J I ),) \_ :..:. 

'· (1) Total resultant recharge'-:;25.7: ·:'I.MJ .c)Un 
available for ground water .. (207 million ·~ 
development · ·. acte-ft) ' .· . . t 

I . . ' ' ' , J ' ~ ' ,.... 

. (m) Usable ground water . 203,.524 '!lll.ll~~n 
· potential iS to 80 percent cum (l~S' m1lhqn 

of net ground water recha- acre-ft) · · 
rge, i.e. (/) 
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based on average area irriga­
ted. by these sources, as 
collected by Minorirrigation 
Branch of the Ministry of 
Food and Agriculture. 

(o) . Additional unaccounted 
draft by Public Health 
Engineering Department, 
Municipalities, Panchayats, 
Railways and Industries. 

(p) Approximate additional 
draft from open wells private 
and State tube-wells during 
the last two years. 

(q) Net ground water potential 
available per annum for 
future exploitation and deve­
lopment m. (n+o+p). 

37,000 million 
cu m (30 million 
acre-ft) 

24,669 million · 
cu m (20 million 
acre·ft) 

67,842 million 
cum (55 million 
acre-ft) or 2,400 
TMC app. 

3.2.1 Thus no Jess than 67,842 million cum (55 mil­
lion acre-ft) or 2,400 TMC of net ground water poten­
tial is available per annum for future exploitation and 
development. This would very nearly equal the entire 
potential of all the surface water reservoirs put together 
constructed so far. 

3.2.2 . Though only a portion of this vast resource 
can be used with the surface waters, as some will serve 
virgin areas, yet the figures reveal the. grea_t potential~ty 
of ground water resources for conJunctive use wtth 
canals. 

3.3 Ground water alre~dy contributes as much as 
,_30 percent of the total irrigation ·of the country. The 
f'\:ltesent 9.5 million ha 124 million acres) irrigated by 
gr(lund water may, upon full exploitation, increase 
to 21 million ha (53 million acres). Thus the need 
for quantifying basinwise resources, surface and under­
ground, computing the cost ~f . their develop!"ent, 
their present stage of explo1tat.10n . and ultimate 
potential for development and conJunctive . use has to 
be emphasised. 

3.3.1 Like surface reservoirs, ground water reservoirs 
also cannot be utilised to the best advantage if they are 
kept full or nearly full .. The study into the behaviour of 
ground water reservoirs, many of which can hold far 
more water than ari artificial surface reservoir, with little 
loss by evaporation is, therefore, of great importance 
for their planned development conjunctively with 
surface resources. 

3.4 Basically, in respect of any ground water reser­
voir, extraction must gen:rally not exceed the limits of 
safe yield. The problem would thus be to establish a 
hydrological equation between discharge and recharge. 
It will then be possible to lay down a system for deple­
tion of ground water reservoirs during dry periods to 
provide storage capacity for the wet season. The vari-

abies and unknown factors affecting ground water re­
charge have yet not been studied in enough details. 
When this is done, it will be possible to achieve closer 
integration of surface and ground water resources. It 
will then also be possible to analyse the complicated 
technical issues to evolve a system of ground water 
exploitation sufficiently flexible to permit heavy 
pumping, temporarily for short periods to a limited 
extent, to take fuU advantage of the aquifer storage 
during critical periods of plant growth or seasonal 
peak demands or to alleviate conditions of scarcity 
over a dry year or a cycle of dry years. In such cir­
cumstances conjunctive use can be of the greatest 
advantage and ground waters can act as a balancing 
storage for maintaining a steady source of total 
supplies for the irrigation system. 

3.5 Co-ordinating integrated development and com" 
bined utilisation of surface and ground water resources 
would also involve studies of the inter-relation and 
inter-action of ground water from rainfall, stream flows 
and seepage recharge from gravity canals and for 
estimation of possibilities and processes of artificial 
recharge of underground aquifers. It would besides 
be necessary to link up the process of pumping to see­
page from gravity canal and distributaries of different 
dimensions and carrying varying discharges, in order· 
to define, with a fair degree of accuracy, the spacing 
and depth of State and private tube-wells with respect 
to gravity canals and distributaries as also with 
respect to one tube-well and the other. This auto­
matically would determine the number and intensity 
of tube-wells to be permitted in an area and the 
amount of water that could safely be pumped out 
without any deformation of the potential and utility 
of either the canals or the tube-wells. 

3.5.1 This would be necessary as much from the 
~conomic point o~ ~i7w as from the technical angle, 
m order to maximismg benefits from investments 
made on them both in public and private sectors. It . 
would be otherwise if private tube-wells, for various 
reasons and circumstances, are not utilised fully. In 
Northern States, where private tube-wells have deve­
loped on an extensive scale, they generally are grossly 
under-utilised running hardly 1200 to 1500 hours in a 
year, if not . even less iu some regions. Evidently, 
therefore, the mvestment on them should be considered 
as highly uneconomical. What is worse is that the 
inten~ity of well population, located haphazardly and 
catermg only to individual needs, would bear no rela­
tionship to the overall area to be served. When used 
intensively in certain months, during •periods of low 
ca~al supplies, each may interfere with the other. 
This would defeat, in no small measure the basic 
o~jec!ives of planned ground water develo'pment and 
give ris~ to numerous problems varying in severity from 
one region to another. 

3.6 No endeavour can here be made to discuss the 
details .of different variables involved in the process 
of conjunctive uses of surface and ground waters. 
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Some of them are : 

(a) Meet kharif demand from gravity canals and give 
full coverage by tube-wells, either public or private 
to meet all or most of the early kharif and rabi 
demands. Rabi surface supplies could then be 
released and re-allocated to other suitable and 
needy areas, either in the same or in a different 
basin. 

Besides flexibility of operation the value of a · 
system like this would be enhanced by quicker 
replenishment of ground water through greater 
recharge during rainy season even if the aquifers 
have been strained beyond the capacity of balanced 
recharge for rabi crops. 

The economics of such a system would need 
to be carefully examined. It may not be any 
worse as compared to what it is at present, for 
tube-well even now, State or private, are very 
little in operation during monsoon period. State 
or privately owned tube-wells replacing canal 
irrigation during rabi would have the two-fold 
advantage of providing assured an_d timely irriga­
tion to a command and releasmg canal· water 
allotted to it for other areas not equally rich in 
ground water resources. 

(b) Pooling of surface and ground waters on tails of 
channels which are subject to chronic shortage. 

(c) Having exclusive commands for surface and ground 
water resources. Tube-wells could then either 
interperse or fringe the canal command. 

(d) Having inclusive commands, i.e., both the surface 
and ground water supplies may serve the same 
area. 

(e) Reduce canal supplies to some extent to private 
tube-wells' owners. This would automatically im­
prove utilization of private tube-wells consider­
ably without affecting crops adversely. 

(f) Reduce command area on canals and transfer it to 
tube-wells and utilize released canal supplies else­
where. 

(g) Augment canal supplies by suitably sited public 
tube-wells. 

(h) Utilise low quality ground water zones by mixing 
with surface source and thus increase irrigation 
supplies. 

3.6.1 In the choice for a combination each region 
will have its own peculiarities and will present problems 
which would need to be studied and treated in a manner 
best applicable to it in its socio-economic and tecbni_cal 
details. There is little possibility of an approach whtch 
may be common or similar in nature all over the 
country. Solutions. therefore, are bound to differ as 
much from project to proj¢ct as from one area to 
another. 

3.6.2 In any case the intensity and location of tube­
well population in an area will have to be properly de­
fined. This would be necessary to control any hapha­
zard development and safeguard against undue depletion 
of ground water-table or tube-wells feeding on surface 
supplies. 

4. Integrated Development-A Safeguard against 
Water-logging and Salinity 

4.1 With the future massive development of surface 
water resources and in the process of intensification of 

. irrigation and fulfilment of water requirements of high. 
yielding varieties or any indiscriminate and unplanned 
irrigation from canals, the underground hydrological. 
balance- can be disturbed through the process of 
charging the ground water aquifers in an artificial 
manner by heavy percolation besides natural process o~ 
rainfall infiltration. The rise of water-table, in places 
to a substantial degree, can, therefore, be a natural con­
sequence. The problem, already acute in some tracts, 
is thus likely to be aggravated further. Water-table in 
some tracts in Ganga Basin bas now risen quite high 
causing problems of water-logging and salinity in 
varying degree of severity. The problem posed by. 
abnormal rise of water-table in portions of Haryana 
and Punjab States in the process of intensive surface 
irrigation may also be called alarming. This develop­
ment, now arrested to some extent, threatened vast 
areas over these States with danger of water-logging 
'"and salinity. 

4.2 It is here that integrated development of the 
two resources, surface and underground, and their con­
junctive process of use is most effectively brought into 
play as much to rectify major deficiencies in surface 
water supplies as to provide a fundamental safeguard 
to hold the ground water-table at a safe depth by judi­
cious extraction of water from the sub-soil to prevent 
water-logging. 

4.3 That water-table be maintained sufficiently below 
the surface to avoid water-logging and ~alinity is a 
universally accepted maxim. At what level should it 
be held and used most profitably and economically 
still remains a matter mainly for research tempered to 
some extent by practical considerations. There can, of 
course, be no criteria for general applicability all over. 
Each region of physical and climatic similarity and soil 
texture would have to be considered as a unit in itself, 
distinct from others, to approach the problem. 

4.4 It can, however, be visualised that State enter­
prise shall have to play a major role in this direction, 
wherever circumstances demand systematic control to 
be exercised on ground water-table against risks of 
water-logging and salinity. ' 

4.4.1 For example the State ofHaryana has construc­
ted batteries of tube-wells in Jagadhri and Karnal areas 
to arrest water-table rising dangerously high. These 
tube-wells supplement canal supplies besides providing 
drainage to tbe area. 
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5. ~aljne j\qulfers . 

$.1' , An imbortant aspect of COI)JUnCti~e \ISe of' ground 
waters 'with .~anals is in respect of areas having -~aline. 
aquifers. for , anx scie.ntific approa,ch ·t<i_. improved, 
agriculture quality of water is as important as quantity •. 

5.2. Oenerally .. speakjng ground w.aters wbich fall 
within 1000 parts per millipn of total dissolved salts are 
designated as fresh wa(er· and can· be used directly on 
crops. Ground water. with a quality of 1000 but less 
than 3000 ppm TDS' could be. IJSed. by dilution b~ 
mixing it with -fresh water from surface resource. 
Waters. of a quality' having more than 3000'ppm TDS 
may be considered as completely saline and unfit for 
irrigation purposes. 

5.2.1 By and large, the process of dilution of saline 
water with fresh water would involve elaborate inves­
tigations 'and rigid and careful control. Tbis may no~ 
be considered feasible or called for at the present time. 
Nevertheless -in' arid areas like that' of. Rajasthan and 
Kutch i.vhere ground water lias been noticed' to be 
b~ackish, i't can be combined wiih sweet waters from 
surface supplies like Rajasthan or Cha,mbal Canals and 
used, Y(i!h aqvantajl~ for, extanding' irrigqtion., ' ' ' : 

' . . . ' ' . . . 
'I I' ~ • I ' • '• j • I ..... ' i . •l ! '. ·• • I t J • 

~q 
1 

Jibe q1,1esttqnllf 1nroqe of.,sa)tptty m 4elta areas, 
wqljld1 als<;> ,nee~ tg .b~ ,car~fujly ~l'n~idered a!19, ,e~t.raci 
tiqn .. 9.(gmu~,d · 1water~., ?P , a ,l,arge scale in l))es~ r~gton.s 
guided and controlled w1th due caution. · · . 1 ..• 

6,:: im,gation· Ta,riff~ rbr ConJ~.ictive' Uire d · i 1 1-
.. ,,) 11.JL [;,JoO ;.r,J~'' •· , ; •! 1.•,,1; .'.'·>~ 1J ,_.·' 11.1 ·• .IJ 

6:1'" !An~import'ant :ptoblem"i)ss<iclatetl· ~ith lcorljunc~ 
~ive' use of•surface '~trtd ground water ls1 the "matter ' of 
ir!-igatio!l· tluilfs. : _ Wide_ly. d.iv7rgetlt ·patterns·· of.' ta~iffs 
fot' canal and tube·wel,l' rrngatron can complicate matters 
iii no ~matt irteas\ir-e: · · · " I • · 1. : · ' ' .. · _. ' 

, I 

6.2 . Farmers cannqt be ~xpect~d to forego willingly 
their claims' t~ 'cheaper surfa\:e irrigat'ion, tliough inad~;~ 
qu!lt.ej. fQr ·.the ,more expensiv~ vol~metric system Trorrt 
~~~te.~~~e:.~ns~ ~ven jrassu~din ~me}~~ quap~itr: •; 

li::h ·It is 'hbhhat cd&t of ~~beMell irrigation i~ so 
disproportionate-that crops ·cannot. sustairr the charge 
'"""rnultitudes ,of ~armers are .thrivinl!' bn it-the problem 
I~ of a commodity peing so drasticiily cheaper in' com,'­
pariSon,' though 'inferior in quaU(y; that· farmers would 
automatically' 'choose and adher& to ·canal · irrigatioti 
.a,s ~om pared t\), State tube-w~ll.s ... X,et;~Indian .farme~. 
intelliegent , and prqgressive as -~~ 1gener,ally is, a.nq 
~:ndovvJ!Q. ~itJ:t sound ,cQmn;tonser;~~c; •. qan .. e_y~l)t,U!~IIy b~ 
~1'PC!ft~p _,to; .adppt.rte;.v. sy~tem~ .aud, ,;ec)lpique~, l:Ie 
cannot allow low productivi.ty: tp ·· per~ist .. aud;.mus4 
therefore, orient his operations to maximising- his yields 
-and,obtainirig:the:best from his ~oldingand improvi!:hls 
.econoinicpositian~·.,' t : .:.~ ·- .. ; Jj · •. ,;·,.~ .:._., L..~, 

;6,~:.~, . · ~~~~ui'tably edcqaM i.~!ije~ Pt:ah~r .~( ~Q~~-
mtcs of expenditure 'o'n the existi~.B5~1!~J <;l\a~~~~ p,lm; 

that of supplementation from a, private tube-well put 
together, to the charges for supplementing irrigation 
from a State tube-well, he would be able to understand 
that the two bear a close comparison in cost. . 

6.2.3 ·In the existing circumstances, therefore, where 
State tube-wells. are being constructed to supplement 
canal water to Jndividual farmers the proposal to 
charge him for tube-well water by volume in addition 
to full canal rates on area. basis would be reasonable. 
This would mean having inclusive command for surface 
and ground water supplies ·serving the same are11. In 
Haryana, however, where batteries· of tube-wells have 
been constructed to augment_ canal supplies the old 
pal tern of irrigation tariffs on area-crop basis has not 
been disturbed. 

6.3 In any case for an ultimate future pattern of 
possible irrigation; tariffs in areas wbere canal and 
ground waters are CQnjuctively utilised on the ,same 
land, a thorough study into all the aspects of the matter 
may )ead to evolving a system best suited to the pattern 
of combination adopted. fn doing so the basic 
approach of volumetric system being more_ rational and 
economical in water· use will have to be borne in mind. 
Side by side it would r;~eed specia~ attention to, provide 
adequate safeguards against any further slicing of the 
financial returns from irrigation projects ·which have 
already been strained: almost to a breaking point .. ' i , · ; 

'I 1•) :·. . t '.J 

6.4 Td make the concept· of integrated development 
and conjunctive. use attractive' and acceptable ·tO' the 
far'!ler1 and .to_ achieve a break-thr~ugh . his prevailing 
preJudtces agamst Sta.te tube-wells, tt is of. parampunt 
importance that the management of State tube-wells' 
the service against br~akdowns and for their 'repairs: 
the system of apportionment and conveyance of-water 
uninterrupted supl_llY of electr!c energy , and· ge~erai 
assurance of contmuous workmg during _period~ ot 
demand, must be guaranteed. It is only thus that the 
farmer will get convi~ced of the r~al utility, q~ the­
system.. It should bestdes be ensured that command 
areas in 'such a system is not' in excess of • a ·. reasonable­
limit for. multiple_ cropping_ and for .supply .of :irrigation 
water at proper lime and Ill adequate quantities .from 
ei,t~er o, both .the resources. 
'.1,•'1/J., 1.•.J • 

7. Ground Water Legislation 
. : .. Ill '.; ' . ·. . \ ' ' . f ·) 

7:1 How_ t? avoid overdrafts on ground water ·is a 
htghly complicated question, which is nor easy to 
answer. · · 

i.2 ·' J:p.e r~i:ent massive acceleration in tbe' -construction­
p~ogramqte of public and private tube-wells and .the 
w_elcqme enormous de;velopment of surface wells must in­
,''lle add~d :e,mpha~is to thi~ problem.. It would tjlus be­
))~~~ary tq exerctse,. and _rfneed·be.tq jmpose, ~itable 
rtfln,!~o,)f <_>n,Jb~ methqdology 11nd qu11ntum of extraction 
of water over space and time; · ' · · · - · · -
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7.3 Although the ·present annual draft from the sub­
soil over the country still leaves a substantial margin to 
ultimate development, yet the axploitation of net 
safe yield or balan~ed recharge i~ certain regions ~ay 
possibly be reachmg the apex pomt: ":'ell populatl~n 
in such areas may already be causmg mterference m 
their pumped yields. Well thought out safeguards, 
imposed well in time, is therefore, a logical sequence 
and a pressing need, to arrest uncontrolled water 
extraction from the sub-soil. 

7.4 It will, therefore, be in no distant future that 
public conrrol over abstraction of ground water and 
suitable ground water legislation may become indispen­
sable. This would be with a view to control, and 
possibly regulate, the exploitation of ground waters 
within safe limits so as to safeguard against undue 
depletion, and may be exhaustion, of this resource. 

7 .4.1 Ownership of ground water in our country vests 
with the ownership of land. This, therefore, adds sig­
nificance and imparts urgency to such a legislation to 
restrict harmful overdrafts from ground water reservoirs 
land define ground water rights. 

7.5 Ownership and right, quantum, system and regu­
ation of withdrawals, requirements and uses within and 
outside the ground water reservoir area, etc., would 
have to be suitably defined in such a legislation. The 
process of intergration of ground water, efficiently and 
to the best advantage, with the already public controlled 
surface resources, will be no Jess an important matter to 
be covered in such a legislation, In addition, where con­
ceo trated pumping may have to be resorted to over long 
periods at the expense of possible recharge, general 
principles will need to be defined in the statute, either 
to reduce the discharge or increase the recharge artifi­
cially. 

7.6 Besides a central ground water legislation which 
demands urgency, there would be need for Regional or 
State legislations also which may be responsive to 
regional environments and situations and fulfil local 
requirements. 

8. Administrative Needs 

8.1 It appears quite evident that the whole 
approach to integrated development and conjunctive 
utilisation of surface and ground water resources needs 
to be modernised. Irrigation development can no 
longer be dealt within isolation as between surface and 
ground waters and must be planned, exploited and 
managed in intimate co-ordination with each other. Our 
present planning, by and large side tracks this concept. 
There is hardly an irrigation scheme for surface water 
development which at present takes into consideration 
possibilities and scope of supplementing surface resour­
ces from ground waters or the necessity of doing so as 
a safeguard against water-Jogging which may result due 

to introduction of intensive canal irrigation. Jn fact the 
adverse impact of want of integrated planning is already 
being felt over large regions of the North in no small 
measure. 

8.2 The existing fragmented administrative system 
may be a major factor that may stem~ the process of a 
well co-ordinated approach to overall planning, con­
struction and management in this regard to a long 
range goal. 

8.2.1 Under the present administrative arrangement 
the Ministry of Irrigation and Power is responsible for 
all major and medium surface irrigation projects and 
the Ministry of Food and Agriculture for ground water 
development. 

8.2.2 This division of responsibility militates against 
the concept of simultaneous planning, and of the con­
junctive development and utilisation of all water resour- • 
ces of a river basin, and results in a situation in which 
planning, exploitation and management of surface water 
in a basin is done independently by one Organisation 
without reference to the identical functions performed 
in respect of ground water by another organisation. 
Obviously, in a situation of this kind there is every 
likelihood of~ confusion of purpose in planning, and 
of a conflict oT interest in practice. . 

8.3 Whatever might have been the administrative 
necessity for such an arrangement in the past, a fresh 
appraisal of the system, and of the diffused responsibi­
lity ·which bas resulted, seems necessary to judge 
how for it impedes the objective of a co-ordinated 
approach to overall planning for the optimum conjunc­
tive use of the two resources SC' that it constitutes a 
composite, unified and harmonious system of irriga­
tion. It is only when programmes for ground water 
exploitation are treated as an intrinsic component of 
a surface irrigation project that it can be considered to 
be both safe and effective. 

8.4 If, therefore, there is to be a co-ordinated prog­
ramme for surface and ground waters, it would be 
necessary to have a unified Organisation to control and 
guide the many complex technical and administrative 
problems for their simultaneous planning and integrated 
development. These considerations point to the impera­
tive need for the Ministry of Irrigation and Power, 
with its expertise in engineering, to reconcile all proces­
ses and techniques, through continuous researc!l to 
develop a really efficient and effective system. ' 

8.5 Other bodies, like the Committee on Plan Pro­
jects in the Planning Commission and the Study Team 
of the A. R. C. in their report on "Machinery of 
Government of India and its Procedure of Work" who 
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have gone into the question in the recent past have 
made recommendations on similar lines. The A. R. C. 
has also recommended that the Ministry of Irrigation 
and Power should be the co-ordinating body for all 
works relating to the investigation of ground water re• 
sources and that the B. T. 0. now Ground Water Board 
should be transferred from the Ministry of Agriculture 
tci Ministry ·of Irrigation and Power. 

8.6 The integration envisaged at the planning stage 

will obviate the present unhealthy competition between 
major and medium schemes on the one hand and minor 
schemes on the other. Once the interaction ·of all 
schemes has been realised, the place of any scheme in a 
programme will depend on the contribution which it can 
make to the general purpose of the programme, 
whether this purpose is to serve as the main source 
of irrigation or as a ·suppl!lmentary source or as a com· 

. ponent of the conjunctive· use of ground and surface 
water in the area. · · · 
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[This paper will review the availability and ·current utilisation of the water 
resources in India, based on existing data a11d studies. An attempt will be 
made to project the possible water requirements for various uses for the next 30 
years. Some new policies or changes in existing policies will be proposed and the 
need fer a special organisation to formulate national water policies for India 
will be stressed.] 

SYNOPSIS 

The total utilisable water resources of India are estimated at 82 million ham 
against which the present utilisation for all purposes is estimated to be 40 percent. 
The next 55 percefll of the utilisable quantum is likely to be used in the next 30 years, 
that is, if care is taken with regard to its utilisation for agriculture, industries nil 
fossil and nuclear power with proper management, specially in the field of agriculture 
which is the major user of water. If the required efficiency is not achieved with proper 
water management as assumed in the paper, the water use for the proposed economic 
growth in various fields i~ likely to be much higher and may even exceed the total 
utilisable water resources. The water requirements for agriculture, industrial and 
power use and domestic water supply have been K"Orked out on the basis of the growth 
in population and the correspondinf! growth in the various sectors. The necessity of 
providing water adequately for recreational facilities and maintaining ecological 
epuilibrium andfor controlling water to reduce the damages from floods, water-logging 
and drainage congestion has also been indicated. 

In conclusion, it is seen that water, and not land, would be a 
limiting factor in the future economic growth of the country. A methodology for 
economic evaluation of water use for various purposes needs to be developed and, 
finally, immediate action is necessary to create a Central Water Authority with statutory 
powers for initiating and coordinating the studies on the various aspects such as 
assessment, utilisation, conservation, and management of water. 

1. Introduction 

1.1 The value of water is derived by virtue of its 
use. The positive values of water include its uses for 
irrigation, industries, municipal and rural water 
supplies, hydro-power generation, navigation preser­
vation of fish and wild life and recreation. The nega­
tive values include damages caused by floods, water­
logging, pollution, etc. Optimal water resources de-

velopment aims at maximising the positive values and 
minimizing the negative values. 

1.2 Water is a dynamic resollfce and its occur­
rence and distribution cannot be predicted in a 
deterministic manner. But it is amenable to statistical 
and stochastic analysis. Despite the intrinsic variations 
from day to day and season to season, the quantum 
of water can be estimated wilb requisite accuracy and 

*The views expressed in this paper are ortbe authors and not necessarily of the Planning 
Commission. 
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sired confidence when considered ove~ a fairly long period 
of time. Though the value of water use for various pur­
poses is bound to change with the change in the pattern 
of developmem, certain broad features can be identified 
and guidelines can be framed in planning its use over 
a fairly long period of time. 

1.3 Development of water resources is intimately 
interlinked with land use. Water can change the pattern 
of land use and bring either economic prosperity or 
destrucioo. It influences population distribution and 
by proper planning it can be the vital incentive for 
better population distribution and optimum economic 
growth. In this process, water resources development 
has to take into account a wide variety of conside­
rations, namely, physical, geological, social, economic, 
biological, legal, political and aesthetic. Some of these 
considerations might be quantifiable and others lend 
themselves amenable, at best, to qualitative estimates. 
Water resources development which does not recognise 
and integrate these many quantitative and non­
quantitative dimensions to the greatest extent possi­
ble fails to achieve the d66ired objectives. It is, 
thus, a very broad field involving a variety of inter­
disciplinary considerations. 

1.4 In making the decision relating to water resources 
development, one must · choose between the many 
alternative uses of water and often many alternative 
means of accomplishing the development. In a 
vast country like India which requires development 
not only in the field of agriculture but also in all the other 
spheres, the role of water as a resource to achieve the 
goal of optimum development requires detailed ana­
lysis and concentrated attention. Also, this resource 
is limited and one cannot afford -to exploit and pollute 
it to an unlimited extent. It has to be conserved, de­
veloped and judiciously Wilised. 

Z. Assessment of Water Resources 

2.1 Assessment of water resources as well as the 
assessment of current utilisation and future require­
ments is prima facie the basic study in the planning for 
optimum utilisation. In India, there exist only some 
broad idea about the availability of surface and ground 
water resources. These are based on assumed analogies 
and give data about the annual average rather than 
the maxima and the minima and seasonal variations. 
and dependence. Also reliable data on the actual utili­
sation of the water resources, in terms of w~ter, for the 
various · utilities are not' available. However, as water 
is- a dynamic resource, the planning and policies would 
also have to be dynamic, periodically reviewed and imp­
roved upon as more and more data become available. 

2.2 The estimate for the average runoff for the 
country made by Khosla<11 was 168 million ham. 
This estimate gives only the average annual flow and 
does not represent tbe.utilisable qnantum which will be 
much less. The utili~able quantum depends on the vari­
ations in the flow, the nature of utilisation, the quality 
of water and the facilities for storing water, that is the 

availability of suitable sites for constructing dams or 
diversion structures. In India the irrigation projects are 
designed for 75 percent dependability and hydro· power 
projects for 90 percent dependability. Industrial and 
domestic water supply projects require a still higher 
dependability. When the dependability consideration 
is made, the water available for utilisation is less than 
the average runoff. Again, against this 7 S, percent 
dependable flow, the utilisable quantum will be much 
less if the quality ofwate(, the physiography and tqpo-
graphy in the various regions are considered. . 

2.3 From the above considerations, the utilisable 
quantum of surface water for various purposes was 
estimated as 56 million ha m some 20 years back< 2l. 
This estimate does not indicate the State-wise or 
basin-wise distribution. In the estimate of utilisable 
ground water resources, at the preliminary stage 
of development, the annual volume of natural 
recharge to the ground water basin, is generally con­
sidered. Rao et al<3l have estimated that the total 
resultant recharge available for ground water develop­
ment in India is of the order of 26 million ha m (State­
wise details are available). With the above background, 
as a first approximation, the country's total utilisable 
water resources can be placed at 82 million ha m. 

·3. Development and Utilisation of Water Resources 

3.0 A period of 30 years (1970·2000) has been chosen 
tor outlining the development requirements of water 
resources for various purposes. Tn a developing country 
like India, a longer period would be difficult to con­
sider as it may not be posssible to project the growth 
and changes with requisite accuracy. This 30 years' 
period may again be split into two, namely, the period 
up to the end of the Fifth Five-Year Plan (1974-79) 
and the period from 1980-2000. In the first period one 
cannot expect to feel the effect of changes in the plann­
ing policies and strategies, as part of the period would 
be covered under the Fourth Plan in progress and the 
remaining part would be influenced by the trend of the 
Fourth Plan, particularly the major and medium pro­
jects of the Fourth Plan, which would spill over into 
the Fifth Plan. Hence, the effect of new concepts and 
strategies can possibly be felt fully only in the period 
beyond 1980. · 

3.1 The use of water can be considered under three 
groups. One is the '!ti lisation ~fboth surface and ground 
~a.ter ~or consumptive or parllal consu111ptive uses such as 
~rngatt?n, urban and rural water supply and for various 
m~ustnal ~ses and thermal and nuclear power generation. 
lrngat10n 1s. a. real consumptive use because of the 
evapotransp1rauonal losses. Uses for domestic and 
industrial purposes are partially consumptive as most 
of th.e.wa.ter could be renewed for reuse after proper 
condJ!IOnmg. The second group is the non-consumptive 
use ot. water for hydro-power generation, navigation,­
P?IIut.IOn control, re~reation, preservation of fish and 
w1ld hfe, etc. The thtrd group . is not a use in the 
normal sense of the term but involves control of water 
to avoid damages from its excess rather than its use 
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as a resource. Examples are agriculture drainage, 
urban storm drainage, flood control and the variety of 
schemes to prevent sedimentation, water-logging, land 
erosion and inland intrusion of sea water in the coastal 
areas. 

3.2 Conswnptive Uses 

IRRIGATION 

3.2.1 In the case of irrigation, industries and dome­
stic water supply, the magnitude of the development 
required in each field has been identified first and then 
the water requirement for ensuring the development bas 
been assessed. For outlining the development in the 
field of irrigation, following objectives have been kept 
in view: 

(a) generating an agricultural growth commensurate 
with the likely population growth ; 

(b) minimising the dependence of agriculture pro­
duction in the country (particularly, foodgrains) 
on the unirrigated areas. The production from 
which is susceptible to the vagaries of the monsoon 
to a greater degree as compared to the irrigated 
areas. 

In the following paragraphs, trends in population, 
agriculture production and requiremel\fs of major items 
are discussed. 

3.2.2 Pant'" has estimated the population growth up 
to the year 2000-01 (medium variant) and has indicated 
the production requirements for the principal items for 
the period up to 1985-86. Extrapolating the production 
requirements for the principal items on the basis of 
the estimated population, the requirements up to the 
period 2000-01 have been computed and are given in 
Table I. 

TABLE I 

Estimated population (mid-year) and agriculture 
production requirements. 

Unit 1973-74 1978-79 1990-91 2000-01 

.Population Million 595.8 665.9 795.4 918 7 

Foodgrains Million 129 ISS 204 236 
tonnes 

Oilseeds -do- 10.5 14-0 22.1 25.6 

Sugarcane -do- 152 213 306 355 

Cotton Million 8.0 10.4 13.9 16.0 
bales• 

*I bale= ISO kg; 1 tonnc=S.S6 bales 

3.2.3 Before "working out the indicative plan to meet 
the requirements, the production in the base year 1968-
69 requires to be looked into. The area under various 
crops and production therein as estimated by the 
Ministry of Agriculture"1 are given in Table II. 

• TABLE II 

Cropped area and production 1968-69-Prlncipal crops. 

Rice 

Wheat 
I 

Other Cereals and Pulses 

Total Foodgrains 

Oilseed::.•• 

Sugarcane 

Cotton 

Area• 
(millio~ hcctar~s) 

36.97 

15.96 

67.50 

12043 

14.60 

2.46 

7.69 

Production 
('!'illion tonnes) 

39.76 

16.54 

38.75 

95.05 

6.90 

120.00 

5.27 million 
bales 

*The figures for area discussed here and subsequently are 
all cropped areas unless mentioned otherwise. 

••Includes grouodnut, castor seed, seasum, rape and mus ... 
tard, and linseed only. 

3.2.4 The above estimates do not give the production 
from irrigated and unirrigated areas separately and the 
details of the irrigated areas under each crop are also 
not reported. To assess the impact of irrigation on pro­
duction, there is need to deiermine the yield per hectare 
for the crops separately under irrigated and unirrigated 
conditions. After analysing the data available18H 71 , the 
yield figures have been arrived at, which are given in 
Table Ill. The likely improvements in the yield in the 
future years have been arrived at, keeping in view the 
current status of agriculture technology in India, the 
likely growth of areas under the improved varieties and 
the possible improvements in the field of water manage­
ment for agriculture. These estimates may get altered 
if a major break-through is obtained in the case of 
cotton, oilseeds, pulses, or if the assumptiops regarding 
water management are not fulfilled. 

3.2.5 For the total area under all the crops a growth 
of 1.1 percerit per annum has been assumed for the 
period up to 1978-79 (PantW has estimated 1.1 percent 
up to the year 1985-86). The growth assumed is 0.85 
percent from 1979-1991 and 0.45 percent from 1991-
2001. A higher growth does not seem to be necessary. 
The areas under the individual crops have been fixed 
keeping in view not only the requirements of production 
but also the trends in the recent past. The cropping 
intensities assumed arc given in Table III. Con­
sidering these. the net land use would be 146.5 million 
ha in 1973-74, 149.7 million ha in 1978-79, 156.2 
_million ha in 1990-91 and 160.0 million ha in 2000.01, 



Area : Million hectares 
Yield : Tonnes/Hectare 
Production : Million Tonnes 

TABLE lll 

' Estimated cropped area, yield and product-Priucipal crops. 

1968-~9 1973-74 1978-79 1990-91 2000-01 

Irriga- Unirri- Total Jrriga- Unirri- Total Irriga- Unirri- Total Irriga- Unirri- Total Irriga- Unirri- Total 
ted gmed ted gated ted gated ted gated ted gated 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 j 
I"' 

1. Total cropped > 
~ area under all 

crops 35.90 128.10 164.00 43.00 130.20 173.20 52.00 131.00 183.00 66.70 135.30 202.00 71.50 140.00 211.80 

2. Rice: ~ 
Area 14.80 37.00 18.00 . 40.00 24.00 16.00 40.00 24.00 16.00 40.00 > 22.20 22.00 40.00 21.60 18.40 :z: 
Yield 1.30 0.90 1.07 2.10 0.90 1.44 2.50 0.95 1.79 3.33 1.10 2.42 4.20 1.20 3.00 

Production 19.24 19.98 39.22 37.80 19.80 57.60 54.00 17.48 71.48 79.20 17.60 96.80 100.80 19.20 120.00 

3. Wheat : 

Area 6.80 9.20 16.00 8.50 9.00 17.50 10.40 8.10 18.50 11.00 7.50 18.50 11.00 7.50 18.50 

Yield 1.40 0.70 1.00 2.30 0.70 1.48 2.80 0.80 1.93 3.70 1.05 2.61 4.40 1.10 3.06 

' Production 9.52 6.44 15.96 19.55 6.30 25.85 29.12 6.48 35.60 40.70 7.54 48.24 48.40 8.25 56.65 

4. Other Cereals & Pulses : 

Area 6.40 61.00 67.40 8.00 64.70 72.70 9.30 64.90 74.20 12.50 61.70 74.20 14.00 60.20 74.20 
Yield· 1.00 . 0.55 0.59 1.05 0.55 0.61 1.10 0.60 0.66 1.50 0.80 0.92 1.80 0.90 1.06 

Production 6.40 . 35.55 39.95 8.40 ~5.6? 44.09 10~23 38.94 49.17 18.75 49.36 68.11 25.20 54.18 79.38 



5. Total : Food-grains · 

Area 28.00 92.40 120.40 34.50 95.70 130.20 41.30 91.40 132.70 47.50 85.20 132.70 49.00 83.70 132.70 

Production 35.14 59.87 95.01 65.75 61.79 127.54 93.55 62.90 156.25 138.65 78.84 213.49 174.40 81.52 255.92 

6. %age Area 
under Food· 
grains to total 

area under crops 78.3 72.2 73.5 80.0 73.2 75.3 79.4 69.8. 72.5 71.2 62.9 65.7 68.5 58.8 62.6 

7. Oil Seeds• : 

Area 0.60 14.00 14.60 0.80 14.00 14.80 1.50 18.00 19.50 3.60 28.00 31.60 4.00 32.00 36.00 

Yield 1.00 0.45 0.47 uo 0.50 0.54 1.20 0.55 0.60 1.40 0.65 0.74 1.60 0.75 0.85 

~ Production 0.60 6.30 6.90 0.88 7.00 7.88 1.80 9.90 11.70 5.04 18.20 23.24 6.40 24.00 30.40 

8. Sugarcane : i 
> 

Area 1.80 0.70 2.50 2.50 0.70 3.20 3.20 0.70 3.90 4.10 0.70 4.80 4.10 0.70 4.80 1!: 

Yield 
~ 

51.00 44.00 49.04 53.00 44.00 51.01 57.00 44.00 54.60 72.00 47.00 68.40 85.00 50.00 80.00 -
~ Production 91.80 30.80 122.60 132.50 30.80 163.30 182.40 30.80 213.12 295.20 32.90 328.10 348.50 35.00 383.50 

9. Cotton: 
:E 

~ 
Area 1.30 0.40 7.70 2.00 6.50 8.50 . 3.00 9.00 12.00 3.70 10.50 14.20 4.00 12.00 16.00 "'I 

~ 
Yield 0.29 0.09 0.123 0.29 0.10 0.145 0.32 0.10 0.151 0.40 0.12 0.190 0.46 0.13 0.210 0 

>< 
Production 2.15 3.20 5.35 3.12 3.61 6.78 5.34 5.00 10.34 8.23 7.01 15.24 10.23 8.67 18.90 

(Million bales) 

10. Others: Area 4.20 14.60 18.80 3.20 13.30 16.50 3.00 11.90 14.90 7.80 11.90 19.70 10.40 11.90 22.30 

11. Cropping 

Intensity 1.200 1.145 1.150 1.300 1.148 1.155 1.450 1.151 1.220 1.700 1.160 1.313 1.800 1.170 1,.330 

•Includes groundnut, seasum, rape and mustard, castor seed and linseed only. 
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compared to 141.8 million ha in 1968-69. The land 
use in the year 2000-0 I, in terms of the estimated 
ultimate arable land of 175 million ha would be 91.4 
percent. As the growth rate of net land use in the 
decade 1990-2000 would be around 0;24 percent, there 
is no likelihood of dearth of land in the future beyond 
2000-01 also. Thus land is nat going to be a limitation 
in the economic growth of the ~ountry. 

3.2.6 Table III gives the estimated area 
under the various crops. It would be seen that the 
percentage. of ar'a under foodgrains increases slightly 
in the year 1973-74 as compared to the year 1968-69. 
This is very much likely in view of the recent improve­
ments in production in the case of rice and wheat. This 
trend is to bound discontinue with the returns from the 
commercial crops (once the foodgrain position becomes 
selfsufficient), becoming better as compared to the re­
turns from the foodgrains. The area under items not 
covered under the . principal crops may increasingly 
be under pastures, orchards, vegetables and leguminous 
crops from 1990 onwards. - . 

3.2.7 The estimated production based on the estima­
ted yield and cropped area are also given in Table III. 
It may be seen that the estimated production in 
the year 1968-69 tallies well with the actual reported 
production for all the items and is well within the range 
of requirements for the future years so far as foodgrains 
and sugarcane are concerned. But in the case of oilseeds. 
there is deficit up to mid-eighties and in the case of 
cotton up to the early eighties. Certain-policy measures 
in·fixing the prices and improvements in agriculture tech­
niques can remove these deficits earlier. lhe contribution 
of production from the unirrigated area to the total 
production of foodgrains decreases from 62.1 percent 
in the year 1968-69 to 47 percent in the year 1973-74, 
40.2 percent in the year 1978-79, 35 percent in the year 
1990-91 and 31.9 percent in the year 2000-01. 

3.2.8 The estimated ultimate irrigation potential is 
45.6 million ha from major and medium schemes; 
14.1 million ha from minor surface181 and 22.3 million 
from ground water181, the total being 82.0 million ha. 
Against this, the cumulative development up to the year 
1968-69 has been 18.57 million ha in the case of major 
and medium projects, 8.1 million ha in the case of 
minor surface projects and 10.86 million Ita in the case 
of ground water, the total being 37.53 million ha. 
During the Fourth Plan, the additional development is 
estimated to be 7.99 million ha from all the sources­
Table IV. In the case of major and medium projects 
there is always a time-Jag between the development 
(potential created) and the utilisation (the actual area 
irrigated). The percentage of utilisation (the area 
actually benefited as compared to the facility created) 
was 85 percent in the year 1968-69 from plan schemes* 
and is likely to be the same at the end of 1973-74 also. 
As steps are being taken to improve the percentage of 

utilisation, the utilisation may be assumed to improve 
to 86 percent in the year 1978-79, 90 percent in 1990·91 
and 92 percent in the year 2000-01. Making allowances 
for this gap between the development and the utilisation, 
the development requirements for irrigation have been 
worked out as given in Table IV. In the case of major 
and medium projects though all India-wise the required 
development appears to be well within the achievements 
during the plan periond, yet State-wise very great 
efforts will be needed particularly in the case of Andhra 
Pradech, Madhya Pradesh and Uttar Pradesh. In this 
connection, it may be mentioned that the most attrac­
tive sites for the major and medium projects have 
already been exploited in most of the States and the 
future project< would require considerably more comp­
licated investigations and an increased investment per 
unit quantity of water stored. Hence, it is intended that 
the total irrigatio'l development outlined need not be oj 
the conventional type bringing new areas under irrigation 
at the current/eve/ of water use efficiency but a balanced 
development comprising the existing approach and the 
new strategy of be Iter water management with adequate 
water allowances at the proper time. 

TABLE IV 

Irrigation Development. 

(Thousand hectares) 

Surface Water 
Major and Minor Total Ground Total 
Medium Water 

I 2 3 4 5 6 

1968-69 18,566• 8,098 .. 
(cumulative) 

26,664 10,864 .. 37,528 

1969-74 4,766• 562+ 
(additional) 

5,328 2,665+ 7,994-

1973-74 23,332 8,660 31,992 13,530 45,522 
(cumulative) 

1974-79 5,745 610 
(additional) 

5,355 2,900 9,255-

1979-91 
(additional) 

8,460 1,500 9,960 4,750 14,71 ()-

1991-2001 3,355 1,100 
(additional) 

4,855 650 5,505-

2000-01 40,892 12,270 53,162 21,830 74,992. 
(cumulative) 

Estimated 
ultimate 

•The utilisation from pre-Plan irrigation schemes is 100 per.. potential 
45,580• 14,14s•• 59,725 22,257.. 81,892. 

~~- . 
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TABLE IV (Cont.) 

2 3 4 5 

total water required to· be supplied will be more on 
account of the field and transmission losses. From· 

6 limited unpublished data available, the irrigation effici-. 
---.,....---------------~--- ency (efficiency =water required for crop useftotal 
Percentage 
development 
by the year 
2000.01 
reckoned on 
estimated ulti­
mate potential 

89.8 86.8 89.0 

•Ref. 8 ••Ref. 9 +Approximate 

98.1 91.6 

3.2.9 The irrigation development outlined above h~s 
been in terms of the area only, which has to be spell m 
terms of units of water utilised. Crops require water to 
meet the consumptive use (amount of water used on a 
given area in transpiration, building of plant tiss':les 
and evaporation from adjacent soil). The consumpl!ve 
use varies mainly with the climatic conditions and the 
longer the crop growth per_iod the_ large~ is the con­
sumptive use. But the efficiency With wh1ch the crop 
utilises the water depends on the soil conditions and 
rooting conditions of the crop. Data on the con~um~­
tive use of the various crops under dllferent agro-chmal!c 
conditions in the country are yet to be compiled and · 
presented in a readily usable form. Based on the infor­
mation available001 ' uu• ""' the average consumptive 
use requirements for the var.ious crops can be estimated 
as 1300 mm for rice, 430 mm for wheat, 450 mm for 
other cereals and pulses, 600 mm for oil seeds,l850 mm 
for sugarcane, 720 mm for cotton and 600 mm for 
other crops. Considering the cropped area and 
cropping patterns arrived at in Table III, . the 
average consumptive use per unit croi>ped area works 
out to 900 mm in 1968-69, 910 mm m 1973-74, 915 
mm in 1978-79, 880 mm in 1990-91 and 860 mm in 
2000-01. Part of this can be met by rainfall (this part 
is known as effective rainfall) and the rest has to be met 
frcm irrigation ~upply. 

3.2.10 Data on the net effective rainfall are not avail­
able. Hence, a simplified estimation based on broad 
assumptions has ·been· resorted- to. Out of the total · 
average annual rainfall of 1140 mm (45 in.), it is 
reported13' that 380 mm is the evaporationalloss and 
130 mm is the soil moisture retained at the root-zone 
of plants. The soil moisture is available in full f?r 
plant growth; but the amount actually used by crops m 
the total evaporationaJ· component (termed as evapo­
transpirational loss) depends on the period for which 
the crops occupy the land area. With the above con­
sideration, the effective rainfall meeting the crop water 
requirements works out to 310 mm in 1968-69, 330 mm 
in 1673-74, 355 mm in 1978-79, 385 mm in 1990-91 
and 390 mm in 2000-0L After accounting for this 
contribution from the rainfall, the irrigation require­
ment on an average for meeting the crop needs per unit 
irrigated area works out to 590 mm in 1968-69, 580 
mm in 1973-74, 560 mm in 1978-79, 495 mm in 1990-91 
and 470 mm in 2000-01. 
3.2.11 Compared to the irrigation water requirements 
for meeting the water requirements of the crops, the 

water supplied) for the canal systems, measured at the 
head works is found to be around 40 percent. In the case 
of grouud water, the canal losses (losses in main canals, 
branches and distributaries) are not involved and the 
efficiency measured at the supply head is around 65 
percent. The efficiencies can be improved with better 
water management. It is reported1131 that 22.2 willion 
ha m of water were used for irrigation from surface 
sources in the year 1968-69. Tbe area under irriga­
tion'"' lrom surface sources was 25 million ha which 
means a utilisa~ion of 880 mm per unit area irrigated. 
In the case of ground water in the year I-968-69; it is· 
found from limited data available, that the utilisation 
was 800 mm per unit area irrigated. With these levels 
of supply it may be seen that the actual use of irrigation 
water by the crops was around 352 mm in the case of 
surface and 520 mm in the case of ground water against 
the requirement of 590 mm in 1968-69. Hence, the net 
water supplied to meet the crop requirements needs to 
be stepped up to improve the yield. 

3.2.12 At the current level of water management, if 
the supply position has to be improved to meet the crop 
requirements in full, it would involve a supply of 1175 
mm in the case of surface water and 725 mm in the case 
of ground water per unit average area irrigated and a 
total utilisation* of 78.3 million ha m in the year 
2000-01. On the other hand, if the efficiency is impro­
ved to 55 percent in the case of surface water and 75 
percent in the case of ground water by better water 
management practices, the utilisation would be 59.3 
million ham in the year 2000-01. Thus, by adopting 
beller water manogement practices in the field of agricul­
ture, one would be ensuring bel/er supply to meet the crop 
water requirements and, at the same time, conseTI'ing 
considerable amoullt of the preciou,· and limited water 
resources of the country. Table V gives the projections 
of supply level envisaged for surface water and ground · 
water sources with assumptions regarding the desirable 
levels of efficiency envisaged and the total utilisation for 
the period up to 2000-01. 

3.3 Partial Consumptive Uses 

DOMESTIC AND LIVESTOCK WATER Use 

3.3.1. The mid-year population in 1868-69, i.e., estima­
tedll<> as 527 millions. The· Expert Committee1161 set 
up by the Planning Commission has made projections 
of the urban population up to the year 1981 only. 
Adopting an urban population growth of average 2.45 
percent per annum from 19~1-2001, the urban popula­
tion has been derived. The figures are 103.0 millions 
in 1968-69, 121.4 millions in 1973-74, 141.9 millions in 
1978-79, 191.3 millions in 1990-91 and 243.7 millions in 
2000-01. 

•By utilisation it is implied water withdrawal and no1 the 
consumptive use. 
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3.3.2 The present position with regard to domestic 
water supply and what it is likely to be in t~e year 
2000·01 is given in- Table VI. The losses m the 
treatment plant and the distribution system of 
the water suppply are at present estimated to 
be . of the order of 20·25 percent. With improved 
efficiency, these could.be reduced by about 10 percent 
and thus give betfer satisfaction to the consumer. 

TABLE V 
Irrigation Water Use. 

1968-69 1973-74 1978-79 1990-91 2000·01 

1. Supply 
Actual 
or propo .. 
sed (mm) 

Surface 880 

Ground 
water 800 

2. Efficiency 
of use (%) 

Surface 40 

Ground 
water 65 

3. Water Uti· 
Iisation 
(Million 
Hectare 
Metre) 

Surface 22.2 

Ground 
water 8.7 

Total 30.9 

950 

850 

40 

66 

27.1 

u.s 
38.6 

950 

820 

43 

68 

34.4 

13.5 

47.9 

TABLE VI 

900 

685 

50 

72 

43 5 

14.5 

58.0 

855 

630 

55 

75 

45.5 

13.8 

59.3 

Domestic Water Supply-Assumptions. 

Percentage of Per Capita daily 
Population rate in litres 

1968-69 2000-01 1968-69 2000-0l 

I. Rural 
Population : 

(a) served with 
organised 5 70 45 60 
water supply 

(b) not served 
30 25 with orga- 95 25 

nised water 
supply 

2. Urban Population : 

(a) served with 
organised 
water supply 

(1) for domestic 
purposes 
excluding 
water-borne 
sanitation 

(i {) for domestic 
purposes in­
cluding water·· 
borne sani­
tation 

(b) not served with 
organised water 
supply 

40 

30 

30 

45 90 115 

so 135 180 

s 45 45 

3.3.3 As per the 1966 Census<141, the livestock 
population (including poultry) in India was 459 
millions, consisting of 230 million cattle and buffaloes 
~nd 2~9 million goats, sheep, poultry, etc. The growth 
1s eshmated at o·s percent per annum. Adopting this 
growth. rate. and as~uming .that the presenL average 
per cap1ta da1ly requ1rement 1s 40 litres for cattle and 
buffaloes. ~nd 15 litres for goat, sheep, poultry, etc., 
and prov1dmg for an average per capita daily require­
ment of 50 litres for cattle and buffaloes and 20 litres 
for the rest by the year 2000-01, the water require· 
ments have been computed. Table VII gives the details 
of livestock wa er requirements also. 

Rural 

Urban 

TABLE VR 

Estimated Domestic and Livestock Water Use. 

(Thousand hectare metres) 

1968-69 1973-74 1978-79 1990-91 2000-01 

400 465 575 895 1,220 

340 415 525 865 1,280 

Livestock 460 480 520 620 700 

Total 1,200 - 1,360 1,620 2,380 3,200 

3.3.4 The domestic water supply requirements includ· 
ing livestock needs, would be of the order of 3.2 million 
ham, in the year 2000-01. But in this case, the orob/em 
is not one of quantity but of quality, transportation and 
distribution involving enormous investment. Already 
cities like Madras, Bombay, Bangalore, Delhi and, of 
late, Vizag face the need to transport water over 
distances of 200 to 250 km. Unless steps are taken 
to identify the areas of water shortage and allocate 
water for this vital use as the first priority, such regions 
of scarcity would pose serious problems. 
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INDUSTRIAL WATER USE 

3.3.5 In the case of industries for the period up to 
1980-81, the production requirements for the various 
items estimated in the perspective plan""' prepared 
in the Planning Commission have been adopted. For 
the period 1981-91, an average annual industrial growth 
of 10 percent (base 1980-81) bas been assumed and for 
the period 1991-2001, a similar percentage growth, 
with the base period being 1990-91, have been assumed. 
The norms of water required per unit quantity of 
product bas been arrived at after analysing the 
dataU"''18''U9l available. The estimated industrial water 
requirements are given in Table VIII. 

TABLE VIII 

Estimated Industrial Water Use. 

(Thousand hectare metres) 

Industries 1968- 1973- 1978- 1980- 1990- 2000-
69 74 79 81 91 01 

!. Food Products 4.3 5.7 7.9 9.1 

2. Textiles 11.0 14.0 19.0 22.0 

3. Paper and 7.1 11.7 18.3 22.2 
Newsprint 

4. Mines and !92.0 323.8 490.7 58~.2 

Metals 

S. Glass, Cement, 5.6 8.8 !3.5 16.1 
Refractories 

6. Chemical 15.0 33.3 58.7 70.1 
products 

7. Petroleum 16.3 27.9 41.4 48.7 
products 

8. Machinery IS.! 24.5 39.2 46.6 

9. Misc. Manu- 0.4 0.7 ).2 .1-4 
factured Items 

Total 266.8 450,4 689.9 824.4 2.090 5.520 

3.3.6 The figures iu Table VIII represent the total 
i!ltake of water and not the consumptive use. Future 
technological improvements may reduce the intake 
of water but such changes could not be identified now 
to estimate the corresponding water requirements. 
However, considering the likely pollution. hazards on 
account of industrial waste discharged into the natural 
watercourses, it appears that.in the future years, parti­
cularly from 1980 onwards, the industries will hove to 
adopt reuse and recycling processes to a larger extent.· 

FOSSIL AND NUCLEAR POWER-WATER REQUIJlEMENTS 

3.3. 7 In the case of power (electricity), the perspec­
tive planUal indicates the total electric power require­
ments for the period up to 1980-81*. For the decade 
1980·90, an average increase of 10 percent per annum 
(base 1980-81) bas been adopted. For the decade 
1990-2000, the percentage has been kept the same but 
the base reckoned is 1990-91. Table IX gives the total 
electrical energy requirements. The country's ul!imate 
hydro power potential is estimatedl2°l at about 41 
million kW and a corresponding annual generation of 
216,300 million kWh. Table JX indicates the likely 
contribution from the hydro sources to the total energy 
requirement. It may be seen that by the year 2000-0/, 
almost all the hydro power potential would be exhausted. 
Also, in view of the limited scope for hydro power 
generation vis-a-vis the total energy requirements, from 
the year 1980-81 onwa_rdr the fossil and nuclear power 
(specially nuclear power)would have to play the major role 
in meeting the country's power demands. 

3.3.8 The principal use of water in the steam 
electric generation plants is for condenser cooling 
purposes. Steam, after its use in turbines, is passed 
through the condenser where it is cooled and condensed' 
and the condensate is pumped back into boilers in 
close-circuit system. The only consumptive use 
in the boiler circuit is the feed water make up required 
to replace losses which are small. But a large separate 
flow through the condensers (cooling water) is required 
to carry away the waste heat of condensation (the 
temperature rise is generally to•F under Indian condi­
tions). There is very little consumptive use in the 
condenser flows. The condenser water requirement 
assumed in the projections (Table 'IX) is 225 litres/ 
kWh up to the. period 1980-81, 200 litres/kWh in 
1990-91 and 180 liters/kWh in 2000-01. The decreas­
ing requirements reflect the likely improvements in 
efficiencies of the plants operating in the future. 

·Compared to the condenser water requirement the 
actual water intake could be less depending on the 
recycling methods adopted. Assuming a recycling 
factor of 1.00 up to 1973-74, 1.10 in 1978-79 and 1980-
81, 1.35 in 1990-91 and 1.60 in 2000-01, the water 
intake for fossil and nuclear power generation bas been 
computed. No·-assumption has been made regarding 
the possibility of using saline water for cooling pur­
poses which could also be considered in the coastal 
areas. 

3.4 Total Water Utilisation 

3.4.1 The likely water utilisation for irrigation, 
domestic and livestock use, industries, and fossil and 
nuclear power are given in Table X. · 

•For 1973-74. the estimates as revised Jn July 1971 have 
been adopted. · 
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TABLE IX 

Fossil and Nuclear Power-Water Requirements. 

Unit 1968-69 1973·74 1978-79 1980-81 1990-91 2000-01 

Total Power Generation MkWh 51,700 83,200 144,360 172,210 446,570 1,158,200 

Hydro-Power Generation MkWh 20,745 31,800 46,830 51,000 110,000 210,000 

Fossil and Nuclear Power MkWh 30,955 51' 400 97,530 121,210 336,570 948,200 
Generation 

Fossil and Nuclear Power 

(a) Condenser Water 1 Thousand 695 1,1W 2,180 2,730 6,730 17,070 
Requirement hectare metres 

(b) Water Intake J 695 l,I60 2,000 2,480 5,000 10,670 

TABLE X 
Total Water Utilisation. 

,(Thousand Hectare Metres) 

lrriga- Domestic Indus- Fossil & Total %age 
tion and Live· tries Nuclear Utili sa-

stock Power tion• 

l 2 3 4 5 6 7 

1968·69 30,900 1,200 270 695 33,065 40.3 

1973-74 38,600 1,360 450 1,160 41,570 50.7 

1978-79 47,900 1,620 690 2,000 52,210 63.7 

1990-91 58,000 2,380 2,090 5,000 67,470 82.2 

2000-01 59,300 3,200 5,520 10,670 78,690 96.0 

•Reckoned on estimated usable quantum of 82 million 
hectare metres. 

3.4.2 In the case of irrigation though the surface and gro· 
und water resources have been identified separaiely, in 
the actual process of utilisation the· two have to be 
integrated as they form the components of the same 
hydrological cycle. Also, by the year 2000-0/, though 
the utilisation for a// the purposes is around 96 percent of 
the estimated usable quantum, the estimates will.be upset, 
if water management for agriculture is not practised 
and efficiency not achieved to the extent assumed, and 
if the assumed improvements in efficiency. and the use 
of recycling process itt 1he case of fossil · 'imd nuclear 
power plants do not materialise (in such an eventuality, 
i.e., at the· present level of Water manilgemeizl . and 
efficiency, the utilisation would be 108.9' million" ha m 
or 133 percent of the estimated usable water). Further, 
though _ali·In~ia-w~s~ t~e utilisation may be 96 percent, 
yet regiOn·wtse uuhsallon may be more even earlier 

leading to conditio~s of wat~r shortag~. Jn· such 
regions, water transfer from outstde the regton, gro~nd 
water recharging, utilisation of saline water for coohng 
purposes, desalination of sea water (in coastal areas) may 
be necessary depending on engineering and economic 
feasibility. Region-wise rate of development of ground 
water, the technology and economics of shallow tube­
wells and deep tube-wells, the stabilisation of water­
table and the avoidance of over-capitalisation in the 
case of shallow tube-wells which are privately owned, 
would require studies for framing policies. Hence, 
region-wise comprehensive studies of the total water 
resources and the utilisable part thereof (depending on 
the level of operation envisaged) would be necessary 
to identify regions in which special efforts will be 
needed to avoid water shortage and the resultant lag in 
economic growth. 

3.5 Non-Consumptive Uses 
.. 

3.5.1 Non-consumptive uses normally do not require 
any reservation of water. With proper. coordination, 
water reserved· for other purposes can meet the needs 
of the non-consumptive uses. · But under certain circum· 
stances reservation of water for the non-consumptive • 
use alsQ becomes necessary particularly when the 
facilities to be created under the non-consumptive 
categories are located downstream of the Ioeation of 
the facilities created for consumptive use. Also, 
the water released for hydro-power or navigation may 
not totally coincide with the requirements of say irri­
gation, and a certain amount is thus not available for 
total utilisation at the required time. 

3.5.2 The water requirements for pollution control 
IJ.flv.e not .been felt so far as our utilisation has been of 
the .. QrdeG ,llf, 40: percent only (T<tble X)l . Wit b-. the 
estimated utilisation of 96 percent of all the estimated 
usable water by the year 2000·01 the natural untapped 
flow in the streams to maintain sanitation will be very 
Il)uch less and with the adoption of better manage-
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ment techniques particularly in the case of irrigation, 
it is likely that regeneration of flow will also be reduced. 
By the year 2001, with about three times increase in 
domestic and livestock use and twenty times increase 
in industrial use, as compared to 1968'=69, if the ri1•er is 
still made the outlet of the untreated wastes and if natural 
purification has to take place, the water that would be 
required to maintain stream sanitation would be enormous· 
but would nat be available. For example, the domestic 
wastes may contain organic impurities with 300 to 600 
PPM (parts per million) of BOD (Biological Oxygen 
Demand) and if stream which has initially a BOD of 
2 PPM is to be maintained at a BOD of 4 PPM (allowing 
slight deterioration in water quality). the natural water 
required for dilution would be !50 to 300 times the 
waste water. In the case of industries, the consumptive 
use is very little and most of the water is returned to the 
river as waste. Many of the industries in India treat 
the waste to some degree or the other before discharg­
ing into the stream. But, at the same time, the cities 
like Kanpur, Allahabad; · .i\gra ·and Delhi already 
suffer from water poll~tion pr<;>blem during· the dry 
season. Certain steps i:n' the. form of1egislation have 
already been initiated to prevent p'ollution (Mabarashtra 

· bas one -such legislation). Considering the likelihood of 
nearly 20 times. increase· in the intake o.rwater for in­
dustries by the year 2000-01 as compared to 1968-69, 
the situation requires sufficient pre-thinking to avoid the 
problem of increased pollution. Reuse of the water once 
taken in by the industries would reduce the pollu­
tion hazards as well as their own intake requirements 
and the natural flow that needs to be maintained in the 
rivers to effect natural purification. The location of in­
dustries as well as the point of discharge of the wastes in 
the case of domestic uses and thetreatmentstandardsfor 
the wastes before discharging them into the rivers have 
to be determined after studying the availability of flow 
in the rivers, particularly in the low water seasons, to 
maintain stream sanitation. Particular caution needs to 
be exercised at the tail-end of the rivers where the qua­
lity of the river would have deteriorated and the normal 
flow would have alreay been tapped for the various uses. 
In the absence of quantitative data, no projections have 
been attempted with regard to the requirement for the 
non-consumptive uses. However, it is likely to be quite 
substantial compared to the water availability during 
the dry season. 

3.6 Recreation and Ecology · 

3.6.1 In any development planned by man for 
his welfare, the equilibrium of the natural system 
is disturbed. Whereas this cannot be eliminated, 
this can be minimised provided the disturbances 
are identified in advance and suitable remedial 
measures are incorporated in the development plan. 
In the field of water resources development, the 
natural problems such as sedimentation, and the man­
made problems such as water-logging, salinity, chemi­
cal, biological, thermal and nuclear pollution, need to 
be identified and combated. In India, where the cur­
rent water utilisation is about 40 percent only,. the 

problems have not yet been felt much. Water re-· 
s~urces deve/opme/11 in the next 30 years is bound to 
dzsturb the ecological equilibrium also, unless good care 
is taken to minimise the disturbance. 

3.~.2 In the upper reaches of the river, simultaneously 
With the construction of dams, soil conservation and 
other watershed management practices need to be taken 
up. The upper reaches of rivers in India offer enough 
scope for the creation of recreation facilities. These 
also re_quire to be incorporated along with schemes for 
preserving wild life, fish, etc. In the middle reaches 
where the scope for utilisation of water is the maximum' 
the quality of water needs to be preserved at sufficieni 
level, not only for human use but also for the natural 
aquatic life. With many of the Indian festivals invol­
ving mass bathing in the rivers, provisions need to be 
made to maintain the requisite quality and quantity of 
water in the rivers for this recreation. In the tail 
reaches where due to diminishing natural flow and 
increased pollution, the natural requirements such as 
the draft at the harbours and the water requirements 
for prevention of sea-intrusion in the deltaic area and sil~ 
tation of harbours, the preservation of fish and other 
aquatic life, need to be provided for. Special care 
needs to be exercised in the disposal of industrial and 
domestic wastes. 

3.7 Control of Water to Minimise Damages 

3.7.1 It is _as~u~ed that while implementing the 
schemes for 1rngat10n, power, water supply and in­
dustrial uses, suitable measures would also be taken 
for _controlling the fl'!ods, removing drainage con­
ges!Jon, and wa ter-logg1ng, etc. Identification of flood 
prone areas and preparation of schemes for the econo­
mic development of such areas, keeping the limitations 
in mind, need to be done well in advance. The flood 
detention basins in the alluvial regions would help in 
increasing the recharge to the ground water and the 
ground water recharged could make more water avail­
able and, at the same time, keep a control over the 
land becoming water-logged. With provision of proper· 
drainage both in rural and urban areas, more water 
could also be available for reuse subject to its quality. 
In certain regions where salinity is a problem, and 
where either natural drainage or pumping is resorted 
to for removing the saline water, it is necessary 
that this water is collected and let out sepa­
rately to a proper place of disposal which may 
either be the sea or a desiccation pool so as to ensure 
that it does not disturb the quality of the natural water­
courses. A control would also hove to be kept in the 
coastal areas on the use of ground water so as to prel'ent 
inland intrusion of sea water. 

4. Need for a Separate Organisation 

4.1 S~ far about 40 percent of the UtifisabJe Water 
resources have been developed over a long period and 
as such, the need was not felt with regard to the 
ove~a~l compre~ensive planning of water resources.· 
Individual proJects were planned in the various· 
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sectors for the various immediate needs. Now that the 
rate of de-.·elopment is accelerating, another 56 percent 
of the water resources are Ttkely to be utilised in the 
next thirty years, leaving a balance of only 4 percent 
and this too only if great efforts are put into use the 
water with increased efficiency in each sector of develop­
ment of the economy. Thus, with. water being the 
limiting factor, there would be competing demands 
needing an overall comprehensive consideration for 
judicious development of water resources in the most 
efficient manner. This calls for setting up of an 
organisation to look into this new and vital task on 
which action has to be initiated right now. 

4.2 The existing organisations in various fields have 
been developed for specific purposes of investigating, 
formulating, constructing, operating and maintaining 
the various water resource projects in the States. At 
the Centre, the organisations have developed to look 
into the aspect of designing, research and individual 
project planning. Over the years these organisations 
have developet/. a certain character or culture of their own 
like the specialisation of an Individual. The tasks on 
which they are at present engaged, still require great 
a/lention and there is scope for further continued im­
provement. It would, thus, amount to doing injustice 
in diverting their attention from the existing tasks by 
entrusting this work to any single existing organisation. 
Since each organisation is connected with a specific 
field of water use, like agriculture, drinking water 
supply, etc., or the source from which it is developed, 
that is, surface water or ground water, they have over 
the years developed a certain bias towards these as­
pects which is only natural and may be difficult to 
shed at this stage. In the field of planning for economic 
development, the Planning Commission was set 
up some twenty years back in similar circum­
stances and now the need is felt for setting up Planning 
Boards, in each State to achieve the integrated 
approach to planning. 

4.3 It is, thus, fell that a separate organisation which 
does not, in any way, duplicate Jhe work of the existing 
organisation and would be free to develop its own character 
and unbiased opinions on the demands for the various 
uses and assessment of water resource, needs to be set 
up to initiate and coordinate, with the help of the exist­
ing organisations in .the States and Centre, the studies 
on the various aspects of assessment, utilisation, con­
servation and management and to formulate short and 
long-term national and regional water policies For 
such an organisation to be effective, an Indep~ndent 
Central Water Authority with statutory powers cons­
tituted by an Act of Parliament is necessary. This would 
al~o be empowe.red to set up units, State-wise and basin­
Wise ... The Parhament could pass the Act invoking the 
pro_visions ~nder Seventh Schedule, Article 246-List I­
Un~on List-!tems 56 of the Indian Constitution. The 
Umted NatiOns at the International Conference on Water 
Use for Peace.< 19?7J<'". have also stressed the need for 
such an orgamsat10n. In the U.S.A., U.K., Australia, 
Israel. a_nd Ceylon,. such organisations are already 
funct1omng, and lnd1a has no time to lose. 

5. Conclusions 

5.1 It is seen from the rough projection done, that 
water, and not land, would be a limiting factor in the 
future economic growth of the country. Having de­
veloped about 40 percent of the utilisable resource 
over so many years up-to-date, another 56 percent of 
water is likely to be utilised in the next thirty years. 

5.2 As the existing assessment of water resources is 
approximate, an assessment based on sound basic data 
is the first step for water resources development. For 
the basic data to be sound and reliable, the network 
and techniques for observation, require to be standardi­
sed and improved and implicitly implemented. Parti­
cular ~ttention requires to be paid in the case of ground 
water m the hard rock areas. The data collected requires 
to be processed, compiled and published in time and made 
available readily at one single place. The data on 
current utilisation of water and land also needs to be 
improved. In short, water balance studies, basin-wise 
need to be carried out. Such studies would help to 
indentify the water short, and surplus areas and the 
prepa~ation of master plans for development, which 
may mclude schemes for water transfer .from outside 
the basin and schemes for recharging ground water 
etc. ' 

?·3 ~ince agriculture is the maximum user of water 
m Ind1a, the .greatest economy is possible in this field. 
Greater attentton needs to be paid for improved water 
management in this field which would include providing 
adequate water at proper frequencies and reduction of 
water losses in the distribution system and in the field 
It may also require introduction of changed cropping 
pattern for optimum. production. For example, the 
area under sugarcane m the northern region, may be 
chang~d over . to sugar beet. The policy of multiple 
croppmg, specially of ha~ing more than two crops, 
would need to be look~d mto. . The multiple cropping 
of more th~n two cro~s IS techntcally feasible and may 
be economical, but It may lead to concentration of 
water use and thus wealth, which needs to be avoided. 

5.4 Water mallagement in the field of industries and 
power generation, comprising technological improl•ements 
to reduce the quantity of water required per unit of 
product, recyclmg and reuse of water, and ro er 
treatment of waste before discharging it into the :at'f:ral 
watercourse J.or minimising puilution, needs to be given 
greater attention. · 

5.5 With growing demand and increased utilization 
the dev~l?pment !n. the various sectors would be high!; 
com!'etJhve, requmng sound economic evaluation of 
t~e m~estments and benefits as well as the social con­
Siderations. The met~odology for economic evaluation of 
water use for _the vanous utilities needs to be developed 
and standardised. 

5.6. To initiate and coordinate the studies on the 
vano~s aspects such as assessment, utilisation, con­
servation and management mentioned above and to 
formulate short and long-term national and 'regional 
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water policies, an independent Central Water Authority 
with statutory powers, set up by an Act of Parliament, 
would be necessary. 

5.7 Last but not the least, it is essential to enlist the 
cooperation, by educating the consumer of water and 
the persons connected with the development and 
operations of water, in all its aspects, with regard to 
the proper management and efficient use of water, and 
in preventing the pollution of water in various ways 
by different users, to ensure the implementation of the 
national Water Policy. 
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Use of Statistical Techniques in Planned. Development 
of Sub-Surface Water Resources 

A.P. BHATTACHARYA 
Research Officer 

Irrigation Research Institute, Roorkee 

SYNOPSIS 

The paper discusses how statistical ted:miques may be of use in the planned 
development of sub-surface water resources of any basin. Two topics have been taken 
into consideration. One relates to an examination of the ground water situation in 
such regions in which the development of sub-surface water resources is in actual 
progress. In any basin, there is always a regime or dynamic equilibrium Wider 
natural causes. By the introduction of tube· well pumping, it becomes of Interest to 
know whether the recharge due to rainfall Is adequate enough to cope with the draft 
due to pumping which is an extraneous cause. It is possible to seek an answer to 
this question without any detailed ground water invemorying. 

By the application oft-lest, It is first found out whether the decline of the 
surface water-table, if any, is permanent. By considering the first differences of the 
yearly growzd water-table .fluctuations, it may also be known if the drop is progressive 
also with the aid of Nest. 

The effects of fluctuations of water-table which are taken to be a dependent 
variable may be partitioned into tho.~e due to rainfall and pumpage which ore the two 
dominallt and measurable causes and are taken to be independent variables. This is 
done by the technique of analysis of 1 ariance. The significance of the individual 
effects of the governing parameters may be known thereby. This determines the 
ground water situation, indicating whether· pumping is being done within safe limits or 
not. If the rate of pumping is unsafe, it is pos.fible to know which of the causative 
factors are yielding a significant effect. In the event of unsafe pumping, remedial 
measures may be called forth. 

The next topic fs that of the determination of safe yield or safe extraction 
potential which is of relevance when the del·elopment of sub-su~(ace water resources is 
only partial and it is pertinmt to find out what will be the limit up to which sub-surface 
water resources may be exploited. This has been possible with the aid of an estima· 
ting equation, deduced statistically, wllich gives the limits of extractioll for normal 
rainfall, and assuming either no depletion or a slight depletion of the sub-surface 
water-table. 

1. Introduction 
1.1 The search for sou~ of . water for bei~g 
harnessed for agricultural, mdustr1al and domestic 
uses is ever on the increase in India due to ~n a~lera­
ted tempo of requirements for devel~p!Dent m ag!•cu)tu­
ral and industrial spheres as also nsmg ucbaruzauon. 

The position of supplies of water is becoming more 
and more acute on account of a fast growth rate of 
population which continues to be 2.5 percent-The total 
potential of surface water resourc:es in India, i.e., the 
mean of annual flows or runoff in rivers is 1675 x 10" 
cu m. But the utilisation till the end of the Third Five-
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Year Plan was only 36 percent of the utilisable resources 
which are 555 X 10' cu mm. 

1.2 The possibilities of diverting the normal flow of 
rivers into irrigation canals have practically been 
exhausted. The utilisation of surface water resources 
is possible at this stage only by impounding the sur­
plus monsoon flows by dams for use in the dry weather. 
Where flow irrigation is not feasible practically or 
economically, resort is taken to lift irrigation which 
may involve the construction of minor irrigation works, 
such as tanks and wells as also the installation of water 
lifting devices. The exploitation of surface water resour­
ces by major or medium irrigation projects, including 
dams, is quite expensive and requires considerable 
foreign exchange. Development of irrigation in this 
direction,. therefore, offers limited possibilities in the 
present financial state of the country. 

1.3 In view of the above, it is manifest that allerna· 
tive modes of tapping water resources have to be 
thought of. Among these, sub-surface water offers a 
rich field for being harnessed for planned development. 
The object of this paper is to discuss how statistical 
techniques can be of use in the planned development 
of sub-surface water resources. The topics which have 
been considered include a study of the regime or dynamic 
equilibrium under the influence of tube-well pumping 
where the latter bas been developed to some extent121, 
Where the stage of development is only partial, it is 
pertinent to know what will be the safe extraction 
potential so that decisions may be taken as to how and 
where the development should proceed. 

1.4 Ground water is considered to be in regime or 
dynamic equilibrium when there are no appreciable 
downward or upward movements of the ground water­
table during the course of a year and the latter is more 
or Jess steady at the same level during a particular 
month of the year. This can happen only when the 
forces causing its movement are balanced or they are 
in equilibrium. The forces or factors are generally 
rainfall, seepage from adjoining water-causes, return 
flow from irrigation which tend to raise the ground­
water-table and drainage or flow towards adjoining 
water surfaces which tends to lower the water-table. 
Usually with the onset of monsoons, the water-table 
starts rising due to the effect of rainfall reaching a peak 
in October. Thereafter, the water-table starts falling 
during the dry season and is usually at the lowe.>t level 
in May before the monsoon season. 

1.5. If the water-table is in dynamic equilibrium, the 
variations of the same from May to following May will 
be insignificant if the rainfall is normal. If the rainfall 
is subnormal in a particular year, there may be a transis· 
tory decline in water-table which should, however. be 
resorted to the normal level as and when the rainfall is 
again normal. If there is abnormal rainfall, the excess 
accretion to the water-table will be drained away. 

1.6 With the introduction of an extraneous cause 
such as tube-well pumping, a new dynamic equilibrium 

may be set up. If the additional draft due to pumping 
is met within the recharge due to rainfall, the water­
table may be unaffected by pumping. lt is, however, 
possible that the regime may be disturbed for a few 
years with the introduction of pumping but later the 
recharge or draft may be so adjusted that a fresh regime 
is set up at a lower level of water-table. If, however, 
an overdraft is created due to pumping which is not 
met with by the recharge, the regime is disturbed and 
the water-table will keep on falling continuously which 
will create numerous problems in the form of non-avail­
ability of drinking water from open wells in the areas 
within the command of tube-well pumping. 

1.7 The ground water regime consequent uoon the 
initiation of pumping can be tested firstly by seeing 
whether tqere is any permanent and significant drop in 
the water-table by analysing its mean fluctuation from 
May to following May. Where detailed ground water 
inventorying is not possible due to considerations of 
cost and requirements of technical personnel, it is possi· 
ble to study the ground water regime with the aid of 
statistical met~ods. Among the causes affecting water­
table fluctuatiOns whose records are maintained are 
pumpage from tube-wells and rainfall. It may be 
necess~ry to sep~rate. the effect of pumping from that 
of ratnfall, whtch ts done by the usual statistical 
techniques. 

1.8 How statistical methods are employed for study· 
ing the ground ~ate.r regime on the basis of above 
mentioned investtgattons has been explained with an 
example of Hindan-Krishni Doab lying west of the 
Ganga River in Western U. P. . 

2. Basic Data 

2.1 Generally, the basic data involved in the study 
of the ground water situation consists of water-table 
readings and volume.of water pumped from tube-wells. 
As ground water conditions are considered to be more 
or less similar only within a doab, the analytical inves­
tigations are carried out doab-wise. In the example 
considered herein, namely, Krishni-Hindan Doab, the 
period considered for the analysis was from 1936-37, 
the year iu which pumping was initiated within the 
doab, to 1951-52. · 

2.2 While the data for fluctuations of water-table 
is maintained in spring level registers, that for volume 
of water is recorded in history charts of tube-wells. 
These registers are maintained in Tube-well Divisions 
of the Irrigation Department. The rainfall data was 
compiled from the India Meteorological Department. 

2.3 In the analytical studies, the fluctuation of water­
table from May to following May was indicated as lid, 
rainfall as R, volume of water pumped as V. 

3. Statistical Methods 

3.1 As indicated above, two main statistical techni­
ques are utilised in the investigations. namely, 1-test for 
studying the significance of the difference of the mean 
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fluctuation from zero and analysis of variance for 
studying the effects of pumpage and rainfall on fluctua­
tion of water-table, particularly, to separate the effect 
of rainfall from that of pumpage. 

3.2 The fluctuation of the water-table, M, is consi­
dered to be the dependent variable, while rainfall, R, 
and pumpage, V, are taken to be independent variables, 
because Sd, is dependent upon V and R. While R is 
an independent variable, V is strictly not independent 
because this depends upon other factors, e.g .• demand 
for irrigation, pump efficiency, yield of wells, whic,h, 
however, are not pertinent to the analysis. 

3.3 The ratio of the mean of the differences to the 
standard error is usually designated by the small letter 
t, which is also known as Student's t-test, named after 
the originator of the test. Values of t are tested at 
usual levels of significance, viz., 5 percent and 1 
percent. 

3.4 If we have to test the significance of the 
difference of two samples whose mean, standard devi­
ation and number of observations are x,, x,; "•• "• 
and n1, n2 respectively; the value oft is given by : 

t= X, -X; A f n, n, where t is to be 
a '\1 n11-n2 

read from tables with n1+n2-2 degrees of freedom, 

anda=V (n1-J) a~ +(n,-1) o! 

n11-n2-2 

If the significance of the difference of a mean x is to 
te tested from zero, we have 

X 

a• 
n 

l: (x) ' 
n 

~(x-X)• 
n(n-1) • 

with n-1 

degrees of freedom,· where a and n are the standard 
deviation and number of observations of the sample. 

3.5 Table I gives the data with respect to Sa, V, R 
for the Krishni-Hindan Doab for the years 1936-37 to 
1950-51, which has been analysed statistically. During 
this period, there has been a drop of I .58 m in the 
water-table so that that the mean yearly drop is 0.11 m 
for the period of investigation. Here, the value oft 
worked out to 0.8604. This is quite insignificant for 
14 degrees of freedom, as the 5 percent level is found 
to be 2 14 from tables. It is thus clearly indicated that 
there has not been a permanent decline in water-table 
in Krishni-Hindan Doab. 

3.6 If the difference was significant which would 
have been the case had the value oft exceeded 2.14 for 
14 degrees of freedom, it could have been inferred that 
there was a permanent drop in the water-table. How­
ever, even if the drop is indicated to be permanent, the 
situation may not neces~arily be alarming. It is possi­
ble that a new dynamic equilibrium may have been set 
up at a reduced ground water-level, in other words, 
the process of drop in the ground water is arrested. 
It has next to be explored if the drop is progressive, 
i.e., whether the drop in water-table is continuing. For 
this, the significance of the first differences of aa has 
to be tested. Thus, suppose the values of lid are sa,, 
8d2 ... ... San; the first differences are t:J.a1=8d2-8d, 
t:J.a,=sa,-sa, ..... t:J.an.1 =San -8dn-t· ~e significance 
of the difference of the mean values !:J. ··0m zero is 
tested with the aid oft-test. If this is si 11ificant, the 
drop is progressive and the situation will then call 
forth remedial measures which may consist of either 
reduction in the rate of pumping or abandonment of a 
few tube-wells. As a last resort, recourse may have 
to be ·taken to means of artificial recharge, although 
the cost may be prohibitive on account of which such 
means have not been tried in India so far. 

4. Analysis of Variance 

4.1 This is the second and more refined technique 
for studying the effect of different factors, namely, R 
and V, affecting sa. Different sources of variation are 
thereby isolated, identified and measured. Thus, al­
though it is indicated from the application of t-test 
that there has not been any significant drop of the 
water-table for the period under consideration, a more 
rigorous technique is to carry out an analysis of 
variance for testing the significance of the effect of 
pumping on water-table fluctuations after separating 
the effect of rainfall. · 

4.2 Table II gives the analysis of variance of Krishni­
Hindan Doab in which x1 is the dependent variable sa, 
x2 and x3 are the independent variables, viz., pumpage, 
V, and rainfall, R. Amount of variation for each of the 
causes as also the joint effect of the two besides the 
residual which is the unexplained part of the variations, 
is calculated by methods whose details are considered 
to be beyond the scope of this paper. Degrees of free­
dom for x2 and x3 are one each. As the number of 
years is 15, the number of degrees of freedom for the 
total variation is 14, i.e., one less than 15. The number 
of degrees of freedom for the residual is 14-2=12. 
Variance for each cause is obtained by dividing the 
amount of variation by the degrees of freedom. Each 
of the effects is compared with the residual variance. 
The significance is tested by the residual variance. 
The significance is tested by the application of what is 
known as F-Iest, where F is the ratio of the variance 
of each cause to that due to the residual. Thus, for 
testing the significance of X2, the pumpage, we get 
F 2.8295}1.1374=2.4877. The significance of this 
value ofF is read from tables. In thts case, the degrees 
of freedom for the larger variance, i.e., X2=1, while 
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TABLE I TABLE III 

Rainfall, Huctualion of ground water-table and volume or Rainfall Huctuations of ground water-table and depth or 
water pumped for Krishni-Hindan Doab, west of the sub·s~rface water~table corresponding to the volume 

Ganga River. of water pumped in Doab No. 1 east of the Ganga 
River in the Western Uttar Pradesh-

Krishni and Hindan Rivers 
Years Average A vcragc fluctua- Water pumped ·Year R 8d D 

rainfall tion of water- during the year mm mm mm 
inmm table during the in million 

year in em cum 

1938-39 90.8304 -37.1856 3.84 

R Bd v !939-40 84.4296 25.9080 !.98 

1940-41 !23.7488 0.0000 3.14 
1936-37 10599 12.80 6.564 

1941-42 84.7344 -50.2920 4.48 
1937-38 7617 - 1.52 27.673 

!942-43 104.2416 71.0184 3.60 
1938-39 3772 :-85.04 58.233 

1943-44 111.5568 4.2672 3.20 
1939-40 3772 -85.04 63.787 

1944-45 75.2856 -23.1744 4.11 
1940-41 2769 :-54.25 70.589 

1945-46 
1941-42 3548 -43-28 70.548 

157.8864 
-"' 

36.5760 4.C9 

1946-47 106.0704 -8.5344 3.99 
1942-43 8705 101.80 53.357 

1943-44 5634 7.62 60-437 
1947-48 112.4712 -ll.8872 5.49 

1944-45 5126 -7.92 64.555 
1948-49 155.1432 -15.8496 4-72 

1945-46 5283 - 4.51· 58.045 
1949-50 124-9680 -15.2400 6.07 

1946-47 4343 -6.40 66.354 
1950-51 85.9536 -,-15.8496 6.07 

1951-52 70.7136 -4.2672 5.61 1947-48 5926 -0.91 70.150 

1948-49 5926 40.54 60.759 
!952-53 81.6864 -6.0960 7.59 

1953-54 120.3960 -1.8288 6.31 1949-50 5088 -35.66 77.426 

1950-51 8966 2.44 66.010 
1954-55 95.4024 2.1336 5.33 

1955-56 116.4336 . 3-6576 5-19 

1956-57 102.7,176 19.2024 3.35 
TABLE II 

1957-58 77.4192 -14.9352 6.74 
Analysis of variance for Hindan and Krishni River Doab. !958-59 105.7656 -11.2776 7.53 

Source of variation Amount of Degree 
1959-60 97.5366 -3.9624 8.32 Variance· 

in Xt Variation of !960-61 197.5104 2-7433 6.22 freedom 
!96!-62 195.9864 2-7432 5.06 

Gross amount explained by 2.8295 I 
x. 2.8295 1962-63 ll3.0808 -2.7432 8.50 

1963-64 81.9912 -1.2192 8.87 Increment explained by 15.4630 I 15.4630* 
addition of X3 1964-65 105.!560 -3.96Z4 7.68 

Total explained by Xz and 18.2925 
x. 2 9.1425** 1965-66 51.5112 7.3152 !0.58 

Residual unexplained by X2 13.6486 
1966-67 100.2792 -16.7640 11.25 12 1-1374 andXa 1967-68 136.5504 -1.8288 6.52 

Total 31.9411 14 2.2815 
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those of the smaller variance, i.e., residua1=12. So 
from the tables, we get the values ofF as 4.75 and 
9.33 for 5 percent and I percent levels of 'significance 
for n1=1 and n2 = 12, where n1, 112 are the degrees of 
freedom for the larger and smaller variances. In this 
way; we find that the effect of p11mpage is insignificant, 
while that of rainfall is highly significant, i.e., at 

, I percent level, the variance being marked with two 
asteJ;isks. If it were significant at 5 percent-level, it 
would have been marked with one asterisk. Again 
the joint effect of rainfall and pumpage is also highly 
significant. It is thus clearly indicated from the 
statistical analysis that the pumpage from. the period 
1936·37 to 1950-51 did not affect the water-table 
fluctuations significantly, the effect of rainfall al~ne 
being highly significant, which means that the pumpmg 
was being done within safe limits. 

4.3 Analysis of variance may also be used for testing 
the uniformity of rainfall within a doab. In t_he sa~e 
manner as discussed above, the effect of ramfa\l ts 
separated between the variation of rainfall from year 
to year and that from station to station. Each of the 
variations is tested with the residual variation un­
explained by the two effects. Uniformity of rainfall 
is established only if the variation of rainfall from year 
to year is found to be sig~ifican tly higher t1'an t_hat 
from station to station. The importance of th1s ames 
because of the fact that this will decide the method of 
computation of mean rainfall ~equire~ in the _analysis, 
mentioned earlier. If the d1stnbut1on of ramfall for 
different rainfall stations within a doab is found to be 
uniform, the mean rainfall may be found by the simple 
arithmetic mean, otherwise, weights have to be apphed 
for deriving the mean either by the use of Thiessen 
polygons or by t_he iso~yetal. method •. For the doab 
considered herem, umformlty- of ram fall had been 
established earlier, so no weights were required for 
deriving the mean. 

4 4 It will thus be seen that statistical techniques 
p~ovide a valuable tool for studying the regime of the 
sub-surface reservoir in any doab. lt is thereby possi­
ble to know whether there has been a drop or not in 
the sub-surface water-table due to pumping, and, if 
there has been a drop', whether it is permanent as 
well as progressive and whether the same may be 
attributable to pumping or not. This topic will be 
pertinent in areas wh~re ~he developmen~ of tub_e-w~ll 
irrigation has been s1gmficant. The obJect of th1s Will 
be to decide whether the harnessing of groud water 
resources should continue at the existing rate without 
disturbing the regime. If the regime 1s disturbed, 
steps, iniicated earlier, viz., reduction in the rate of 
pumpmg or abandonment of a few tube-wells or e_ven 
artificial recharge, will have t~ be taken. If_ the rcgt~e 
is undisturbed, it may be pertment to know tf there IS 

any additional scope for further development. These 
are important questions in the planning of the deve­
lopment of sub-surface water resources within the 
region. 

4.5 But where the development of irrigation based 
on sub-surface water resources has not reached its 
limiting stage, the significant question is to know how 
and where the ext~action of additional resources may 
be poss1ble. Thts may be done by an estimation of 
the safe yield or the safe extraction potential of the 
ground water basin, which discussed below. 

5. Safe Yield 

5.1 The required data for the estimation of the safe 
yield will be the same as that for the analysis of 
variance, viz., fluctuations of ground water-table 
rainfall, pumpage, which are easily measurable and 
whose records are maintained regularly in ground 
water. basins wherein _withdrawals are being effected by 
pumpmg. A dtmens1onally balanced equation has 
been brought out for this purpose as below<•H<) : 

Sci= a+bR+cD, 
where D is the depth corresponding to the volume of 
water pumped from the doab, obtained by dividing 
the volume of water pumped by the area under 
pumping. Here, b and c are dimensionless parameters, 
while 8 c/, a, R and D are all in linear measures of 
length. The values of a, b and c are calculated by 
the method ..of least sq11ares, utilising the data for 
R, 8 cl and D. 

5.2 For the assessment of the safe yield or extract ton 
potential from a ground water basin, the value of D 
has to be found under conditions of normal rainfall, 
i.e., the normal value of R. For Sd, the ideal value 
should be zero, as this will give D under conditions 
of dynamic equilibrium for which the corresponding 
limit of pumpage. which will be the safe yield, may be 
worked out. There is, however, no harm if D is 
estimated for a small negative value of Sd, such as -7.5 
em, as this may mean the stabilising of the ground 
water regime at a slightly reduced level, in which there 
is no danger of any further decline. At the same 
time, this gives considerable scope for additional 
pumpage. 

5.3 The actual data used for this analysis was that 
with respect to Sd, Rand V for seven doabs east and 
five doabs west of the Ganga River in Western Uttar 
Pradesh. Ta?le Ill gives the pertinent data for only 
one doab, VIZ., Doab No. I east of the Ganga River. 
D was estimated from V by dividing by the area under 
pumping. Tables IV and V give an idea of the safe 
extraction potential or safe yield based on the estima­
ting equation. In Table V, values of V, corresponding 
to estimated D. have been given for doabs west of the 
Ganga River with 8;1 = 0 and 8d = - 7.5 em 

5.4 The scope for additional pumping for doabs 
east of the Ganga River bas b~en given for every doab 
in Table IV, wherefrom it may be seen that such scope 
exists for additional pumpage in every doab, a finding 
which is in conformity with that obtained by the 
analysis of varian<:~:. The proportionate number of 
tube-wells for whose provision scope is indicated from 
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TABLE IV 

Pumpage from Tube-well• in seven Doabs east ofthf Ganga River, Its present 

status and extraction potential-

Doab Ground Actual Scope for Additional Remarks 
number of No. water extrac- additional pumpage in 

tion poten- million cum pumpage in tube-wells 
tial in million cum ·which may 

million cum be provided 
on the basis 
of additional 

pumpage 

1 77.68 18.24 59.44 261 (1) From the estimating equation, ground water 
extraction, potential is estimated by taking 

2 63.89 13.93 49.96 197 mean value of rainfall and zero for 8 d. 

3 199.51 66.47 133.05 316 

4 56.41 36.93 19.48 58 (2) Rainfall has been considered for Bareilly 
which is the only station of the India 

5 211.49 98.04 113.45 434 Meteorological Department in the vicinity 
of the do a bs. 

6 309.91 114.19 195.72 718 

7 141.91 39.87 102.04 417 

the estimating equation based on the estimated addi­
tional pumpage bas also been given in Table IV. For 
doabs east of the Ganga. it is manifest that there is 
extensive scope for the development of additional 
pumpage even if the value of l>d is taken to be zero in 
the estimating equations. 

5.5 For doabs west of the Ganga River, whose 
findings regarding safe extraction potential are given 
in Table V, the existing rate of withdrawal by pumpage 
is indicated to be safe, both by the insignificance of the 
effect of Von 8d in the analysis of variance and the 
fact that there is considerable margin between actual 
pumpage and estimated safe limit for pumping. This 
is so even when 8 d = 0, although the scope is consi­
derably enhanced by taking 8d to be -7.5 em. The 
scope for the development of additional ground water 
resources is marked only in Doab Nos. 4 and 6, parti­
cularly in Doab No. 4. 

5.6 It is felt that the approach, given above, for the 
estimation of safe yield or the safe limit of extraction 
potential in any ground water basin is quite rational, 
easy and less time-consuming. To be on surer grounds, 
·a checkup with one of the standards, already in usage, 
such as the Hill method, will be advisable. 

5. 7 In the planning and development of ground 
water resources within any basin, the management 
should ensure that the safe limit is not touched or 
exceeded at any time in order to correctly maintain the 
ground water regime, otherwise, inherent dangers in an 
overdraft are likely to be brought out within the course 
of a few years. This, if unchecked, may even necessi· 
ta.te the adoption of the last step of abandonment of 
Withdrawals by pumping which will involve serious 
economic losses. 

5.8 It will thus be seen that statistical techniques 
provide useful and handy tools for studying ·both the 
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TABLE V 

Safe limit of ground water estractioo poteollal, as deduced from an es!lmatiog equation, 

for live doabs west of the Ganga River. 

' 
Doab 
No. 

Rainfall Station Pumpage (V) in million cu m 
as calculated from the esti· 

mating equation 
lld=a+bR+b V 

Observed 
average 

pumpage 
(V) in 

million cum 

Remarks 

lld-0 I lld--1.5 em 

1 _ Meerut (I.M.D. Station) 25.54 

2 Muzaffarnagar (Sugar Research 78.84 
Station) 

4 Meerut (I.M.D. Station) 101.24 

5 Meerut (I.M.I>. Station) 62.65 

6 Meerut (I.M.D. St_ation) 225.91 

sub-surface water situation, particularly as to how and 
whether 'the dynamic equilibrium is being affected by 
tube-well pumping, and also the safe yield or the safe 
extraction potential of sub-surface water resources. 

6. Conclusions 

6.1 Statistical techniques provide useful tools for 
studying the ground water situation in any ground 
water basin. 

6.2 In such basins in which tapping of sub-surface 
water resources is being effected by pumping, it is 
firstly of interest to know whether the regime is being 
affected due to pumping. This may be done by apply­
ing t•test which indicates whether there has been a 
significant fall or not. It is possible to find out thereby 
if there bas been a permanent and progressive decline 
of the sub-surface water-table. This bas been explained 
for Krishni·Hindan Doab west of the Ganga River. 

39.70 23.53 

96.54 '75.84 

170.63 48.17 

82:16 46.70 

334.83 165,39 

In the estimating equation, 
values of a, b, c, have 
been calculated for Doab 
Nos. 1, 2, 4, 5, 6. 

V is estimated for two 
values of 8 d, viz., 0 and 
-7.5 em. 

6.3 It may also be pertinent to know If there bas 
been a tangible effect of pumping on fluctuations of 
water-table, which may be done by the technique of 
analysis of variance. It is thereby possible to partition 
the effects of the factors affecting ground water-table 
fluctuations, viz., rainfall and pumpage. 

6.4 It is also possible to determine the safe yield or 
safe extraction potential of a sub-surface water basin 
with the aid of an estimating equation deduced by the 
help of statistical techniques. These have been applied ' 
in the case of seven doa bs east of the Ganga River 
and five doabs west of the Ganga River in Western 
Uttar Pradesh. 
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SYNOPSIS 

It has increasingly been realised that the development of water resources should 
be done on a comprehensive basis taking the entire river basin-all the needs and all 
the available resources. In this context conjunctive use of surface and ground water 
resources becomes extremely important. Conjunctive use implies not merely develop­
ment of water resources in addition to surface water resources or the possibility of 
ground water replenishment but the optimal development of the two considering the 
land and water the martix of a dynamic ecological system, taking into account their 
specific temporal a•·ai/abi/ity, and the variability of each. The ••ariables and para­
meters are so many that in the past proper analysis was not possible and development 
had been practised based on judgement. However, now with the development of 
systems analysis methods and concepts and with the availability of high speed computers 
it is possible to make mathematical models and de•·ise optimal conjunctive use of the 
two. 

The paper presents a scheme of conjunctive surface and ground water develop­
ment of a river basin. A three stage iterative development is proposed of which the 
first stage mathematical model is discussed in detail. The model serves to allocate 
the surface and ground water resources to the river basin for further de•·elopment 
according to later more refined models. The model is discussed in the context of a 
real life p~oblem. 

1. Introduction 

1.1 Necessity of comprehensive planning and develop­
ment of water resources bas increasingly been realized 
of late, ·even though, so far, it has not been generally 
carried out in actual practice. Besides jurisdictional 
and managerial constraints, a major problem has been 
the complexity and the difficulty of the task. There · 
are too many competing alternativ.es, with numerous 
possible variations in capacity and operating policies, 
to meet the diverse and often competitive demands 
rendering comprehensive planning by conventional 
approaches almost impossible. 

1.2 With the development of systems engineering 
concepts and analytical techniques, and availability of 
high speed digital computers, it is now possible to carry 
<>ut comprehensive planning. Several areas, of 
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which water resources development is a prominent 
one, have received attention. Much effott is, however, 
yet required to develop these techniques for regular 
engineering planning. What is needed, is application 
of these principles and techniques for integrated plan­
ning of river valleys. With the exploding population 
and technological advances, ·making water more and 
more scarce and critical resource, this is now manda­
tory'" "'. 

1.3 Conjunctive development of surface and ground 
water resources is an important issue in this context. 
This specifies not merely development of ground water 
resources in addition to surface water sources, or the 
possibility of ground · water replenishment, but the 
optimal development of'the two considering the land 
and water the matrix of a dynamic ecological system, 
taking into account the specific spatial and temporal 



76 CHATURVEDI 

availability and the variability of each, considering 
total river basins or even their inter linkages, the econo­
mics of development and transportation of the total 
water resources to satisfy the multifarious and often 
conflicting demands, with due consideration of socio­
economic-technological considerations. 

1.4 We shall not "discuss the diverse questions 
relating to water resources systems planning and rela­
ted problems of conjunctive development of surface and 
ground water resources131 «1 151• We shall restrict 
ourselves to the procedure of systems planning of large 
river basins in which both surface 'and water resources 
are important and the first stage models necessary f~r 
their development. The model shall be developed m 
terms of a specific river basin under study for the sake 
of realism and appreciation of related problems. It 
could be easily modified to any other condition. ' 

Sutlej by diverting waters at Harike Head works to Raj­
asthan Canal [523.85 cum/sec (18,500 cusecs) capacity] 
and Sirhind Feeder Canal [133 cum/sec (4,700 cusecs)] 
and at Ferozepore Head works to Bikaner Canal [76.45 
cu m/sec 2,700 cusces] and Eastern Canal (76.45 cu m/ 
sec (2, 700 cusecs)]. Ferozepore Feeder connects the Harike 
and F:erozepore Headworks. 

2.5 The Sutlej waters, augmented by Beas waters at 
Pandoh, through a 254.85 cu m/sec (9,000 cusecs) capa­
city tunnel, are utilised through Bhakra Canal 368 cu 
m/sec (13,000 cusecs), Sirhind Canal 356.8 cu m/sec 
(12,600 cusecs) and Bist Boab Canal 42.64 cu m/sec 
(1,500 cusecs), the former two like the canals taking off 
at Ferozepore and Harike Head works supply waters to 
two adjoining States as well. 

2. The River Basin 

2.1 The river basin, represents the part of the 
Indus basin in India. Our objective is to 
develop the water resources of the area for the _needs 
of the State of Punjab, subject to the existing extra· 
territorial commitments and constraints. We realize 
the complexity of the institutional factors but neglect 
their consideration for the simple reason that the very 
purpose of the study is to make available to the deci­
sion makers a wide spectrum of options and their 
implications to enable them to make reason~d choices 
instead of the ad hoc intuitive judgements as at 
present151 • 

2.2 The area is served by three major rivers; Sutlej, 
Beas and Ravi, tributaries of River Indus, whose waters 
have been apportioned to India. Surface waters have 
been developed over the last century, by diversion 
works at the foothills as the rivers emerge from the 
Himalayas. Surface water storage has been recently 
provided on River Sutlej at Bhakra Dam [live storage 
capacity 7438 million cu m (6.03 million acre-ftJ]. 
Waters of River Beas are tried to be impounded at Pong 
Dam [live stdrage 6907 million cu m (5,60 million 
acre-ft)] at present under construction. Further up­
stream on the same river, Pandoh Dam primarily 
provides for diversion of the waters to River Sutlej, 
upstream of Bhakra Reservoir, to avail of about 305 m 
(1,000 ft) differential head. Both these dams are due 
to be ready in a couple of years. Proposals for con­
structing a storage dam at River Ravi, at Thiem 
[Jive storage 2343,6 miiJion cum (1.90 million acre-ft)] 
are underway. 

2.6 The surface waters have been almost fully uti­
ilzed and for providing reliable and adequate amount 
of Y.ater ground waters have to be tapped. The average 
rainfall in the State is about 6.1 em (24 in.), 80 percent 
of which takes place during monsoons. Except for 
the northern part, the area comprises rich alluvial 
land rich in ground water. It has been estimated that 
11101.3 million cu m (9.0 million acre-ft) of ground 
water to the extent of aonual recharge are available. 
There are saline water zones in several areas, The 
ground waters are increasingly being tapped by shallow 
private tube-wells and deep public tube-wells, The 
ground waters have been constantly rising over the 
last 100 years and from 30.5 m (100 ft) depth have 
risen to 1.5 m (5 ft) in several areas •. 

2.7 The gross area of the State is 5 million ha (12.4 
_million acres) of which 4.45 million ha (11.0 million 
acres) is culturable. About 75 percent of the people 
derive their livelihood from agriculture which accounts 
for about SO percent of the States G. N. P. The present 
irrigation acreage is about 2,23 million ha (5.5 million 
acres) representing an annual intensity of about 50 per­
cent. Even after completion of dams at Ravi and 
Beas the irrigation intensity \'£ill be only 65 percent. 
Besides the requirements for agriculture, water releases 
have to be made for hydro-electric power and planning 
has to be done for drinking and industria! water 
supplies. Later shall be about· one-twenty-fifth of the 
irrigation requirements. Hyde! power is a substantial 
and important part of rapidly increasing power need. 

3 The Problem and Systems Approach 

2,3 The waters of Ravi are utilised through Upper 
Bari Doab Canal, taking off from the Madhopur Head­
works. It has at present a capacity of 198.24 C\J m/sec 
(7 ,000 cusecs). Provision also exists for transferring 
waters to River Beas through a link canal. 

3.1 Although the surface water ,resources , are well 
dev~loped, as ?sua) in the past, developments have been 
carne~ out W!thout comprehensive critical integrated 
pl~nnmg ma~mg almost ad hoc engineering and econo­
miC assumptiOns. These -have been discussed in detail 
in general_. as well as for the analogus conditions of 
West Pak1stan 161 m. For instance, it has been usual 
to !lssume a sp~ified discount rate, adopt irrigation 

2.4 The Beas waterSJIIongwith residual Sutlej waters 
are utilised dowstream of the confluence with River 

ra_tes fixed long t1me back and deri'le cost-benefit ratios 
wnhout any con:ern for shadow prices, socia1 discount 
rate or market Imperfections, to name a few issues. 
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What should be the cropping pattern taking into 
account the economics of input and output costs and 
benefits with the land-climatological constraints 1 What 
bhould be optimum development for power and agri­
culture, what should be the rate of growth of the water 
derivative inputs to achieve alternative economic growth 
rates for alternative rates and paths of cropping 
patterns? Where to develop ground water and surface 
water to maintain the ground water balance with 
possible mining at suitable rates to achieve adequate 
rate of water resources development? These are some 
of the questions to be answered. Further, since the 
hydrological inputs are stochastic, the question of 
uncertainty and loss function cannot be neglected as 
at present. It is not possible to discuss all the factors 
necessitating systems approach except stating that a 
comprehensive project oriented sector planning 
approach has to be developed to determine the opti­
mum development in the context of the resources 
endowments and implementation capabilities. To 
optimally decide these issues, systematic iterative 
approach as shown in Figure 1 bas to be adoptedt8l. 

The first models shall be broad brush models, trying to 
ascertain the distribution of the resources in various 
canal commands in terms of which further detailed 
development in sub-zones shall be planned, iterating 
further to stochastic and simulation models. The 
approach is discussed in greater detail elsewhere tsHoJ. 

4. Conjunctive Surface and Ground Water Development 
~ode! . 

4.1 We present the first model to determine broadly, 
considering the basin as a whole, allocation of surface 
and water resources. A linear programming model 
with deterministic hydrological inputs is developed. 
The objective is to determine the irrigated area, 
cropping pattern and power development to maximize 
tbe annual aggregate benefits subject to constraints. 
An important one of these is maintenance of ground 
water balance by specifying the extent of mining, if 
at all. We could start with the safe-yield concept, 
with ground water specified at a suitable depth, and 
through parametric programming determine the depth 
at which water-table may be stabilised, by taking into 
account the investment timing of development of alter­
native sources of water. The ground water balance 
has to account for the recharge and withdrawals as 
shown in Figure 2. Surface drains have to be provided 
for drainage of surface waters as well as control of 
aquifer by pumping, if need be. These discharge in 
the river further down. 

4.2 The essential features of the river basin are 
shown schematically in Figilre 3. The area is divided 
into ten canal commands. In each canal command 
possibility of ~round water development exists. 

4.3 · In each canal command, ·the surface source bas 
a control point enabling storage (which . may. be 
zero), diversion for irrigation, power an~ mterhnk­
. age in general. Although interlinkage JS only at 

two plac_es it is assumed possible at aU points 
for frammg a general model for convenience of 
computer use. It shall be set to zero if it does not 
exist and general review shows that it is not warranted. 
Same considerations apply to storage releases for 
power and irrigation facilities, and availability of 
water from surface drainage sources. 

4.4 Only major surface water sources have been con· 
sidered in the model. Possibility of storage at several 
streams exists and provision for their development 
shall be made by ailocating portion of irrigated area 
~o dependable water from them. Their development 
JO detail shall be considered in later detailed models of 
each of tbe commands. 

4 5 . In the first instance ground water recharge by 
special measure has not been included. As engineering 
and economic feasibility studies are available, it could 
be included without distorting the basic formulation of 
the model. 

4.6 Certain specific characteristics oLtbe system indi· 
cate modelling criteria. Since Ravi waters do not have 
the power potential as at Beas through interlinkage 
with River Sutlej, these should be used as much for 
irrigation of upper regions as possible. The upper limit 
of transfer of Beas waters has also been fixed as of the 
storage at Pandoh (3), Pong (4), Bhakra (6). Installed 
turbine capacities have also been fixed, but these may 
be increased without too much technical difficulty-same 
applies to inter!inkage capacities. The capacity vari­
ables are taken as variables in the model but may be 
given a constant value as the situation demands. 

4. 7 For determining the crop water requirements, we 
start first with the assumption that optimal decision 
period wise demand is determined on the basis of land 
as a constraint, rather than water as a limiting cons­
traint. Latter limiting case shall be studied during 
canal command optimization. 

5. Linear Programming ~ode! 
5.1 A linear programming model is used to screen the 
optimal set. The capacity variables to be determined 
are as follows : 

(/) Li. the area to be irrigated (in acres), in each 
canal command i. The area has to be 
prepared for irrigation. i=l. .. , ...... I. 

(ii) v,, the reservoir operative capacity (in 106 acre-
ft). i=I, ......... I. 

the delivery capacity of the canal system 
from the rivers to canal irrigation com­
mand. i = 1, ..•..••.. 1. 

is the capacity of interlinkage canal for 
transfer of water to areas in different States 
or adjoining rivers. i= 1, ......... 1. 

the capacity of the hydro-electic power houses 
expressed in terms of installed flow capa-
city of the turbines (in cusecs). i = l, ......... I . 
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(vi) T1, the total delivery capacity of the tube­
wells installed for purposes of supplying 
irrigation water and controlling aquifer 
water (in cusecs). i= I, ...... ... I. 

(vii) Z1, is the total drainage capacity of the surface 
drainage works (in cusecs). i=I, ......... I. 

5.2 The operating variables have to be determined 
for each decision period, k, which can be a month, 
fortnight or as specified, and have . to be determined 
for each of the i canal commands under consideration. 
The cropping pattern may consist of j crops, and we 
will have to determine bow much ·of area should be 
allocated to each variety in each command. Cons­
traints may be placed from management considerations. 
The operating variables to be determined are as 
follows: 

(ii) x,., 
(iii) y .. , 

(iv) w,., 
(v) h,., 

(vi) r .. , 

(viii) 

the area sown to the j" crop in acres in 
i" command. J=l, ........ .J. 

the release from the. reservoir (in cusecs) 
during the decision period k. 

the flow diverted to canals for irrigation 
(in cusecs). 

the flow diverted to interlinkage canals. 

the flow through turbines in (cusecs). 

the amount of tube-well water pumped 
(in cusecs) and delivered to field channels. 

the amount of tube-well water pumped 
and delivered to surface drains (in cusecs). 

the flow from surface drains or pumps (in 
cusecs). 

5.3 To define the system the following exogenously 
given parameters or variables are as~umed to be known 
from the in put studies as shown F1gure 1 : 

(i) r,. is the discharge in the rivers to reservoirs 
or up to diversion points (in cusecs). 

(ii) M 1 is the average rate at which ground water 
may be mined in acre-ft per year. M, 
will be an important parameter to be deter­
mined by sensitivity analysis. 

(iii) R1 is the net aquifer recharge from horizontal 
ground water flow in acre-ft per year. 

(ir) u• is a utilisation factor for wells giving the 
average fraction of each day that the well 
is operated. 

(v) u• 

(vi) Y••• 

is a utilisation factor for canals reflecting 
canal closure due to emergency repairs or 
other reason. 

is the fraction of the irrigation water that 
becomes recharge to aquifer at the "'" 
point. A prime denotes the recharge 
fraction of precipitation. 

(vii) P••• is the fraction of the irrigation water de­
livered to the «'• point in the system that 
becomes surface runoff. 

(viii) €«<• is the fraction of the irrigation water that 
becomes non-beneficial evapotranspiration 
at the o.•• point. A prime denotes the non­
beneficial evapotranspiration fraction of 
precipitation. 

(ix) o.,. is the efficiency of the irrigation system at 
the «'• point. o, = 1-P«- y, -E«. 

A 
(x) .p,. i~ the average precipitation over the irriga-

t10n zone i during the decision period k. 

(xi) "l is the annual evaporation. 

(xii) 1;,. is the net sub-surface return flow to the 
river during the k'• decision period, in 
acre-ft. 

(xiii) 1\ 1 is the largest amount of land deemed suit­
able for irrigation. 

(xiv) is the land use coefficient for the j'• crop 
during the k'• decision period in zone, i. 
If .\11.=0, no land is used by this crop during 
the k'" period ; if .\11• = 1 the crop is grow­
ing during the entire period. Intermediate 
values signify that all or part of the crop is 
being planted or harvested during the deci­
sion period. 

(xv) a,,. is the water requirement of the j•• crop in 
the k'• decision period, in feet, at the ;•• 
canal zone. This may be obtained by the 
latest conventional methods or by the 
dynamic programming model. 

(xvi) "'' is the peak demand factor for tube-wells, 
that is the ratio of the peak (for example, 
the ten-day) demand to the average demand 
over the decision period. 

(:>.1'/i) n• is the peak demand factor for canals. 

· (xviii) "'' is the peak demand factor for surface drain­
age facilities. 

(xiv) u is the individual well capacity in cusecs. 

5.4 The following elements of prices an~ cost consti­
tute the economic parameters .. All cap1~al costs are 
expressed in terms of an equp,:alent umform annual 
cost. 

(i) c
11 

is the farm cost (exclusive of water) incurred 
in producing crop, in rupees per acre. 

(ii) c., is the sum of the equivalent uniform annual 
cost and the annual maintenance expenses as 

follows : (ak!, of land preparation in rupees 
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FIGURE 2 : Water resources balance. 

per acre, (b) c:, of reservoir or diversion 

structures, in rupees J.:er acre-ft, (c) c:, 

of power bouse in rupees per cusec installed 

capacity, (d) c~ of tube-well of capacity u, 

in rupees per cusec, (e) c!,of canal, in rup­

ees per cusec and (f) c:, of surface drain· 

age facilities, in rupees per cusec. 

(iii) c, is the unit p'ower cost in rupees, per acre­

ft as follows ; (a) c! for well operations. 

(b) c: for pumping surface water supplies, 

(c) C: of surface drainage pumping. 

(iv) PJ is the market price (adjusted for taxes and 
subsidies) of the i" crop in rupees per 
pound. 

(v) p 

(vi) qs• 

is the average economic value of production 
from an acre of unirrigated project lands, 
in rupees per acre. · 

is the projected average yield, with water 
control of the j 1• crop, in rupees per acre. 
This shall be a function of the water sup· 
plied each month, but is determined sepa· 
rately from conventional data or by dyna· 
mi~ programming .. 

p• ' 
(vii) •• is the market price of power produced in 

rupees per cusec of discharge. Since bea~ 
will. be different at different sites, a van· 
able figure at· different sites and different 
sea~ons is used. The value is determined 
as a constant in the likely range of bead at 
any period, to be determined more correctlY 
by parametric programming later. In this 
manner the function is kept linear. 

5.5 It is assured, in the first instance, that the objec· 
live of water resources development is the maximisa· 
tion of the present value of aggregate consumption 
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benefits derived from the water derivative demands 
considered, viz., irrigation and power. The econo­
mic detail shall be taken into account in later 
models(• I (10l Ull (121. 

5.6 The project returns are composed of the follow-
ing items:-

(i) The annual return to the project from irrigated 
agriculture net of farm costs (exclusive of water 
costs) are : 

I 
l: 

i=l 

I 
+I: 

i=l 

I 
+ l: 

1=1 

I 
+ l: 

i=l 

I 
+I: 

i=l 

(ii) 
. The revenue maximisation is effected subject to 

The net returns to the proposed project arel following constraints : 
from agriculture if no water control project is · 

1\ 
constructed are : P1 L, 

(iii) The annual returns to the project from power 
are 

I K 
l: l: p~• h,. 

i=l k=l 

(iv) The sum of the equivalent uniform cost and the 
annual maintenance expenses of project facilities 
is 

c' 
V1+c:, P1+ :• T, 

+c!, Y1_+c:. z1 +c:,'; W1) 

(v) The annual power costs of water use and control 
are 

I 
l: 

i=l 

where z1t, the surface drainage is given by 

J 
l: 8llt A,t 

Zit= Pit Y<t+P211 '-1-=-=-1--:--­e,..t 
J 1\ 

8111 A,t+P;,1 ¢•• E >..1 A11 
J=l 

( 1\ --:~ 1111 A•) 
J=l 

The Objective function becomes, 

(I) Continuity equation must be met at all storage 
points, surface diversions or interlinkages. 

for k=I, ...... K 

i= I, ...... / 

where v is a conversion factor from acre-ft to cusecs and 
a. is number of days. 

(2) Flow to surface irrigation or interlinkage is less 
than total flow in each decision period at each control 
site 

for i=l, .••••. / 

k=l, ...... K 

(3) Flow through turbines is Jess than or equal to 
capacity of turbine at each site for each decision period 

h,. S:: P,. < x10 k= 1, ... ... K 

( 4) The water requirements of the crop must be 
met exactly in each decision period. 

J 
811t Ylk+t,t=V l: (8110 A.11/021• 0,,.) 

}=1 

for each i= 1 , ...... / 

k=l, ...... K 

(5) Total available land may not be exceeded 

J 
l: 'At~ A1 S:: L S:: 1\ 

}=1 

for eaach i=l, ...... / 

k=l, ...... K 

(6) The net amount of ground water removed 
during a year must not exceed the mining allowance, 
nor may the water-table show a net rise after lapse of 
twelve months. 
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K 
-o~ 'E 

k~1 

J (5) (6) 
- E (Y11 811.AsJ6a<t +Yo~t 8,,.A,,/6alt 

i=l 

(8) (9) 
+ YJ1-R1 ~ M,. 

The com~onents of recharge in orde_r of the above 
terms are: (1) return flows to the nver, (2) ground 
water removals for irrigation, (3) ground water remo­
vals for sub-surface drainage, (4) canal st;epage, 
(5) seepage from field channels, (6) ~eep percolation of 
irrigation water in the fields, (7) ramfall recharge f~om 
non-irrigated lands, (8) water-table ev.apo~atJon, 
(9) horizontal inflow to aquifer. The d~termmatJon of 
the optimum rate of ground water will be.dev~loped 
iteratively and several matters connected with 11 wdl 
bave t.o be consideredusJ '"l <lll · . 

(7) Jn no months may. the amount of ground water 
pumped exceed the capacity of the wells 

Tt' v (t1.+S.-.)!a. u,' <; S, 
i=l, ............ I 

k=1, .............. K 

where v is a conversion factor from acre·ft per day to 
cusecs. 

(8) Irrigation diversions may not exceed the. capa­
city of canals, where a. is the numb.!;_r of days 1n the 
decision period. 

(a) ... v y,Ju•,d. ~ 7c' v z,. !A"< a. < z, 
(b) 'I!!' v h1JuA1tft <; W, 

i=l, ............ I 

k=t, ............. K 

(9) Surface drainage may not exceed the capacity 
of the surface drainage works. 

,.. v z1•/14'd• <; z, 
i==l, ..••.....•.. ,/ 

k=t ............ K 

6. Conclusions 

6.1 Development of water resources ~s a syste!D.• is 
mandatory and requires comp~hens1ve ~d ~JtJcal 
planning over a river basin to optimally sahsfy dJVderse 
water derivative demands.. This can only be one 

through systems analysis, for which an itt:rative 
scheme is prepared. . · 

6.2 Jn the first instance the water resources have to 
be allocated over the region, developing the surface 
and ground water resources conjunctively. Conjunctive 
use is a basic concept in systems analysis. 

6.3 After ttle first broad brush model, niore detailed 
planning in each canal zone will be carried out. . The 
economic implications, and engineering analysis gets 
continually refined. We continue with deterministic 
models to be followed by stochastic models and 
simulation. 

6.4 Two important facets of the system have not been 
considered in the model. One is artificially induced 
recharge. The second is water quality control. Both 
these shall be included in later models. 

6.5 No budgetary or physical constraints have been 
employed at this stage. These would be included when 
study of priorities and investment timing is carried 
out. 

6.6 It is realized that many functions that are 
basically non-linear have been assumed to be linear. 
This is not considered to create any particular distortion 
as realistic values would be adopted or piece-wise 
linearization may be done. 

6;7 The programme shall severely tax computer 
capabilities but could be handled by the available 
computers by suitable methods. 
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Development of Water Resources-An Integrated 
Approach and their Environmental Effects 

D. R. SIKKA 
Sectctaey 

Control Board for Major Projects, M.P., Bbopal 

SYNOPSIS 

The paper discusses certam factors necessary in the integrated development 
of surface and sub-surface water resources in India. In this regard establishing scientific 
watershed management policies have been advocated. The need for creating on agency 
for water resources development is stressed. The author has suggested that surface 
water development programme must be properly coupled with powet development pro­
gramme to achieve long-term ben~jits. 

I. Introduction 
1.1 Integrated development of surface and sub· 
surface water resources in our country, is a subject· 
which should need consideration at the highest level 

canal systems, by undertaking colonisation and 
chakbandi (murraba) measures resulted in rich 
dividends. 

on a high·priorfty basis in our National Plans. But · 2. Planning Watenbed Develop~ent (Madhya Pradesh) 
it is essential first to recognise the paramount need of 
tbe integrated measures and operatibns for ·.the- 2.~ The latest thinking in this State that an inte­
regions, sub-regions, river basins· or a State, in part grated development of irrigation projects would not 
or as a whole, looking to economic needs and pro- be completed unless scientific watershed management 
jections of a long-term ·planning. At present, since policies are undertaken upstream of the reservoirs so as 
India became independent, great attention has no doubt to result in sedimentation control and effici~nt land 
been given to the construction of numerous large and water use practices. is a further landmark. Towards 
gigantic as well as medium and minor irrigation and that t:nd, a high powered .Waters~ed Management 
hydro-electric projects, priority having been given for Commtttee under the Chatrmansh1p of the Chief 
the development of irrigated agricultural or industrial Secretary to work under 'the overall guidance of the 
water supply operations as an· effort to augment the Control Board for Major Projects incharge of planning, 
food production towards achieving self-snfiicienc:y investigation and construction of all irrigation and 
targets. In certain cases, llood control and fisheries hydro-electric major projects in the State constituted 
development works have also been taken up, as a part under the Chairmanship of Chief Minister, its PRC 
and out of the multipurpose concept of operations and (Standing Committee) again beaded by Chief Secretary, 
utilizations in case of large dam projects. Recently would reftect the degree of integrated approach towards 
measures for infrastructure development and land development of water resources jn some of the vital 
improvement operation for the ayacut development in sectors and the importance being attached at· the 
the commanded areas of irrigation projects !Jave been highest level. 
initiated, so that there is no time lost between the 
creation and utilization of irrigation potential to 2.2 The sub-surface water resourc:eS have been most!• 
result in overall development of the area in respect of tapped by the dug-wells built at the initiatives of th' 
drainage, communications, land holdings, marketing cultivators, large size State owned irrigation and waif 
complex and water management practices. Such a supply tube-wells and now the cultivators owne 
venture in the former Punjab, undivided India at the shallow tube-wells being constructed under the Agr 
time of construction of large-scale irrigation barrage- culture Refinance Corporation Programmes. 
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3. Need for- Water Resources Development Agenc)! 

3.1- All the above activities and forces primarily 
acting to impound_ the surface flows and to balance the 
inequities or seasonal distributions of rainfall and so 
on have resulted in benefits sometimes not in commen­
surate with investments, have no scientific co-relation 
of the surface and sub-surface flows. It would not be 
incorrect to say that even an effective agency to be 
overall incbarge of water resources development do 
not exist, instead usually the Irrigation Department is 
mostly carrying out these operations to fulfil the major 
requirements of irrigation needs and consumptive use 
of water and the electric power generation and distri­
bution being under Electricity Boards. 

3.2 What is, therefore, most important is first we should 
have a properly constituted and adequately staffed, 
clothed with administrative and financial powers, 
Water Resources Development Agency for each State 
for consumptive and non-consumptive uses. At the 
International Symposium_ on Man-Made Lakes* held 
at Knoxville, Tennessee Valley, U.S.A. in May 1971, 
organized by the ICSU, United Nations and various 
International bodies it was interesting to find without 
detailing the downstreams uses, the impact of such 
Man-Made Lakes in respect of following environmental 
effects and the emphasis laid for recognising the need 
for taking intergrated advance actions to counteract 
the problems created. 

3.3 This will give an idea of water resources problems 
again in one sphere. The Constitution ofJndia Item 17 
of the 7th Schedule mentions "Waters that is to say 
water supplies, irrigation -and canals, drainage and 
embankments, water storage subject to •.. ". It would 
be apparent that this description needs to be enlarged 
considerably and suitably in case activities for integra· 
ted surface water and sub-surface water resources 
development have to be taken up right now and public 
awakening with adequate legislative functions enuncia­
ted. It will need what is sometimes aimed, integration 
of technological, politi~l, soci.al and .~nomic functions 
and deliberations for thiS cructal act1vjty for the welfare 
of mankind. Looking to the growing needs of increa­
sing population in the country, it hardly needs to be 
emphasized that we should be careful in planning, 
conservation, operation, utilization and development 
of our water wealth not only for the prime use of irri· 
gation ftood control, hydro-electric power, industrial 
uses and domestic water supply which might carry the 
first priority but also to see that the newly developed 
concepts of water budgeting involving appraisal of 
withdrawals versus augmentations with the time load 
programmes are implemented, before the coming 
generation is put to hardships. Adequate water 
resources Jaws for the two types of ftows have to be 
formulated. 

•Author invited as PrinCipal Speaker. 

3.4 ~ith the tr~nd_s in the development of power 
generatt~n and d!stnbution for -large scale industrial 
pr~~ctton operahOJ!S to meet needs of high standard 
of bvmg, and those 10 the developing economies the 
generation of hy~ro power in integrated well knit grids 
of powe~ gener~ltoos sources namely thermal, nuclear 
and fossil b~rom~, and the la~est of inserting pumped 
storage, projects, 1t would b~ Impossible and unfair to 
presume that surface water development could be 
tackled alone in isolation as it would need to be co­
related with the power development programmes for 
the needs of the present and of future, as the demand 
for the two vital items of survival, i.e., water and 
electricity has to be accepted under short and long-term 
programmes whether the population is agrarian or 
highly industrial. · 

4. . Management of Surface and Sub-surface Flow 

4.1 Adequate hydrological and meteorological studies 
have to be incorporated in properly investigated master 
plans for the unit/region/basins to be decided first, 
particularly for proper qualitative and quantitative 
assesement of sub-surface water ftows and its relation­
ship with surface ftow. 

4.2 In particular, it would be worth while to· iden­
tify deep and shallow aquifers, productive and impro­
ductive aquifers and to see that the present withdrawals 
from the aquifers are done without detriment to the 
quality and quantity of water. Their investment 
studies for a safe and continuous supply vis-a-vis sur­
face ftows, impoundments, diversions and supplies 
keeping in view the formers geography, geology, drilling 
and casting conditions, ground water pumpage, hydro­
logy of aquifers, results of decline in artesian pressures 
geohydrologic boundaries, practical sustained yields 
are some of the key notes for ascertaining potential of 
sub-surface reservoirs. 

4.3 In this context examination of irrigation re­
quirements could result in investigations whether 
construction of dams for the initial requirements to be 
supplemented by large scale sub-surface exploitation 

_ could not result in economy in initial investment and 
water protection. Dams, big or small, impound water 
have been responsible for keeping sub-soil water, in the 
wells sizeable in good stages for the needs of the 
villagers and people Jiving in that region, a fact well-
known since ancient times. · 

4.4 However, sub-surface water projects if to be 
taken up in conjunction with surface flow water pro­
jects, besides needing first a realistic assessment of the 
community's needs for supply of water and electricity 
for various purposes, would also need prior appraisal 
of certain main factors, suggested below :-

(1} Studies and results of shallow aquifers to determine 
potential and to locate areas favourable for ground 
water development on short-term and long-term 
basis-looking to needs of economic developmer1t 
and financing available. 
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(2) Regionalfsub-regionalfbasin study of aquifer for­
mations to determine water yielding capacities of 
individual units. 

(3) Study of possible effects of dewaterin~ in above 
cost studies of impoundage works their distances. 
and locations to surface flow wo1ks. 

(4) Study of possible recharge of aquifers fro~. t.he 
existing storage~, Jakes, and whether any possi.b!hty 
for undertaking artificial recharge measures mvol­
ving latest techniques and advancements could help 
in better water availability by integrating surface 
How and sub-surface flow projects. 

(5) Agencies, type, nature and available, as responsible 
for programming and . implementation of surface 
and sub-surface works-in public or private sector 
or on individual basis-size of land holdings with 
individuals. 

(6) Whether it could be attempted whereby all wastage 
and excess flows of water in surface flow schemes 
can help in recharging the sub-surface flows for 
being utilized at the time of inadequate or non­
availability of supplies from surface flow works, 
thereby creating a cycle of continuous uninterrup­
ted water supplies. 

(7) Quality of water required for the particular needs 
and that available in sub-surface or surface or by 
combining both. 

(8) Initial investment and time taken to implement a 
scheme for the particular needs of the society. 

(9) Making available cheap electric power for sub­
surface works, and also by reducing cost of distri­
bution system in otherwise far located dam works. 

(10) Whether surplus electricity outside peaking hours 
in the integra ted grid could be used for such sub­
surface works in lieu of pumped storage works. 

(11) Environmental effects and adoptability for the two 
modes of the people to adjust to water resources 
Jaws. 

4.5 In the above integrated operations for long-term 
planning, thousands of unemployed engineers at present 
could be utilized. 

4.6 It is, however, apparent that for undertaking 
such a large complicated activity in respect of water 
resources, requiring painstaking efforts and co-ordina­
tion at all levels, it would be necessary, soon after the 
integrated agency and laws indicated above have been 
framed, that suitable changes in the present structure. 
and cadres of the concerned engineering departments 
are also taken up, wherever necessary by carrying out 
changes in their service rules conditions set up to meet 
the challenge by pin pointingjob evaluation and func­
tions for each. The present stratification and classifi­
cation amongst technical people has to go by a new 
form of personnel administration and a, free exchange 
of technical know-how and its growth has to take place 
rather than compartm7ntalization amongst the engi­
n~ers, added to 11 their present approach, which at 
times appears to have come to us from the colonial 
type of administration of the past when there was 
comparatively meagre or nil development activity. 
These days we have to undertake time bound crash 
progra~.mes by inves.ting ~n proper planning and 
supervi~Ion and execution,, t? mvolve as less as possible 
of pubhc finance and obtammg benefits as maximum as 
~ossible,-"greatest economy if works under the sanc­
tioned programme executed in speediest manner" -and 
unless we decide .to achieve it by introducing the 
necessary ref~rms, m practice and in attitudes, not only 
the commumty as a whole would suffer considerably 
for want of achievement of targets and losses due to 
delays, but also, our plans for future would also be 
enda?gere~. The. attitude of one rupee additionfsub­
trac~IOn ~1stake m cash book b_eing taken seriously 
but Ignormg losses of lakhs and crores of rupees by· 
f~ulty and delay~d constru~tions instead of penali­
zmg, ha~ to. be given up, If we intend progressing 
ah7ad with limes, where we have still to go miles and 
miles ahead. 
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SYNOPSIS 

Conservation and utilization of every drop of available water is a bare necessity 
in the arid and semi-arid tracts. In the country like Israel, where the natural resources 
are quite limited, the method of sprinkler irrigation ha.• helped a great deal in the 
integrated development of surface and sub-surface water resources. At present, almost 
90 percent of irrigation Is done through spri~kler in that country. A beginning has 
been made since about last two decades in India and by now, about 20,235 ha 
(50,000 acres) are brought under sprinkler irrigation. With the knowledge of proper 
use and economics of the methods, the sprinkler method of irrigation can have wide· 
spread application all over the country. 

Water, a precious commodity, which Is made available to the command areas at 
high costs, needs to be utilized very cautiously and carefully, to produce maximum 
per unit quantity of water applied to the soil. Sprinkler irrigation has many 
advantages inasmuch as, not only it helps in careful distribution of water, but sQVeS 
a large quantity for bringing more areas under cultivation, as compared to flow 
irrigation through canals and tanks, etc. 

In the present paper, the spread of sprinkler irrigation in different countries has 
been enumerated. The method, its advantages and disadvantages have been described. An 

· experiment on sprinkler irrigation conducted on •Goradu' soils (loamy to sandy loam) 
near Baroda indicates that it is possible to save about 30 to SO percent of the water 
through this method, as compared to flow irrigation. The paper also describes how 
sprinkler irrigation can form as a means for the integrated development . of 
suiface and sub-surface irrigation. In the canai irrigated tracts, for example, 
several acres of arable land remain unirrlgated, being above canol 
F.S.L., such tracts can well be brought under irrigation by drawing water through 
shallow tu/Je.wells. With the use of sprinkler irrigation, these areas can be irrigated 
with optimum requlrement:r of crops. With the introdu~tion of flow irrigation, the 
regime of underground water is materially affected, many times creating a problem 
of high rate of rise andfor water-logging, etc., sprinkler ·irrigation can serve as on 
anti-waterlogging measure in such tracts by drawing water from the sub· 
surface strata. The paper deals with such other a.•pects also by which sprinkler 
irrigation can form the best measure for the integrated development. 

1. Iatrodnc:tlon 
1.1 The use of surface and ground waters for irrigation 
purposes bas been in vogue in diffcrent parts of the 
world since times immemorial. Percolation wells, 

89 

tanks and small reservoirs bave been in use since recent 
past. The system of irrigation through diversion weirs 
is of recent origin and is being practised in India since 
the advent of tlu: British rule. The introduction of 
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irrigation through canals supplements water to the 
plants during the non-rainy period. Its proper use and 
management helps to increase agricultural production 
per unit cultivated area. The water available through 
flow irrigation has, however, to be applied with great 
cau_tion and care. History goes, that great civilizations 
which once existed in the Euphrates and Tygres valleys, 
perished due to water-logging and salinity, converting 
these precious lands into a desolate waste. More 
intensive irrigation in the southern parts of Egypt, led 
to the intensification of water-logging in Nile Valley.· 
Many such instances can be quoted where the regime 
of underground water has been materially affected, 
bringing the phreatic levels to ground and damaging the 
once arable lands, permanently. . 

1.2 The problem is no less acute in India. The 
following figures speak for the water-logged lands after 
the introduction of flow irrigation in different States :-

Name of State 

1. Punjab (including 
Haryana) 

2. West Bengal 

3. ·Uttar Pradesh 

4. Maharashtra 

5. Andhra Pradesh 

Water-logging area in hectares 
(acres) [-l.Sm to+l.Sm 

(-5ft to+S ft)] 

14,27,822 
(35,69,554) 

3,09,504 
(7,73,760) 

6.86,400 
(17,16,000) 

1,11,481 
(2,78,701) 

4,183 
(10,456) 

6. Jammu and Kashmir 10,000 
(25,000) 

7. Delhi 1,280 
(3,200) 

Total 25,50,670 ha (63,76,671 acres) 

1.3 The problem of water-logging and drainage is thus 
of great concern in the areas where irrigation through 
canals is envisaged, and to arrest the further spread of 
the evil, it calls for immediate and vigorous preventive 
and curative measures. 

1.4 In the arid and semi-arid regions of the world, 
there is yet another proble!Jl. In the countries like 
Israel, the sources of water supply being very limited, 
including the natural precipitation, the water conservation 
becomes absolutely imminent. In such areas, which also 
exist in the States like Rajasthan in India, every drop 
of available water, either from surface or sub-surface 
water resources, has to be conserved with great care, and 
utilised for increased agricultural production. In the 
United States also utmost care is taken for careful 
utilization of surface and ground waters, particularly in 
the State of California and other coastal arid regions. 

I. 5 In such scarcity-striken arid regions of the world, 
the drawal of water from the sub-surface becomes a 
necessity. The main source of water for these confined 
or unconfined aquifers is, however, the rains. This 
natural precipitation is stored by various artificial 
measures like surface lakes, percolation tanks and even 
through recent methods of percolation reservoirs (as in 
the U.S.A.). Besides, the water is stored naturally in 
between the sub-surface impermeable strata like rock or 
clay layers, as confined and unconfined aquifers. 
These underground water resources are made available 
for the agricultural production through pumping. The 
major source for such drawal was the open-dug-wells, 
since centuries past. With the charging of the surface 
aquifers through flow irrigation, shallow tube-wells were 
introduced (in the Punjab, for example) as an anti­
water-logging measure. In the scarcity-striken areas, 
deep tube-wells are sunk (U.P. and Gujarat) to avail of 
the confined waters in deep aquifers. 

1.6 These surface and sub-surface resources are harne­
ssed at high costs. Integrated development of these 
re~ources throu!lh proper soi! and water management, 
Without damagmg the crops IS, therefore, essential. 

1. 7 The investigations carried out so far have 
indicated that losses in irrigation water are attributable 
to the following factors :-

(i) Losses due to· conveyance of water through 
unlined channels. 

(ii) Inefficient method ofleading to deep percol~tion 
below the root-zone. 

(iii) 'I:Jn!eve!led fields creating ill-distribution of 
1rngat1on water. 

(iv) Too frequent irrigation resulting in excessive 
losses through fields. . 

· (v) No_n·construct_ioll: of field watercourses leading 
to Improper d1stnbution of water. 

1.8 The ultimate result of these losses from the 
su~face soil or distribution system is the rise in the sub­
sot! water-table causing deleterious conditions to plant 
life. It will be interesting to note the figures 
from t~e _Re~ort. of. the Central Water and Power 
CommtSSIOn tod1cat1ng the losses of irrigation water 
through distribution system (Table I). 

1.9 It. can thus be seen that, notwithstanding aU the 
sys~em hoed, the wastage in the field itself affects the 
ulttmate efficiency of irrigation to more than 
44 percent. 

2. Sprinkler Irrigation as a Measure for Integrated 
Development 

~.I From~t~e f?regoing paragraphs, it is evident that 
Improper ut1hzat10n of surface and sub-surface waters 
leads to inefficient irri6ation creating problems of water-
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TABLE I TABLE III 

System Year No. of systems Command area 
in acres Losses in Wasta- Consequent Reco-

c"-a:::n7al;:sc.:..:;.Df;is::;t:;ri--'"'w=at;::e;;-r --ge in . utilization mmen­
buta- cour- the by crops. ded in- -----~--------------­
ries ses field 100-(2+ tensity 

3+4+5 of irri­
gation 

1. Entire: .. IS 7 . 22 27 .29 35 
system 
unlined 

2. Only 4 7 25 30 34 41 
canals 
lined 

3. canals 4 2 26 3l 36 45 
and dis-
tributa-
ries lined 

4- Whole 4 2 6 42 46 56 
system 
lined 

iogging in the case of prior, and scarcity in the case of 
latter. A measure to overcome these difficulties and 
avoidance of problems, is to introduce a system of 
irrigation, which will not only conserve every drop of 
water, but at the same time, will help in the optimum and 
economic use of this precious commodity. Israel, ~ue 
to its peculiar conditions of low precipitation and hagh 
aridity, has become a pioneering cou~trr in _the advan~ 
ment of introducing best methods of trragallon and sot! 
and water conservation. The method of. sprinkler 
irrigation has been found to achieve best results as 
regards the saving in water as well as its proper and 
optimum distribution. Having been !?roved to 
economise the water resources to the maxamum, t~e 
spread of sprinkler· irrigation system has been qu1te 
rapid in the recent past as can be seen from Table 11. 

TABLE U 

Approximate area sprinkled (acres) 

Year Israel lt!lly Greece U.S.A. Australia India 

1946 .- 2,50,000 

1950 110,000 

1954 225,000 S7S,OOO 3,000,000,4j)O,OOO 

·1956 14,000 

lSSB 37,500 1,000 

1960 300,000 750,000 50,000 4,000,000 700,000 s.coo 

I acre~0.4047 hectares 

2.2 Thus, in Israel. more than 90 percent of the area 
has been brought under sprinkler irrigation by now. The 
progress of sprinkler irrigation in India in the last two 

-decades was as shown in Table IU. 

!956 30 1,000 

1960 ISO s,ooo 
1962 200 JS,OOO 

1964 300 25,000 

1966 400 35,000 

1968 600 so,ooo 

1 acre~0.4047 hectares 

2.3 Available Water Resources 

2.3.1 It is a popular belief that we in India have 
plenty of water as we have mighty rivers like the 
Ganga, Brahmaputra, Narmada and Tapi, etc., and 
gigantic projects like the Damodar Valley, Bhakra 
Nanga!, Kosi and the Ukai Project, etc. It is true that 
we have the World's largest area under irrigation, 
covering over 32.38 million ha (80 million acres). .But 
bringing large areas under irrigation alone does not 
solve our problems. Our conception of irrigation 
appears to be confined to harnessing water resources 
and conveying water through miles of canals, mostly 
unlined. What happens to the water, then at the end 
of this line ? It is this end use of water which bas yet to 
attract due attention. Irrigation implies much more 
than harnessing an~ conveyance of water. 

2.3.2 Even with 32.38 million ha (80 million acres) 
under irrigation, we command only about 25 percent of 
our cultivated area. Hence the irrigation potential is 
great. According to the Central Water and Power 
Commission Report, the utilisable flow is only 55.35 
million ba m ( 450 million acre-ft) against our 
requirement of 76.14 million ha m (619 million acre-ft). 
We have a deficit of 38 percent. This underlines the 
importance of conserving water in all directions, and 
this can be achieved only by using this improved 
method of irrigation such as Sprinkler Irrigation. 

2.4 Advantages tmd Disadvtmtages of the Sprinkler 
Irrigation System 

2.4.1 Advantagu 

(I) Increased rate of water utilised, by at least 80 
percent. 

(2) Yields very good results. 

(3) Resulting increase in yields and improves quality 
.of crops. 

( 4) Sprinkling saves a lot of irrigation water in sandy 
and sandy-loam areas. 

(5) Necessity of spraying insecticides on crops is 
considerably reduced by its washing action as in 
the case of rain. 



92 SHAH AND BAPAT 

(6) It is very helpful in scarcity areas where the su~­
soil water is very deep and the surface supply IS 
not available. 

(7) It is an ideal method wher~ .Ian~ is too uneven to 
permit surface methods of 1rnga11on. 

(8) On hiii slopes it has an added advantage of good 
water head being available at practically no 
propulsion cost. 

(9) On sloping lands runoff and soil erosion can be 
eliminated. 

(1 0) Channels, ditches and furrows become unnecessary. 
More land is available for cultivation ; expenses 
on erection and maintenance of these structures are 
saved. 

(11) Soil erosion and water-logging are reduced to a 
minimum because the application rate can be 
matched to water intake rate of the soil. 

(12) Light applications (in particular for seed bed 
preparation and germination) are possible; 
application can be matched to crop water require· 
ments. 

(13) Liquid fertilizers and other chemical aids can be 
spread simultaneously, without any extra cost. 

(14) Sprinkler rain is as natural as it can be. Proper 
rain develops healthy plants, increases yields and 
effects great economy in water. 

2.4.2 Disadvantages and Limitations 

(1) High initial cost of the equipment. 

(2) The fuel or electric energy r~quired to operate the 
pumping plant represent a major part of the 
annual cost of operation of sprinkler system. Field 
charges which include interest on the investment 
and charges for depreciation of the equipment 
represent a major item in the annual operating 
costs. · 

(3) Unless the sprinkler system can be operated almost 
continuously, the investment in equipment may 
become so high as to inake its use prohibitive. 

( 4) When the soil i& soft and the crop is wet, moving 
the portable Jines is a disagreeable task. 

CS) Mechanical· difficulties-sprinklers may fail to 
rotate, nozzles may clog, couplers may leak 
or the engine may require attention. 

2.4. 3 Adaptability 

be grown without irrigation, but in the case of insuffi­
cient rainfall, application of additional moisture is 
necessitated. 

· 2.4.4 Comparison with other Methods 

Irrigation by sprinkling is a superior method of 
applying water to soils. The purpose of irrigation is 
to replenish the moisture exhausted from the root-zone 
by the growing crop, and any method of water applica­
tion is satisfactory if it fulfills this purpose without 
undue waste of water, soil or labour. 

3. The Sprinkler Irrigation System 

3.1 A sprinkler irrigation system consists of a pumping 
plant f<;>r supplying water under pressure, pipelines for 
conveymg the water from pump to all parts of the 
f~rm and one <;>r more. devices (nozzle lines, perforated 
p1pes or rotatmg sprmklers) for applying water to the 
soil. (See Figures 1 & 2 for general layout). 

3.2 Ro!ating sprinkler system is adapted to irrigation 
of . agnc~Itural crops. Particularly slowly revolving 
sprmkler IS commonly used for irrigation of agricultural 
crops. They vary in size and kinds depending upon 
press'!re at "Yhich to be operated. Low pressures are 
assoc1ated With small nozzle diameters, small area 
c~verage and low precipitation rates and high pressure 
w1th large nozzle diameters, large area coverage and 
high precipitation rates. 

3.3 Betwe~n the small single nozzle sprinkler and the 
large mult1ple n?zzle sprinkler is the group, usuaJiy two 
n'?zzJe srstem IS SUccessfully Utilized for irrigation of 

. Wide vanety. of field crops .. They are termed as moderate 
pressure sprmklers operatmg at pressures which range 
betw~~ 2.1 a!ld . 4.2 kg/sq em (30 and 60 psi ) and 
capac111es of md1viduaJ sprinklers between 6 and 30 
gallons per minute. 

3.4. The effective diameter of the area wetted by a 
spnnkler d~pends ~n the pressure at nozzle and the 
angle .at ~h1ch the Jet of water leaves. For any given 
~ombmahon of pressure and water trajectory, a small 
m~r7ase or decr~ase in area covered can be effected by 
ra1smg or !owermg t~e height of the sprinkler above the 
gr.ound. ~oweyer, m order to minimi&e the effects of 
wmd on d1stort10n of the spray pattern the sprinklers 
are usually mounted not higher than ne::essary for the 
water to clear the tops of the crops irrigated. 

3.5 Pipeline Assemblage 

Sprinkler irrigation can be adapted to all tntable 
soils, to all climates where irrigated agriculture is 
feasible. Wind problem, if there be any, can be solved 
with proper selection of equipment and sprinkler 
spacing. Sprinkler irrigation is well adapted to supply 
supplemental moisture in those areas, where crops can 

3.5.1 In order to provide water under pressure at the 
no~zles, ~ater !flU~t be conveyed from the pump to 
sprmk_ler~ m a p1pchne assemblage, usually consisting 
of ma!n !me and one or more sprinkler Jines referred to 
as spnnkler laterals. Sprinkler laterals are completely 
portable aud provided with quick couplers .. 
3.6 Pumping Plant 

3.6.1 It is a necessary and important part of sprinkler 
system. . It usually consists of a horizontal centrifugal 
or a verhcal deep well type of pump and of electric 
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FIGURE 1. 

motor or interna l combustion engine to supply the (e) 
water. 

Cost and availability of electric power and of fuel 
of operating internal com bustion engines: 

3.7 Design of Sprinkler System 

Sprinkler system is designed in 3 phases :-

( t ) J nventory o f available resources and existing 
conditions. 

(2J Best suited layout of the system. 

(3) Actual engineering and hydraulic design. 

(i) 

(a ) 

(b) 

(c) 

(d) 

I NVeNTORY OF R ESOURCES AND CoNDITIONS 

The size, shape and topography of _the area for 
which irriga tion system is to be des•gned . 

Source of water supply, its availability and 
dependability . 

Climate determines the quantity of water that 
will be consumed by the crop. 

Physical characteristics of soil on w~ich ra te .of 
water movement and water boldrng capacity 
depend. 

(ii) SIZE, SHAPE AND TOPOGRAPHY OF THE AREA 

Map of the area to the scale sh? uld be drawn and 
rel ati ve elevations of the spots with respect to the 
proposed pump location or source of water supply 
should be shown. 

3.8 Water Supply 

Reliable water supply of good quality is essential. 

3.9 Climatic Conditions and Soils 

(a) Radiat ion intensity is of the major importance, but 
its measurement is limited to few locations in the 
world . Tem perature is a more universa lly 
measured element and is, therefore, used in number 
of empirical fo rmulae for approxi mating evapo­
transpira tion or consu mptive use of wa ter by 
cro ps. These da ta are a lso not available 
everywhere. 

(b) The max imum rates of soil moisture used by crops 
u nder different cl imatic conditions vary from the 
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LAYOUT 

R.EFE.R.E.NCE.S :-
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FIGURE2. 
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peak rate of soil moisture removal of 2.5 mm/day 
(0.10 in /day under cool, humid climatic 
conditions to 7.6 mmfday (0.30 in.fday) of moisture 
removed in hot, dry climatic conditions. 

(c) Tbe texture and structure of soil mass greatly aft'ect 
the intake rate. The basic rate of water intake 
varies from 19.0 to 25.5 mm/hour in coarse sands 
to 7.S mm/day in clay loam. 

(t!) The available moisture holding capacity of soils per 
unit depth varies from 0.40 mm/cm in the case of 
very coarse textured sands to l. 70 mm/cm in fine 
textured sandy clays and clays. 

(e) The depth to which the crops extract available soil 
· moisture from deep well drained soil, ranges 

widely. 

A generally accepted practice is to irrigate the soil 
wheii approximately two-thirds of the moisture in the 
root-zone has been exhausted. 

3.10 Power A1•ailability and Probable Cost 

Inquiries for electric power, availability and cost 
involved to bring electric service, etc., will have to be 

·worked out. In case electric power is not available, 
cost for alternatives with their dependability of the 
source of fuel, etc., is to be worked out. 

4. System Layout 

4.1 The size and shape of the field and location of the 
water supply are the conditions which govern the 
arrangement or layout of a sprinkler irrigation system. 

5. Engineering and HydrauUc Design 

S.l Depth of Water to be Applied 

5.1.1 IIi the process of irrigation. the moisture 
content of a layer of soil extending from the surface 
downward is brought up to field capacity. The depth 
of this layer depends on the depth of water applied and 
the extent to which the available soil moisture was 
depleted by the crop previous to application of the 
water. 

Storage capacity ofsoii=Available moisture per 
foot of soil depth X root­

zone depth of crop. 

5.2 Required Frequency of Irrigation 

5.2.1 The length of time it will take · a crop to 
remove the available moisture is infiuenced by the stage 

of growth of the crop and the climatic conditons. 
The stage of growth at which the demand for water for 
most crops is greatest usually oocurs at about the time 
when evaporative conditions are most severe. It is 
during this period that requirements for moisture by a 
crop reach a peak. 

5.2.2 Table to show ·the maximum daily require­
ments for moisture by various crops under different 
climatic conditions should be referred. Having known 
safe limit of available moisture depletion, maximum 
permissible interval between irrigations can be fixed. 

S.3 Time Required to Apply Desired Depth of Water 

S.3.1 ~llowance for losses by evaporation, 
percolation should be made. Evaporation losses will 
be about 5 percent for moderate temperatures and 
10 to 12 precent on hot and dry days. Losses due to 
deep percolation are mainly the result of non-uniformity 
of application. Criteria given above serve as a guide 
for determining the maximum rate in inches depth per 
hour at which water can be applied to soil without 
causing either ponding or runoff. 

S.4 Number of Laterals Required 

5.4.1 Having selected the layout of the maio line and 
laterals, and spacing of the sprinklers, the length of time 
for keeping sprinklers in operation, it is possible to 
determining number of laterals to be operated at the 
same time, in order that entire area can be irrigated in 
maximum permissible time. 

S.S Total Number of Sprinkler Required 

N L-(X+Y)+l 
s 

Where, N=number of sprinklers required per 
lateral. 

's=spacing between sprinklers on lateral. 

L=total distance between position of main 
line and the boundary of the area to be 
irrigated. 

X =distance between main line and nearest 
sprinkler. 

Y ==distance between end of lateral (farthest 
sprinkler and boundary). 

5.6 Required Capacity of Individual Sprinklers and of 
System 

""-Is,xs. Q=Is,xs. 
... - 96.3 1,000 
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in which 

Q= required average 
discharge of indivi­
dual sprinklers in 
U S. gallons per 
minute. 

I= determined rate of 
application in in­
ches per hour. 

s.=spacing between 
sprinklers along 
the lateral in feet. 

S2=Spacing between 
positions of the 
lateral in feet. 

in which 

Q =required average 
discharge of indivi­
dual sprinkler in 
cubic metres per 
hour. 

I• determined rate of 
application in milli­
metres per hour. 

S1 =Spacing between 
sprinklers along the 

· latera!in metres. 

S,=Spacing between 
positions of the 
lateral in metres. 

Total capacity of the entire system Q=QN 

Where, Q=average capacity of individual sprinklers. 

N =number of sprinklers required. 

5.7 Selection of Suitable Sprinklers 

5.7.1 From the table a sprinkler nortle combination 
can be found for any desired capacity between 2 and 
600 gallons per minute but that choice between 
combinations is limited for any specific capacity. 

5.8 Adequacy of Selected Spacing 

(b) For triangular spacing, the distance between sprin­
klers should be· 1.73 times the radius of the 
wetted circle (S=R.Y3). 

5.9 Required Size of Main Line 

5.9.1 Water :flowing in the pipeline meets with 
frictional resistance. Several formulae such as Scobey 
formula, William's formula and Manning formula are 
used for working out the loss in pipeline due to 
friction. 

5.9.2 As a practical guide, it is suggested that friction 
loss in the main line of the system should not exceed 
15 percent of the pressure available at the pump 
discharge. 

5.10 Selection of Size of Sprinkler Laterals 

5.10.1 A sprinkler lateral represents a pipeline with 
number of equally spaced outlets. Therefore, the 
quantity of water :flowing at the beginning of the 
lateral becomes less at each outlet. Actually about 
three-fourths of the total frictional loss in a sprinkler 
lateral occurs in the upper one-fourth of the length 
of the line and one·fourtb of the frictional loss 
oceurs in the remaining three-fourths of the length. 

5.10.2 Frictional losses are worked out from the 
diagrams or standardised tables. Friction loss in a 
later¥ should not exceed 20 percent of the average 
operating pressure of the.sprinklers along the line. 

5.8.1 DistributiQn ofwater from a singlesprinkleris not 5.11 Determination of Total Dnyamic Head 
uniform over the entire wetted circle. With American -
made sprinklers the · greatest depth of application 5.11. 1 It represents the bead by difference in elevations 
usually occurs near sprinkler, with gradually decreasing between the source of water supply and that of 
depth with distance away from the sprinklers. sprinkler located at the highest point of the field or 
For this reason, a generous overlap of the sprays area, the pressure losses due to friction in mainline, 
from adjoining sprinklers is necessary for uniform laterals and various special fittings, and the operating 
distribution (Figure 2). pressure at the farthest sprinkler on the lateral. 

5.8.2 Approximate rule followed in North America Water HP (theoretical) _gal/min X Head in~~ 
for selecting proper sprinkler spacing : 3960 

(a) The distance between sprinklers along a lateral 
should not exceed 50 percent of the diameter of 
coverage. 

(b) The distance · between successive positions of 
a laterals should not exceed 65 percent of the 
diameter of coverage. 

European designs follow the rules below : 

(a) For square spacing. the distance between sprinklers 
should be 1.41 times the radius of the circle effectively 
wetted by each sprinkler (S =Rv2 ). 

Lit/sec X Head in meters 
7S 

m8/brXHead in metres 
= 270 

Shaft HP = Water HP 
Pump efficiency (E.J 

' Brake HP- Shaft HP 
- Drive Efficiency (£4) 

WaterHP 
E.XE4 
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6. Cost of Irrigation by Sprinkling (b) Coffee 

6.1 Annual - costs of irrigation by sprinkling are 
of two. kinds : (a) Fixed charges or overhead costs, (b) 
operatmg costs. 

(a) Fixed Charges include interest on investment 
at prevailing rates, and annual depreciation 
charges c~mputed at the rate of 7 or 8 percent 
of total mvestment cost and charges for insurance 
and taxes. 

(h) Operating Costs : Expenditure on electricity or 
fuel, lubricating oil, grease, repairs and labour 
for operating the system. 

Annual maintenance and repairs to main line 
laterals sprinklers various fittings, etc., 3 percent 
of-the original cost of these items. 

Total labour requirement for moving. sprinkler 
laterals is one man hour per acre per irrigation. 

7. Sprinkler Irrigation in India 

7.1 A spray system is first installed in the 
country in the early fifties. It is only of late 
that these systems are being used on a commercial 
scale and by the end of 1968, 15.235 ha (50,000 
acres) have been brought under irrigation under 
this system. Users prefer a portable irrigation system 
since, besides being a more economical initial 
investment, it gives them a great flexibility in opera· 
tion. Of course, the source of water supply to 
a portable system work out to about Rs. 1729 per 
ha (Rs. 700 an acre) with operating costs (including 
depreci_11tion) of about Rs. 12 an acre inch. 

7.2 Experienl:e in India 

7 .2.1 Sprinkler irrigation systems are gaining ground 
in India. They are being installed as production· 
cum-conservation tools. Some of the results reported 
are as under : 

(a) Tea 

Germination in nurseries is uniform and rapid. 
Loss of the young plant in a drought season is 
Jess than 2 percent against 70 percent in unirrigated 
areas. It cuts down the maturing period by at 
least one year. Yield per acre for-matured tea from 
the irrigated area was 6.9 quintals (181 maunds) 
.against 4.29quintals (111 maund~) from the unirrigated 
area an increase of over 60 percent. Sprinkled 
matured tea with an earlier flush gets rid of red 
spiders. The irrigated area is less susceptible to 
mites and pests. Vacancies in the irrigated crop 
are hardly noticed. 

An increase in yield from 55 to 200 percent. The 
first crop is picked at the end of the third year instead 
of after 5 to 6 years. 

(c) Chicory 

Showed. better germination and higher yields. 

(d) Cardamon 

Showed an increase of 160 percent. 

(e) Or1:hards 

Citrus fruits grower reported a saving of water o( 
50 percent. 

7.3 The above extracts are by no means exhaustive 
neit~er .sho~.ild we gain an impression that sprinkle; 
apphcatton 1s confined to only a few crops. Sprinkler 
irrigation does rtot .r~place existing irrigation practices 
but wherever cond111ons so warrant and economics so 
justify, it is a practice worth adopting. 

7.4 There are certain problem belts in the country 
where this method of irrigation holds out a possible 
remedy. These are waterlogged tracts in Punjab 
and Uttar Pradesh, those with a higher water· 
table, the Kosi command area in Bihar and the 
Rajasthan Canal' area (with their light sandy 
soils), the water scarcity area in Maharashtra 
g~owing cash crops. .In addition to the application; 
d1scussed above, spflnklers bold out fair promise 
for crops like cotton, grapes", vegetables and forest 
nurseries. 

7.5 The above · reports show that the sprinkler 
irrigation system is a great boon to agriculturists. 
By using less land and water, they are able to 
increase their production. Besides it helps soil and 
water conservation and bas an effective role to play in 
our irrigation schemes. The sprinkler is an 
important production-cum-conservation tool and is 
one of the many devices that can help raise our 
agricultural productivity. 

7.6 In Gujarat State a small experiment on 
the sprinkler irrigation is being carried out by the 
Engineering Research Institute, Baroda on the 
Nizampura Farm near Baroda. The results of the 
experiment show that there is definitely a saving 
of water by 50 percent. As the experiment was 
carried out on the very small area, it did not 
give appreciable eco!lom!cal advantage. However, 
Jcokmg to the savmg m water and better crop, 
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It is proposed to carry out experiments with 
sprinkler irrigation .on much bigger area which 
will give much positive and promising results. 

8. Conclusions 

It is felt tbat the sprinkler irrigation will be 
very useful on the undulating areas an~ also 
where tube-well irrigation is used and also m t.be 
command areas of lift irrigation schemes. Wuh 
the same quantity of water, it is possible to irrigate 
double the area. It is very necessary to carry out 
experiments on extensive scale in all the States on 
sprinkler irrigation so that the results should . be 
brought to the notice orthe farmers and theextenston 

staff should guide them on the technical know­
how under actual field conditions, so that they 
can cope up with the idea of green revolution in 
agricultural production in no distant future. 
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SYNOPSIS 

Chandigarh is having its water supply from a number of tube-wells located 
mostly near the two streams Sukhna Choe on the east side and Patiall Rao to the 
west. These streams.. have flow only during the monsoons. A dam in Sukhna Choe forms 
a beautiful lake near the city. 

Chandigarh has a very good drainage and sewerage system, so that most of the 
storm water and all the sewage escape from the city limits. 

Studies of the water-table elevations in 1967 and 1970 have indicated that water· 
table has depleted in many areas. The water balance study is dane. with three 
sub-systems, namely land surface sub-system, lake .<ub-system and ground water sub­
system. umd sub-system has shown that only about ith of the water utilised at 
present for water supply infiltrates and replenishes the water-table. The lake sub-system 
has shown that a large quantity of water that is seeping from the lake is contributing 
towards the ground water resources. 

However, increase of population in the future and consequent increase in demand 
of water will result in greater exploitation of the ground water resources. Jn order 
to ensure that the required replenishment of the ground water takes place avoiding 
excessivedrawdowns,additional sources of water and methods to cause higher recharge 
into the area are to be explored . . 

It is proposed that a dam be constructed across the stream Pahali Rao 
creating another lake on the west side ofChandigarh. The additional water that is stored 
in this lake is estimated to increase the ground wat" resources considerably. Other 
additional measures ore also suggested to meet tiJe future water demand of the 
city. 

1. -Iatroduction 

1.1. The city of Chandigarh : Chandigarh is a well 
planned modem city. ThC architect of Chandigarh, 
Le Corbusler envisaged that the city would breathe 
the new sublimated spirit of art. The city is 
c:omposed of many sectors with green strips oriented 
Jongit'l!dinally, stretching centrally along the sectors 
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parallel to tbe Shivaliks. Each sector is designed 
to meet the daily needs of its habitants which 
varY from 5,000 to 25,000. Sukhna Lake which is 
situate~ in the north-east_ of Cbandigarh is a good 
recreational centre. The leisure valley running through 
the middle of Cbandigarh is developed as a long 
and beautirui g~den. Cbandigarh has efficient 
se.werage and draanage sy~1ems. Sewage is taken 
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to the treatment plant situated outside the city limits 
and is disposed of after treatment. 

1.2 Location and Geology 

1.2.1 The city is located at the region where the 
Shivalik Hills terminate in the south and where the 
plains of Punjab comm~nce. The land slopes down 
moderately to the south or south-west. 

1.2.2 The area is nearly 4,047 ha (10,000 acres) with 
two streams Sukhna Choe to its east and Patiali 
Rao to the west. These streams fiow only during 
the monsoon season. 

1.2.3 The area is formed of recent alluvial deposits 
probably from the very streams which exist at 
present. Sand and clay deposits are intermixed 
as seen by many bore-holes. Underlying this recent 
alluvial deposit may be the extension of Shivaliks. 

1.3 Past Proposal for Water Supply 

1.3.1 In the initial phase of development of Chandigarh 
it was proposed to construct an artificial lake on 
Sukhoa Cboe for meeting the city's demand for 
water. It was expected that by the time population 
increased a dam across Ghaggar River could be cons· 
tructed and water could be supplied from Ghaggar 
Reservoir for a population over 0.5 million. 

1.4 Present Water Supply 

I .4.1 The dam across Sukhna Choe was completed. 
But the water in the lake was inadequate to meet 
the water demand in the city. The dam across 
Ghaggar could not be taken up as proposed. This 
made the authorities search for alternate sources 
of water. 

1.4.2 It was decided to tap the ground water resources 
of this region. A number of trial bores were made 
and the study of the geological formations showed 
that the ground water sources were adequate for 
the water supply in Chandigarh. 

1.4.3 A number of tube-wells were installed especially 
near the streams on the west and east of Chandigarh. 
Water is pumped from these tube-wells to under­
ground storage reservoirs of nearly 9.1 million litres 
(2.0 million gallons) capacity and series of pumps 
are used to meet the fluctuating demand from over­
head rt!servoirs of 2.3 million litres (50,000 gallons) 
capacity. 
1.4.4 The present population of Chandigarh is 
estimated to be 0.268 million and average quantity 
of water utilised per year is 27.7 million cu m (980 
million cu ft). 

2. Study Regarding Water Resources 
2.1 Need for the Study of Water Resources 

were dug at alternate sites to meet the demand. Since 
the water-table has gone down by several feet in many 
places these wells had to be deeper. In future when the 
population will increase and more water will be 
needed and more number of wells will be required 
the water-table will recede at a higher rate. 
This in turn will cause higher lifts and in· 
creased cost of pumping. In order to estimate the 
safe withdrawal from ground water resources and to 
suggest additional sources of water a study of water 
resources is considered important. -

2.2 Water Balance Study for Chandigarh (1) 

2.2. I Water balance study is useful to assess the various 
components of the surface and ground water systems 
and to plan optimum utilisation of the water resources 
in a planned manner. It is recognised that such a 
water balance study for a small area like Chandigarh with 
geological boundaries not so well defined and with in­
sufficient data regarding temperature, rainfall, in· 
filtration and with a complex geological formation 
underneath with lenses of clay in the alluvial deposits 
is prone to a lot of error. · But it is felt that this 
study will indicate to some extent the magnitude of 
the various components of the hydrological systems 
and act as a guide· for suggesting improvements in 
the method of utilisation of our water resources. 

3. Boundaries Considered for Water Balance Study 

3.1 The boundaries considered in the study are 
shown in Figure 1. On the west and east are the streams 
Patiali Rao and Sukhna Choe respectively. On the 

. south and north the boundary conformed roughly to 
the developed area of Chandigarh. The area enclosed is 
nearly 3,990 ha (9,680 acres). 

4. Division into Sub-systems 

4.1 In order to simplify and to help in cross-check· 
iog the assessment of various components of the water 
resources system it was divided into three sub-svstems. 
T~e Jan~ surface sub-system was used to study the 
ramfall m the area, water utilised for gardening and 
landscaping evapotranspiration from the area, runoff 
from the area and the infiltration. The lake sub-system 
studied rainfall on the lake, the runoff from the· 

2. 1.1 lt has been seen that many wells which have been 
dug earlier dried up and bad to be abandoned. Wells 

. catchment area of the lake, the overflow of water above 
the spillway. the evaporation losses from the lake and 
the seepage from the lake. The ground water sub-system 
studied the recharge from the lake, the infiltration 
fr<?m the land surfaces, the recharge across the bound­
anes from other sources, the water that was pumped 
from the tube-wells and the depletion of ground water 
m the area. There were difficulties in the estimation 
·of the various components. But in this analysis some 
assumptions and some empirical formulae were used. 
The balancing of one sub-system"in some cases provided 
some unknown component which was used in the 
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balancing of another sub-system. The quantities were 
-estimated from the data available from 1967-70 and. 
average yearly values were considered. 

5. Land Surface Sub-system 

S.l Rainfall over the Area 

5.1.1 The average rainfall for the period 1967-70 was 
found to be 1,013.2 mm/yr. It corresponds to a total 
volume of 39.2 million cu m/yr (1,386 million cu ft/yr). 

Boufli 

5.2 Evapotranspiration 

5.2.1 Chandigarh has got 1,502 ha (3,720 acres) area 
of unpaved open spaces. In addition to this the house­
hold gardens and lawns which are mainly watered 
compose 1,217 ha (2,790 acres). On the average 15.4 
million cu mfyr (550 million cu ft/yr) volume of water is 
utilised for gardening and landscaping. 

5.2.2 There are no stUdies made in Chandigarh on 
evapotranspiration. It is assumed that nearly the same 
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FIGURE 1 : Boundaries or control area and "Wllter-tab!e depletion. 
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.climatic conditions as in Amtitsar prevail in Chandigarh 
and potential evapotranspiration loss as given by 
1{. L. Uppal and A.. D. Gulati(2) for Amritsar 
worked out by Penman's method was used in the 
analysis. Since the open spaces are mainly gardens and 
lawns which are watered as required it was assumed that 

. evapotranspiration from the_area would be the same as 
potential evapotranspiration of 122.3 em. The total 
evapotranspiration was calculated as 33 million cu 
mfyr (1,168 million cu ft/yr). 

5.3 Runoff 

5.3.1 No data regarding runoff is available for the 
city of Chandigarh. The city has a vety good drainage 
system and hence nearly I 00 percent runoff could be 
as~umed from the rainfall on I ,212 ha (3,000 acres) of 
paved and built-up areas. The lawns and gardens are 
generally kept in a good condition throughout the year 
and for the usual moderate rainfall that occurs in 
Chandigarh very little runoff is produced from the 
gardens and other un-paved open spaces. It is 
assumed that about 10 percent of the rain falling on 

these areas also contribute to runoff. The average total 
)early runoff for the period 1967-70 was calculated as 
15.2 million cum (531.5 million cu ft). 

5.3.2 In order to balance the land surface system it 
was found that nearly 6.65 million cu m{yr (236 million 
cu ft/yr) of water should infiltrate and replenish the 
ground water resources. 

6. Lake Sub-system 

6.1 Catchment area of the lake is nearly 41.44 sq km 
(16 sq m) and a waterspread area of nearly 231 ha 
(570 acres) when full. The runoff from the catchment 
is estimated by Khosla's formula as 11.6 million cu 
m/yr (480 million cu ft/yr). The volume of water due 
to rainfall over the lake was estimated to be 2.3 million 
cu m/yr (82 million cu ft/yr). It is estimated that 
average outflow of lake during the monsoon season is 
about 0.69 million cu m/yr (24.3 million cu ft/yr). The 
·evaporation from the lake surface was assumed to be of 
the same order as that from Bhakra Reservoir, namely 
1.2 m (4ft) per year. It was estimated to be 2.04 million 
cu m/yr (76.2 million cu ft/yr). 

RECHARGE FROM LAKE 
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FIGURE 4: Grouud water sub-system. 
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6.2 The components of the lake sub-system are 
schematically represented in Figure 3. The water 
balance plot showed that an outflow from 'the lake of 
amount 11.1 million cu m/yr (389.5 million cu ft/yr) 
had to take place from the lake for balancing the 
various quantities. There are a number of tube-wells 
located near the lake in the Chandigarh area and the 
geological formations in general have a slope towards 
south-west. Hence it was concluded that this amount 
of water can be attributed to be rechanging the ground 
water by seepage from the lake. 

6.3 The lake storage was assumed to be the same at 
the beginning and the end of the study. 

7. - Ground Water Sub-system 

7.1 The ground water received water by infiltration 
from land surface of the order of 6.65 million cum fyr 
(236 million cu ft/yr), as deduced from Figure 2 and 
was recharged from the lake at the rate of nearly 11.1 
million cu m/yr (389.5 million cu ft/yr) of water. The 
total water that is pumped per year is of the order of 
27.7 million cu m/yr (980 million cu ft/yr). 

, 

7.2 The water-table at many places had gone down 
during the period !967-70. The water-table contour 
maps for June 1967 and June 1970 were prepared and 
by their super-imposition the map depicting change of 
water-table elevation was prepared(1) as shown in Fig· 
ure I. The depletion of the water-table is indicated in 
the figure at an interval of 3 m (10 ft). The volume of 
aquifer that is drained because of the depletion of 
ground water storage was estimated. An average 
storage coefficient of 20 percent was assumed and the 
withdrawal from storage was estimated as 2.31 million 
cu m/yr (81.9 million cu ft/yr). 

7.3 In order to balance the system it was found that 
an amount of water of the order of 7.74 million cu 
m/yr (272 million cu ft/yr) had to flow into the control 
region across the boundaries from other sources. 
Various components of the sub-system are shown in 
Figure 4. 

8. Discussion on the Sub-systems 
. 

8.1 It has been seen from thelake sub-system that 
about 11.1 million cu m/yr (389.5 million cu ft/yr) of 
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6 
20.4XIO CU.M{YR 19·2 X18CuMjYR 
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FI<>URE 5 : Water balance plot for proposed lake. 
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wa'ter was rtihargiilgfhj:grou~a:-wat¢fit;J t'he "bhandi- '(c) }~oi>osals for ·i>~~ping the s'torm water to lhe 
·garb area. This was a significant fa~tor in the :usefulness lakes in 1'i:ars of deficient rainfall ·sh'o'uld be 
of the artificial Jake near regions of Intense exploitation coli.siMred. . 

.ef ground water, •.. Most ,_of, the water frcnp. J~~l!l:~'? _is 
utilised. indi~tLy m an effictent manner and the quantity (d) Efforts could be made to devel6p t~'r.-tques ~or 

· o'l' overflow is very small. recharging the ground . water by using lake and 

8.2 As indicated in Figure I, the ground water-table 
had gone down in many places by more than 8 m (25 
ft) nearly. It is not of much immediate concern, but in 
future as the city develops the depletion of ground 
water will be at very high rate. Consequently the 
pumping cost at the future rate of withdrawal of ground 
water will go up considerably. 

. 8.3 One factor to be recognised is that the withdrawal 
rate was greater than the total recharge rate. The pro­
blem can be tackled only by the conservation of all the 
water resources in this region and its utilisation in a 
planned manner. 

9. Proposals for Meeting Increased Demands in Future 

9.1 Lake in Patiali Rao 

9.1.1 It bas been shown in Figure 3, that Sukhna Lake 
contributes to a large measure for replenishing the 
ground water in this region. 

9.1.2 Another stream Patiali Rao on the western side 
of Chandigarh has a catchment area of nearly 46.6 sq 
km (18 sq miles). The largest depletion of ground water 
tables were located closer to thePatialiRao. During the 
monsoons the water-table will again go up and at the 
same time Patiali Rao will be flowing. It is envisaged 
that a Jake in Patiali Rao wiH enhance the recharging 
towards the Chandigarh area as in the case of Sukh~a 
Lake. An analysis of the proposed Jake. syste~ IS 
shown in Figure 5. It is estimated thai 1f sufficient 
storage is provided it will increase the ground water 
potential by nearly 19.2 million cu mfyr (671 million 
cu ft/yr). 

9.2 Other Measures 

9.2.1 The following measures cas also be used to 
enhance the available water : 

(a) Reduction of evaporation from the lake by mono­
molecular films. 

(b) More water can be pumped from tube-wells IOC'!ted 
near the Jake in the monsoon season so that as httle 
of the Jake water as possible will overflow the 
lake. 

storlit wa't'er 'tiirough ~barging weils. 

10. Results and Conclusions 

JO.l Present Water Supply in Chandigarh 

_]Q._l.l Adequate water supply to meet the requirements 
of the present day population of Chandigarh is available. 
The water-table elevations are going down, But the 
quantity of water involved in withdrawal from storage 
in the ground water is small. 

10.2 Future Water Supply Needs 

1 0.2.1 As the population increa~es . the higher demands 
for water will increase the exploitation of ground water. 
The depletion of the ground water will be at a muc~ 
higher rate and the pumping cost will increase consi­
derably. Hence additional sources or water are to be 
thought of for the future. 

10.3 Role of Sukhna Lake 

10.3.1 Even though used for recreational purposes 
and was . not considered as a part of the wat~r s~pply 
source, Sukbna Lake has been seen to be contnbutmg a 
large amount of water to the area by seepage. 

10.4 Lake in Patiali Rao 

1 0.4.1 It is possible to construct another. lake in 
Patiali Rao and it will enhance the recharge mto the 

Chandigarh area. 

10.5 Conjunctive Utilisation of Surface and Sub-surface 

Waters 

10.5.1 Planning for water supply in a region should 
. take into account the interplay of the surface and 
ground waters because they are so much interrelated as 
seen by the effect of Sukhna Lake. 

10_6 Utili/)! of the Water Balance Study 

10 6_1 The estimates of the various componer.ts ~er.: 
m~de by empirical formulae and many assumptions. 
and involve error. Nevertheless, . these esiimates 
indicate the order of magnitude of vanous components 
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and the conclusions arrived at are expected to be valid. 
·As more dependable data from runoff, evapo­
transpiration, water use and groundwater fluctuations 
are collected, more rigorous analysis could be made. 
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