


Total precipitation 4000 BCM

Annual water availability
(after accounting for losses in the form
evaporation etc.)

1869 BCM

Utilizable water
(the available water cannot be fully utilized due to
topographical and hydrological constraints and the
need for allowing certain amount of water to flow
in the river for maintaining the river regime.)

1123 BCM

- Surface water
- Ground water

690 BCM
433 BCM



Year Population 
(in millions)

Per Capita water 
availability 

(in cubic meter)

1951 361 5177

2001 1027 1820

2025
(projected) 1394 1341

2050
(projected) 1640 1140



Use

Year 2010 Year 2025 Year 2050

Water 
Demand
(BCM)

% of 
total 

demand

Projected 
Demand
(BCM)

% of 
total 

demand

Projected 
Demand
(BCM)

% of 
total 

demand

Irrigation 557 78% 611 72% 807 69%

Domestic 43 6% 62 7% 111 9%

Industries 37 5% 67 8% 81 7%

Environment 5 1% 10 1% 20 2%

Others 68 10% 93 12% 161 13%

Total 710 100% 843 100% 1180 100%



� Importancee off Agriculturee inn India

� Livelihoodd off moree thann 655%%% people

� Importancee off Irrigation

� Survivalal off Agriculture

� Practisedd onn ~~~1777%%% off arablee landd off world

� Producess 111//33 off totalal foodd production

� Importancee off Irrigationn Management

� Consumes of more than 70% of fresh water

� Evenn 222%%% increasee inn operationalal efficiency

� Cann createe additionalal potentialal off 555 lakhh ha



� With launching of 55-5-year plans in 19500-0-511, the

objective was to achieve increased irrigation and

irrigationn potentiall increasedd fromm 222.2.555 Mhaa inn 19511 to

107 Mha presently.

� However, by the 44th 55-5-year plan, twin problem of

waterloggingg && salinityy startedd invadingg thee irrigation

commandsds.

� Within 10 years of commissioning of Bhakhrara,

Chambalal,, Gandak,, andd Sardada-a-Sahayakk projects,, large

partss off commandd areass gott waterloggedd.



� Some other major projects with waterlogging

conditionsns:

� Tungabhadraa command

� Mahi-Kadana command

� Partss off Haryana,, Punjab,, UP,, Biharr etctc.

� 188%%% off 255 majorr commandd areass inn 133 statess off India

hadd gonee waterloggedd byy thee yearr 20000.



� Otherr waterer-r-relatedd problemss off irrigationn systemsms:

� Poorr utilisationn off createdd potential

� Inefficientt distributionn off irrigationn water

� Excesss waterr att head

� Taill endd iss deprivedd off evenn basic

� Presentt systems

� Water distribution plan is fixed before the crop

season – Supply-based systems

� Spatial variation in terms of crops, soil,

rainfall, groundwater conditions etctc. is not

considered resulting in sub-optimal use



� Possible improvements:

� Determination of realal-l-time demands based on

existingg croppingg pattern,, rainfall,, andd climate

� Rational operation of canal system according to

demandd && supply

� Conjunctive use of surface & groundwater to

optimizee ann environmentallyy soundd operation



� Recognizes unified nature of surface and

groundwater resources as a single resource

� Process takes advantage of the interaction

between surface and groundwater resources

� NWP – 1987, 2002, and 2013 recommend for

the adoption of conjunctive use right from

project planning stage



Rainfall Surface Water System

Land Use System

Groundwater Aquifer

Groundwater 
withdrawals

Seepage from
conveyance system

Surface water supplyEvapo-transpirationRainfall recharge

Recharge from
land use system



� Objectives of conjunctive use:

� A higher total amount of supply.

� Better regulation of the combined system,

using the storage volume of the aquifer.

� Savings in evaporation losses from surface

� Higher flexibility in supply according to the

demand curve

� Mixing of different quality water to reduce

salinity



� Reduction of capital and operational

expenditures by shortening route for surface

water.

� Arresting depletion of groundwater table in

areas where no surface irrigation exists and

excessive groundwater extraction is done, by

introducing surface irrigation from small rivers

which will also help the groundwater regime

through recharge.



� Three strategies:

� Allocating parcels of land permanently to a

particular use

� Allocating surface and groundwater in time

� Space and time integration



� Conjunctive Use Models:

� For optimum development of dam & GW,

optimization of cropping pattern, evaluation

of plans for surface and GW use etc.

� Optimization & simulation

� Spatial variability is considered in only a few

models



� General form of Conjunctive Use Equation:

Max. Z = (BI + BR) – (CSW + OCS + CGW + OCG)
where,,

BI I I = ff11 {AiAAi, , aaijaiji ,  , qqbjqbjb , , , bjbbjjb , , PjPPjjP , s, , YjYYjjY , , PjPPjjP , , CjCCCCjjCC , land capability }1

BR = f2
i{{

2 { Ai

,

i, 
iji

aij

qqbjbqq,

iji , Pt

bj,,

t, 
jj

Cj

jj, , jj, jj, jj,j,

jj, land capability }22

CSW = fffffffff3
i iji t jj

3 {life of system, discount rate, development y ,
cost of 

,
f f SWCCCiCCCi }

OCS S = fff4
i }}}

4 (operation year, component life, discount y
rate, 

,y
, SWWWit

,

it }
CGW W = fff5

, iit }}

5 {life of system, discount rate, development y ,
cost of 

,
f f GWCCCiCCCi }

OCG = f66 { GWitit, Hii (i GWitit, 
i

�ip

i

ipi ), 
}}}
CPii (Hii) }



� Various Constraints:
� Crop water balance constraint
� Recharge balance constraint
� Drawdown constraint
� Capacity constraints
� Land constraint
� Miscellaneous other constraints
� Cropping Pattern restrictions
� Limits on groundwater pumping
� Limits on surface water supply





� Let us visualize an 
irrigation command
� An irrigation manager is 

responsible ee for rr operation n n of a responsiblee orfor peratop
large canal network

�

g
There e are a variety of ff crops There
that 

re a vaareree 
tt vary in 

ariety of rops cra va
nn characteristics thatt ary inva n haracterisch

and from field to field
� Soil l l types vary
�

ypy
Rainfall 

yp
conditions vary

� Groundwater r conditions vary
� Canal 

y
al l system characteristics Canaal

vary



Clearly, it can be realized that an Irrigation

Manager needs a tool which can integrate all the

relevant information and the processes to

formulate a water distribution plan for the

operation of canal network



� Allocation of canal water 
and groundwater in an 
irrigation command in real-
time considering water 
demand, supply, and 
groundwater conditions:

� Where
� When
� Why
� How much
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Soil Type Identifier Field Field 
Capacity

Permanent 
Wilting Point

Specific Specific 
Gravity

Soil 088 1 18.92 10.45 2.70

Soill 099 2 20.38 07.92 2.58

Soil 086 3 22.87 14.45 2.57

Soil 134 4 14.08 04.16 2.60

Soil 197 5 08.84 03.12 2.65

Soil 112 6 17.56 07.50 2.67

Soil 102 7 24.68 14.33 2.63

Soil 159 8 18.18 10.12 2.62

Soil 203 9 19.22 05.50 2.67







Remote sensing data used for
• Getting actual cropping pattern 
• Layout of canal network

Data & software used
• IRS-1C/1D Satellite, LISS-III Sensor (24 m)

PAN Sensor (6 m)
• Path h –– 97, Row w –

PAN Sen
– 51, SAT 

Sen
TT –

nsor (6nen
–– 40%

•
Pathh 
Dates s ss -

7, Roww 51, SAT5 T 40%49799
--- June 3, 1998; July 23, 1998; June 3, 1998; July 23, 1998; J
October 9, 1998; October 31, 1998; 
November 26, 1998; March 2, 1999

•
November 26, 1998;

Image Processing System 
98;

m m –
March 2, 1999; 8;

–– ERDAS IMAGINE



Crop
Months

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

Sugarcane

Moongg (Pulse)

Uradd (Pulse)

Rice

Maize

Arharr (Pulse)

Guarr (Fodder)

Gram

Mustard

Potato

Wheat



Crops in command on different dates
• Jun 3    - Sugarcane, Pulses
• Jul 23    ––– Sugarcane + all Kharif cropsSugarcane  all Kharif cropsS

(Rice fields with water signature)
• Oct 9    -

(Rice fields with wa(
Sugarcane, Rice, 

ater sigwa
, Arhar

gnaturesig
arar, Guar

•
Oct 9   
Oct 31  

  
-

Sugarcane, Rice
Sugarcane, Rice, 

rhaar, , A
Arhar

• Nov 26 6 66 ––– Sugarcane + all Rabi crops exceptSugarcaS
wheat

• Mar 02 2 -
wheatw
Wheat + Gram + Mustard

Procedure of crop discrimination
• Multititi-ii-temporal attribute
•

Multtii emporal attributetet
Unsupervised classification





Name of Crop
Estimated 

Crop Area (ha)
Planned 

Crop Area (ha)

Sugarcane 17878 21426

Rice 43887 48254

Maize 38330 37551

Arhar (pulse) 9148 10950

Guar (fodder) 2360 9694

Gram 2360 1191

Mustard 7176 6436

Potato 4156 2615

Wheat 90829 98063





Cropp
Characteristic

Sugarcane Maize Rice Arhar Guar Gram Mustard Potato Wheat

Fraction of available Fraction of 
soil water 0.65 0.60 1.00 0.50 0.50 0.50 0.50 0.25 0.50

Max. root 
depth (mm)

1000 900 500 900 1000 1000 1000 500 1000

Time to max. root Time to max. ro
depth (weeks) 15 9 9 9 6 9 9 9 9

Starting week Starting week 
(calendar week) 14 25 27 25 27 42 42 44 47

Period of crop 
(week)

51 15 17 20 13 20 18 17 18

Standing water depth Standing water 
required (mm) 0 0 100 0 0 0 0 0 0

Time of standingg
water depth (week)

0 0 15 0 0 0 0 0 0

Water depth req. forp q
land preparation land pr
(mm)

50 50 150 50 50 50 50 50 50

Time of initial land
preparation (week)

1 1 1 1 1 1 1 1 1







Segmentg
Name

Numeric
Identity

Discharge g
(Cumec)

Lengthg
(m)

Bed    Bed    
Width      Width 

(m)

Water 
  

aterWaW
Depth epthDe  

(m)

Design Design 
PPA (ha)

Calculated Calculated 
PPA (ha) at PPA (ha) at

Head of Head of 
Dist./Minor

Conveyance Conveyance 
Efficiency

B_Lakhaoti1 1 63.71 2344 35.00 2.25 5416 5447 0.9951

B_Lakhaoti2 2 63.13 1167 34.84 2.24 - - 0.9951

M_Bahapur 3 0.18 2663 1.20 0.50 169 170 -

B_Lakhaoti3 4 60.54 2963 33.70 2.22 - - 0.9920

D_Partapur1 5 2.17 2222 7.00 0.80 1208 1202 -

D_Partapur2 6 1.72 8072 5.92 0.75 - - -

M_Bhimyari 7 0.30 2831 1.50 0.55 236 229 -

M_Pali 8 0.25 5305 1.25 0.55 200 199 -

D_Partapur3 9 0.92 2068 4.39 0.54 - - -

M_Tajpur1 10 0.28 1988 1.50 0.55 166 168 -

M_Tajpur2 11 0.10 2063 0.67 0.43 - - -

M_Sherpur 12 0.09 2804 1.00 0.35 75 78 -



Purpose of groundwater simulation
To find the periodic groundwater surfacep

Software used
Visual MODFLOW 3.0.0

Database development
• Base Map of command dd –– Imported from GIS
•

Base Map of command
Surface elevation map 

dd 
pp –

mported from GISImI
––– Imported from GIS

•
Surface elevation ma
Initial GW surface 

ma
ee –

pp mported from GIapma
–– Imported from GIS

•
Initial GW surfacee mpoI
Aquifer characteristics 

mpo
–

rted from GISorpo
Taken from study

• Distributed pumping/recharge ee --- Calculated
•

Distributed pumping/rechargee CalculatedC
Boundary conditions (Rivers & Recharge)ndary conditions (Rivers & Recha

Recharge calculated for MGCRecharge calculated for MGC
River levels obtained from field









Purpose
To find d actual al crop ET T & & & irrigation demand

Data & method used
• Daily Max. . -- Min. temperature data of Daily Max. MinM

Bulandshahr
•

Bulandsha
Daily Max. 

sha
. -

hrahha
-- Min. . relative humidityy data of Daily Max. MinM

Bulandshahr
•

Bulandshahr
Monthly wind velocity data of command

•
Monthl
Used 

ly winthl
dd FAO 

nd velocity datawin
OO recommended 

a of commata
d d Penman

mm
nn-

mandmmm
nn--MonteithUsedd AOFAO r

Method
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Finally, the database contains: 
Spatial Data:
• Crop map
•

Crop map
Soil map

•
Soil map
Rainfall map

•
Rainfall map
Digital elevation map

• Groundwater depth map
•

Groundwater depth map
Canal network & canal

map
alal-

pap
ll--irrigable areas

•
Canal network & canaall i
Aquifer characteristics

Attribute Data:A
•
Attribute Data:At

Actual rainfall
•

Actual rainfallAA
Reference crop evapopo-o-transpiration

•
Reference crop evappoo ranspirationtrt
Crop, soil, and canal system characteristics





To simulate moisture variation in n root t zone for:

• Finding irrigation demands in a week

• Finding final water r contentt at the end of week

• Finding stress conditions in the command

• Finding spatial GW recharge in the command









Spatial Data a -- crop, soil, Thiessen polygon, DEM, flow a crop, soil, Thiessen polygon, DEM, flow c
direction, GW depth, initial soil moisture,
irrigation application

Attribute Data Attribute
Crop

ute
pp -

e te
-- m

ata Da
mmmmax. root depth, time of max. root, fraction ofmmm x. root depth, time of max. root, fraction ofax
available water without stress, water for land available water without stress, water for land 
preparation, time of land preparation, starting 
week and total weeks of crop, standing water week and total weeks of crop, standing water 
depth, bund height, weekly crop coefficients

Soil -
epth, bund height, weekly crop coefficientde
specific gravity, porosity, field capacity, specific gravity, porosity, field capacity, 

permanent wilting point, capillary height, and
hydraulic conductivityy

Temporal Dataaa –
y

–– rainfall, reference evapopo-o-transpiration,rainfall, reference evapr poo ranspiratitrt
initial moisture content, irrigation 
supply



Grid-wise information on:
• FFFFinalalalal water depth at the end of week
• SSSupplementaryy irrigation demand
• S

yy
tress condition 

• DDDeepp percolation













To simulate weekly operation of a canal 
network governed by:
• Distributed irrigation demands 
• Availability of canal water at head
• Prevailing groundwater conditions 
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Spatial Dataa -- crop, irrigation demands, irrigable a crop, irrigation demands, irrigabc
command areas, and GW depth

Attribute Data of Canal SystemAttribute Data of Cana
For each segment:r each segment:

name and identification number, discharge name and identification number, discharge
capacity, length, bed width, water depth, 
side slope, irrigable area, conveyance ee ���,side slope,
application 

irrig irr
nn �

gable area, crigirr
��, field channel 

convecon
ll �

eyancee �,,veon
��, seepage ratete,applicationn � field channe, f, l �, s,

seepage calculation procedure
 s
eee (
ses
((1
eee
11–

age ratte,paepe
––––conveyance seep

�
pageep
, 2
pag

–
e calculation procedugeag
specified formula, 3

edu
–

ree (1 onveyancocudu
seepage rate), 

priority of segment, number of tube wells priority of segment, number of tube wells 
operating in irrigable command, average operating in irrigable command, average 
power of pumping sets, number of hours of power of pump
power supply



If demand > supply, there is need to operate the 
system with h h some specified operation policy. 
Five e policies s specified d d in n n model l l are:
a) Policy – 1:  Head-reach priority 
b) Policy y –– 2:  Conjunctive use 
c) Policy y –– 3:  Proportionate supply
d) Policy – 4:  Tail-reach priority
e) Policy y –– 5:  Conjunctive use with minimum 

energy demand d d for pumping GW



Required Q Q –– 2179 cusecRequired QQ 
Available Q 

Q 
QQ –

2179 cusec22
–– 500 cusec

Canals Not Running

Canals Running



P

P

Required Q Q –– 2179 cusecRequired QQ
Available Q 

Q 
QQ –

2179 cusec22
–– 500 cusecAvailab

Policy
QQ

–
500 cusec55

–– Head_Priority

Canals Not Running
Canals Running



Various causes of assigning high priority:

• Socio/political constraints

• Crops under a segment are in “Stress”.

• Groundwater potential in a segment is

not sufficient to meet its demands



Available Q – 500 cusec Available Q – 1000 cusec Available Q – 1500 cusec

Canals Not Running
Canals Running





Data for one year was used for model performance Data for o
analysis

To analyze different canal operation policies, To analyze different canal operation policies, 
hypothetical scarcity conditions were assumed
• Rainfall reduced to 60% of actual values
•

Rainfall reduced to 60% of actual valu
Canal supply assumed to be 75% of 

uesalu
f f planned

The system was run from June 18 to October 14 





Required Q Q –– 2179 cusecRequired QQ 
Available Q 

Q 
QQ –

2179 cusec22
–– 1000 cusec

Canals Not Running
Canals Running



Available Q – 500 cusec Available Q – 1000 cusec Available Q – 1500 cusec

Canals Not Running
Canals Running



Required Q Q –– 2179 cusecRequired QQ 
Available Q 

Q 
QQ –

2179 cusec22
–– 500 cusec

Canals Not Running
Canals Running



Required Q Q –– 2179 cusecRequired QQ 
Available Q 

Q 
QQ –

2179 cusec22
–– 500 cusec

Canals Not Running
Canals Running



Canals Not Running
Canals Running

Policy – Head Prio. Policy – Conj. Use

Policy – Prop. Supp Policy – Tail Prio.



Policycy-y-1 Policycy-y-2 Policycy-y-3 Policycy-y-4

Surface Water Available at Surface Water Availa
Canal Head (Mm3)

24.19 24.19 24.4.19 24.19

Irrigation Demanddd at Head Irrigatio
(Mm3)

50.75 50.75 50.75 50.75

Surface Water Utilized for Surface Water Uti
Irrigation (Mm3)

18.84 16.50 17.37 14.40

Canal Seepage Loss (Mm3) 5.35 7.69 6.84 9.79

Groundwater Use in Groundwater Use i
Command (Mm3)

31.91 34.37 33.38 36.25

Energy Demand in Canalal-Energy Demand in Can
irrigable Area (MKwh)

1.2942 1.3269 1.3329 1.3706



Policy – Head-Prio. Policy – Conj. use Policy – Conj. Use with
min. ener. dem





Policycy-y-1 Policycy-y-2 Policycy-y-3 Policycy-y-4 Policy y -- 5

Surface Water Available at Surface Water Availa
Canal Head (Mm3)

24.19 24.19 24.4.19 24.19 24.19

Irrigation Demandd at Head Irrigatio
(Mm3)

50.75 50.75 50.75 50.75 50.75

Surface Water Utilized for Surface Water Uti
Irrigation (Mm3)

18.84 16.50 17.37 14.40 18.56

Canal Seepage Loss (Mm3) 5.35 7.69 6.84 9.79 5.62

Groundwater Use in 
Command (Mm3)

31.91 34.37 33.38 36.25 32.31

Energy Demand in Canalal-Energy Demand in Can
irrigable Area (MKwh)

1.2942 1.3269 1.3329 1.3706 1.286






