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Abstract
The water allowance for canal systems of Pakistan was designed considering the average values of cropping intensity and
irrigation area. However, water allowances would be different if estimated on the basis of real cropping intensities, cropping
pattern and actual evapotranspiration. This inequity of water allocation results in decreased agricultural production. Hence,
optimal water allowances for given canal commands need to be developed to maximize the efficiency of the existing irrigation
system. Therefore, present study aims to assess the difference between the available water supplies and those required on the
basis of real field conditions. Crop Water Allocation Model has been used for this purpose. Discharge at the head of each
watercourse was predicted on the basis of the actual evapotranspiration, cropping patterns, cropping intensity, the number of
days of canal flows in a year and the irrigation efficiency. The predicted optimal water requirements and the design flow rate
were also compared for Kasur minor and found that 59 watercourses out of 61 require less water for optimal operation than the
designed flow rate. Only two watercourses require more water for optimal conditions than the designed flow rate. Sensitivity
and scenario analysis were also performed to evaluate the impact of different agricultural and climatological parameters on
the reference crop evapotranspiration and design discharges.
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List of symbols
ETo Reference evapotranspiration (mm)
ETa Actual crop water requirement (mm)
Kc Crop coefficient
VR Annual volume of water required (lps)
Ii Annual cropping intensity (ha/year)
Qeq Equivalent continuous rate of flow (lps)
VR Actually required volume of water at crop root

zone (lps)
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QR Gross flow rate required at the head of a water-
course (lps)

Ei Irrigation efficiency (%)
ECw Conveyance efficiency (%)
EA Application efficiency (%)
Tmax Mean monthly maximum temperature (◦C)
Tmin Mean monthly minimum temperature (◦C)
CWR Crop water requirements (mm)

1 Introduction

Water is a fundamental source and critical component in
the sustainable agricultural development of arid and semi-
arid regions, where the irrigation water is the only option for
attaining a major increase in the crop production. Pakistan
has been blessed with facilities of both surface and ground-
water resources and also a favorable climate in the Indus
Basin System. Despite all these facilities, yet the crop pro-
duction is lower in comparison to other countries in theworld.
Only 38 billion cubic meter water is available for crop use

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-019-03818-6&domain=pdf
http://orcid.org/0000-0001-8991-0294


8586 Arabian Journal for Science and Engineering (2019) 44:8585–8598

from the available 171 billion cubic meter measured at rim
stations [1]. However, the cropping intensities across canal
commands vary from less than 60% to 160%, annually [2].
The lower cropping intensities in Rabi as compared to Kharif
support the factor, as Rabi is substantially dry with respect
to rain and river water availability. Thus, it becomes more
important to store as much water as possible during the high
flow season for the use during low flow season. In Pakistan,
although the growth rate of agriculture has increased from
1.27% during 2005-2006 to 3.81% in 2017-2018, the rate of
increase does not correspond to the population growth rate
[3]. Inmost of the areas, the present water distribution system
is time-based in which the farmers receive equal time but do
not receive an equal amount of water.

The major sources of water in Pakistan are the glaciers
in the HinduKush region which are diminishing rapidly.
The main cause of this retardation of glaciers is the climate
change. Climate change has already affected the cropping
patterns in the country with the changing rainfall patterns
and intensity. For instance, in the past vegetables including
turnip, maize, millet and onion were grown on large scale
during the spring which has now drastically decreased. Sim-
ilarly,maize,millet, okra, sorghumand other vegetableswere
grown on large scales during summer. Sorghum and millet
are no more cultivated [4]. However, no management strat-
egy has been adopted to tackle this problem. Kiktev et al. [5]
assessed the uncertainty in the trend estimates and the field
significance of the patterns of observed trends and have con-
cluded that the human-induced forcing has recently played
an important role in extreme weather conditions. Thiery et
al. [6] used ensemble simulations with the Community Earth
System Model for assessing impacts of irrigation on climate
extremes and found that the irrigation has a small, yet overall,
beneficial effect on the climate.

Abid et al. [7] analyzed the adaption of wheat farmers
to climate change, its determinants and its impact on food
productivity and crop income in Pakistan by using logistic
regression analysis and found that the adaptation of wheat
crops to climate change positively affects the productivity
and net crop income. In another study, Abid et al. [8] stated
that adaptation to climate change in agricultural sector is
an important strategy to reduce damages related to climate
change and to protect livelihoods in Pakistan. Waqas et al.
[9] conducted comparative analysis of organic and conven-
tional farming in Punjab province and found that the organic
farming increases the crop production; however, adoption of
conventional farming is more compared to organic farming.
Zulfiqar et al. [10] investigated the resource and socioe-
conomic constraints of farmers in adopting the advanced
agricultural technologies by identifying the technical and
economic efficiencies as well as the factors determining
the resource use efficiency. Ali and Erenstein [11] assessed
the factors influencing the farmers choice to climate change

adaptation practices in Pakistan and have found three major
adaptation practices used by the farmers, i.e., adjustment in
sowing time (22% farmers), use of drought tolerant varieties
(15%) and shifting to new crops (25%). Imran et al. [12]
investigated the impacts of climate smart agriculture on crop
production through sustainable water use management in the
Punjab province and found an increase in the resource use
efficiencyby adopting the climate smart agriculture technolo-
gies. Khatri-Chhetri et al. [13] have also discussed the factors
influencing the farmers in adopting the climate smart agri-
culture to cope with the climate change impacts. Moreover,
changes in monsoon patterns and increased temperatures are
likely to bring considerable challenges to the agricultural sec-
tor in Pakistan and investment in climate smart agriculture
is required to ensure a stable food supply in this dynamic
economy in the face of climate change [14].

Warabandi is a system of water distribution among farm-
ers practiced in India and Pakistan for more than hundred
years. Warabandi is a rotational method for equitable distri-
bution of the available water in an irrigation system by turns
fixed according to a predetermined schedule specifying year,
day, time and duration of supply to each irrigator in propor-
tion to the size of his landholding in the outlet command. The
rotational cycle is of 7 days, and the duration of supply is pro-
portional to the farmer’s landholding. In this system, there is a
time compensation for the farmerswho require compensation
for conveyance time but no compensation for seepage losses.
Water allowance is the design discharge assigned to the head
of a distributary or a watercourse which is based on the area
to be irrigated and is measured in (ft3/sec) cusecs per acre
[15]. The water allowance for the canals in the country was
kept low to bring more area under irrigation, but the assumed
cropping intensity was kept low as 75% to make the sys-
temmore productive. With the increase in time, the cropping
intensity has increased more than 160% making it difficult
for the existing system to fulfill thewater requirements.More
recently, several researchers used various techniques to esti-
mate the crop water requirements under different climatic
and local conditions around the world [16–27].

Afzal [28] calculated that a water allowance of 0.085 m3/s
was equivalent to an application of 0.41 m and 0.55 m depth
of water per acre at the farm and outlet command basis,
respectively. Latif et al. [29] reviewed the water allocation
methodologies in different countries and stressed the equity
consideration in the rehabilitation andmodernization of these
systems. In theWarabandi systembeing practiced in Pakistan
and India, the water users are given a proportionate share of
time according to their land holding considering the avail-
ability of water as a constraint. Ahmad and Heermann [30]
concluded that on-demand system of water delivery is best
to get better crop productivity in Pakistan. On this basis, they
developed awater allocationmodel. However, the implemen-
tation of this technique was not possible due to the existing
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sociotechnical conditions. Hannan and Coals [31] stated that
the importance of water management throughout the world
is becoming more important due to the shortage of water.
Shafiq and Latif [32] developed a computer model to oper-
ate the canals and allocate water among distributaries on an
equitable and reliable basis as close to a varying pattern of
crop water needs as possible. Vander et al. [33] observed that
the frequency of days without canal water at watercourse
head increased clearly toward tail reaches of the main canal
and among off-taking minors. The farmer in these water-
course commands did not receive canal water as much as
50% to 75% of the times. Moreover, GWP [34] found the
significant gap between the canal water supplies and crop
water requirements because of the rigidity of the system and
thereby, negatively affecting the agricultural production. Sar-
war et al. [35] stated that water allocation was not uniform
among the perennial and non-perennial groups of distribu-
taries while reviewing water allocation per 1000 acres of
CCA for 14 distributaries of Chishtian subdivision. Osama
[36] developed a linear optimizationmodel to obtain themax-
imum output in Egypt. The model proposed a change in the
cropping pattern to obtain maximum benefits. García-Vila
and Fereres [37] analyzed the relationship of global climate
and rainfall in Indonesia and proposed a change in cropping
pattern.

Many studies have focused on water allocation models
[38–51]. However, most of these studies were intended to
use as a planning tool for crop selection and seasonal allo-
cations of land and water to crop rotations. These choices
are not intended for scheduling water applications during the
growing season to maximize the return. Therefore, present
study aims to assess the balance between the available water
supplies and the water demands at the command area based
on the crops grown in the area and cropping intensity.

2 Material andMethods

2.1 Study Area

This study was carried out in the Kasur district of Punjab
province of Pakistan. The Kasur minor originates from the
Thamman distributary as shown in Fig. 1. Thamman distribu-
tary originates from theBhambanwalaRaviBedianDepalpur
(BRBD) canal. The total length of the Kasur minor is 18 km.
The total discharge at the head of the Kasur minor is 1.97
m3/s for a total culturable command area of 9113.53 hectares.
The slope of the bed in Kasur minor is 0.3 m per kilometer.
Two sub-minors, the Lakhneke and Kasur, off-take from the
Kasur minor at RD (1 RD= 1000m) of 8120-R and 51050-L.
The head discharges of Lakhneke sub-minor and Kasur sub-
minor are 0.39m3/s and 0.12m3/s, respectively. There are 42
outlets directly off-taking from Kasur minor, 14 outlets from

Lakhneke sub-minor and 5 outlets from theKasurminor. The
crop-growing year is divided into two seasons, Kharif (April
to September) and Rabi (October toMarch).Wheat, berseem
and oilseed are the Rabi crops, while rice, cotton, maize and
sorghum fodder are the Kharif crops. Sugar cane and fruit
orchards are the annual crops.

2.2 Data Analysis

2.2.1 Assessment of Required Water Allowance

To calculate the water allowance at water course, sub-
minor and minor level, a variety of data were needed. The
design discharge data and cultural command area data of
the watercourses off-taking from the Kasur minor, Lakhneke
sub-minor and Kasur sub-minor were taken from the Irriga-
tion&PowerDepartment, LahoreDivision.The climatic data
for the Kasur minor command area were collected from the
meteorological department, Lahore. The crop coefficient data
as reported by [52] were used. Data for the cropping pattern
and cropping intensity in the command area of Kasur minor
were collected from the statistical department of agriculture
Kasur. CROPWAT model [53] based on Penman–Monteith
equation was selected for the estimation of reference evap-
otranspiration because the Penman–Monteith equation has
the capability of adequately predicting EToin a wide range
of locations and climates [54]. For the watercourses of the
Kasur minor, the values of field application and conveyance
efficiency of watercourses were taken as 70% and 60%,
respectively, [55,56]. Thus, the irrigation efficiency for the
study area is given as:

Irrigation Efficiency = Field application

×conveyance efficiency (watercourses)

= 0.70 × 0.60 = 0.42

The conveyance efficiency for both the minor and sub-minor
systems was used as 80% [55,56].

The actual volume of water required at the head of water-
course and corresponding water allowance at the head of the
minor was estimated by using the following procedure:

1) Potential/ reference evapotranspiration (ETo) for a
given watercourse command was determined by using
the climatic data and CROPWAT model.

2) The CROPWAT model was developed by Food and
AgricultureOrganization ofUnitedNations, in 1990 for
planning andmanagement of irrigation projects.CROP-
WAT model based on Penman–Monteith equation was
selected for the estimation of reference evapotran-
spiration because the equation has the capability of
adequately predicting ETo in wide range of locations
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Fig. 1 Location of study area

and climates. CROPWAT model automatically calcu-
lated reference evapotranspiration of given crops using
monthly climatic data.

3) Actual crop water requirement (ETa) for the given crop
area was determined by multiplying crop coefficient
(Kc) and reference evapotranspiration (ETo).

ETa = ET0 × Kc (1)

4) Actual seasonal or annual volume of water required
(VR) at the head of water course was determined by
multiplying the culturable command area (A) with sea-
sonal or annual cropping intensity (Ii) and ETa

VR = A × Ii × ETa (2)

where i represents the seasonal (Kharif or Rabi) or
annual values of the volume of water and intensity.

5) The values of actually required volume of water at crop
root zone in a given water course command were con-
verted into an equivalent continuous rate of flow for
given season or year by the following equation.

Qeq = VR/T (3)

where T is in seconds or years according to intensity.
6) The gross flow rate required at the head of awatercourse

was calculated by dividing the equivalent actual flow
rate by the irrigation efficiency as given below:

QR = Qeq/Ei (4)

where QR is the gross required flow rate at the head of
water course and Ei is the irrigation efficiency

7) Irrigation efficiency (Ei) was determined by the equa-
tion as given below:

Ei = (Ecw) × (EA) (5)

where ECwis the conveyance efficiency of water course
and EA is the application efficiency in the above equa-
tion.

8) Thegross flow rate for all the outlets along agivenminor
was summed up to calculate the required supply at the
head of the minor by using the following equation:
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QR(atheadof min or) =
∑i=n

i=1 (QR)i

Ec
(6)

where QR is the flow rate required at the head of the
water course/ minor and n represents the number of
outlets on the selectedminor and EC represents the con-
veyance efficiency of the selectedminor fromwhich the
watercourses are off-taking.

9) The requiredwater allowance (lps per 404.686 hectares)
at a selected minor was calculated by using the follow-
ing equation:

WR = (QR × 404.686)/Totalcommandarea (7)

The above equation was used to access the water allowance
at the head of the branch canal or main canal, if QR is deter-
mined by adding the required flow rate at the head of all
the distributaries, minors and sub-minors off-taking from the
main or branch canal.

2.2.2 Net CropWater Requirement

The net crop water requirement (CWR) at the root zone is
given by the following equation:

Net CWR = ETa + pre-sowing irrigation – effective rain fall (8)

2.2.3 Water Allowances for Watercourse Commands

• DesignedWaterAllowanceThedesignedwater allowance
is defined as the flow rate designed by the Irrigation
and Power department for 404.686 hectares (1000 acres)
of the culturable command area. The designed water
allowances for all thewatercourse commandswere calcu-
lated using the design flow rates and culturable command
areas by using Eq. 9:

WD = (QD/CCA) × 404.686 (9)

where,

QD = Designed discharge, lps
CCA = Culturable command area, ha
WD = Designed water allowance of individual water-
course/minor or distributary, lps/404.686 ha

• Actual Crop Water Requirements It is the actual amount
of water required for the agricultural production. Higher
value of actual crop water requirement represents a less
efficient irrigation system.

• CWAM-Predicted Water Allowance It is the amount of
the water required predicted by the model based on the
available water resources after incorporating the losses in

the irrigation system. Higher value of CWAM-predicted
flows depicts a more efficient irrigation system.

• Available Water Allowance It is the amount of the water
available at head of the watercourse

2.2.4 Relative DesignedWater Allowance

The weighted average water allowance of all the water-
courses of minor or sub-minor was determined as:

Designed Water Allowance =
WC=n∑

WC=1

CCA × WD

N∑

1
CCA

(10)

The relative designed water allowance was determined by
the equation as follows:

Relative designed water allowance

= WD/WeightedaverageWD (11)

2.2.5 Development of CropWater Allocation Model
(CWAM)

The crop water requirement as calculated by CROPWAT
model was used as input in Crop Water Allocation Model
(CWAM). This model assessed the gross water requirement
at the head of each watercourse. By summing the gross water
requirements of each watercourse, the requirement of sub-
minor and ultimately for minor was determined, based on
the existing cropping pattern and cropping intensity of the
watercourse. Further, the model distributed the excess or
deficit water to all the components of the system, depend-
ing upon the availability of the water. The model compared
the requiredwater allowance at the head of theminorwith the
existing water allowance. The inequity indicated the degree
to which the crops were being stressed due to the short-
age of water supply at a given canal command. Using the
actual evapotranspiration of crops, cropping pattern, crop-
ping intensity, the number of days of canal flows in a year and
the irrigation efficiency, thewater allowancemodel predicted
the required discharge at the head of the watercourse. The
water allowance for that command was predicted using the
culturable command area (CCA) and the required discharge
(QR). Equation 6 was utilized to predict the water allowance
at the head of the sub-minors and theminor. Finally, theWater
Allowance Model predicted the actual water allocation for
the watercourse commands, minors and the distributary on
the basis of available supply at the head of the distributary.
The model distributed the excess or shortage of available
water to all the components proportionately. The CropWater
Allocation Model (CWAM) was developed in by using MS
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Excel Spreadsheets. The input data required for the model
are given below:

i. Location of watercourses along the minor and sub-
minors

ii. CulturableCommandArea (CCA) for eachwatercourse
command.

iii. Climatic Data
iv. Cropping pattern of the command area.
v. Cropping intensity of each crop sown in the command

of study area.
vi. Crop coefficient (Kc)

vii. Designed flow rates for each watercourse command
viii. Actual crop evapotranspiration (ETa)

ix. Irrigation efficiency (Ei)

x. Conveyance efficiency of minor and sub-minors (Ec)

xi. Water available at the head of minor

3 Results and Discussion

3.1 Climate Change Patterns

An analysis of the climatic conditions of the area was per-
formed and found that the means of Tmax and Tmin vary
from 19.3 to 39.8 ◦C and from 12.9 to 33.6 ◦C, respectively,
as shown in Fig. 2. Mean monthly precipitation varies from
6 mm up to 191 mm, whereas mean annual precipitation
627 mm as shown in Fig. 3. The mean annual and distribu-
tion of annual precipitation in different seasons is shown in
Fig. 4.The climate is characterized by wet periods in June,
July and August.

3.2 Designed and RequiredWater Allowances

The comparison of the designed and required water
allowances for the watercourses of Kasur minor is given in
Fig. 5. The average designed and required water allowances
for thewatercourses ofKasurminor are 0.228 lps per 404.686
ha and 0.760 lps per 404.686 ha, respectively. Designed and
required water allowances for the water courses of Lakhneke
and Kasur sub-minors were also assessed. The comparison
of the designed and required water allowances for the water-
courses of Lakhneke andKasur sub-minors is given in Figs. 6
and 7. The average designed and required water allowances
for the watercourses of Lakhneke sub-minor were 0.217
lps/404.686 ha and 0.760 lps/404.686 ha, and for Kasur sub-
minor thesewere 0.237 lps/404.686 ha and 0.760 lps/404.686
ha.

3.3 CWAM-Predicted RequiredWater Allowance (WR)

The model-predicted required flow rate ranged between
5.550 lps and 383.976 lps with an average value per water-
course command as 113.834 lps. The CropWater Allocation
Model (CWAM)-predicted average requiredwater allowance
was 0.760 lps per 404.686 ha for watercourse command. The
CWAM-predicted required flow rate for Lakhneke andKasur
sub-minors was 1743.185 lps and 526.127 lps, respectively.
The CWAM-predicted average required water allowance for
all the sub-minors was found as 0.950 lps per 404.686 ha.

3.4 Model-Predicted OptimalWater Allocation (Qo)

The CWAM gives the required flow rate (QR) on the basis
of the crop water requirement. However, the flow rate avail-
able in the irrigation systemmay not match with the required
quantities and thus needs to be proportionally decreased or
increased to match with the availability. Optimal water allo-
cation (Qo) for watercourses or minors is the proportionate
distribution of the available flow rate at the head of the dis-
tributary, to all of watercourses/minors on the basis of the
required flow rate (QR). The optimal water allocation for the
watercourse commands of the Kasur minor ranged between
0.003 lps and 0.219 lps with an average value per water-
course command as 0.064 lps. The optimal water allocation
results from theCropWaterAllocationModel (CWAM)were
compared with the existing designed flow rate (QD) for the
watercourses of Kasur (Fig. 8).

3.5 Designed Flow Rate forWatercourses of Minor

The optimal water allocation for the watercourse commands
of the Kasur minor ranged between 0.005 lps and 0.219 lps
with an average of 0.07 lps, while the existing designed flow
rate (QD) ranged between 0.003 lps to 0.253 lps with an
average of 0.087 lps. By comparing the CWAM-predicted
optimal water allocation with the existing designed flow rate,
it was found that out of 61 watercourses of Kasur minor, 59
watercourses had less optimal water allocation (QO) than
the designed flow rate (QD) and only two watercourses
were found to have more optimal water allocation than the
designed flow rate. Figure 9 shows the comparison between
existing designed water allowance and CWAM-predicted
water allowance for theLakhneke andKasur sub-minors. The
results showed that the CWAM-predicted water allowance
was less than the existing water allowance by 20% for both
of the sub-minors.

The CWAM-predicted optimal water allowance (optimal
water allocation in lps for 404.686 ha of culturable command
area) for the watercourses of Kasur minor was found to be
0.176 lps per 404.686 ha, while for the sub-minors it was
found as 0.173 lps per 404.686 ha. The CWAM-predicted
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Fig. 2 Mean monthly
maximum, minimum and mean
temperature in distract Kasur for
the period 1961–2015
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Fig. 3 Mean monthly rainfall in
distract Kasur for the period
1961–2015
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Fig. 4 Mean annual and
distribution of annual
precipitation in different seasons
in Kasur
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Fig. 5 Comparison of designed
and required water allowances
for Kasur minor
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Fig. 6 Comparison of designed
and required water allowances
for Lakhneke sub-minor
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optimal water allowance was more than the average existing
designed water allowance which was found as 0.131 lps per
404.686 ha on the basis of all the watercourse commands of
the Kasur minor. Therefore, the model-predicted flows were
found higher than the designed flows and lead to the more
efficient allocation of the limited available water resources.

3.6 Parametric Sensitivity and Scenario Analysis

Sensitivity analysis of different agricultural and climatolog-
ical parameters were performed to investigate the role of
each climate variable used in the computation of reference

crop evapotranspiration (ETo). The projected variations in
the precipitation and temperature were estimated based on
the previous studies [57,58], and its results are presented in
Fig. 10. Sensitivity analysis quantifies the variations in output
of a model with respect to variation in the model parameters.
Sensitivity analysis is important to understand the connection
between climatic conditions and ETo variability and between
data availability and estimation accuracy of ETo.

The changes in evapotranspiration and cropwater require-
ments in different months with percent change in each
climatic factor, i.e., precipitation, maximum temperature
(Tmax) and minimum temperature (Tmin) are presented in
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Fig. 7 Comparison of designed
and required water allowances
for Kasur sub-minor
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Fig. 8 Comparison of the
CWAM-predicted optimal water
allocation and the existing
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Fig. 9 Comparison of the
CWAM-predicted optimal water
allocation and the existing
designed water allocation for
different sub-minors of the
Kasur Minor
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Fig. 10 Future projected changes in Tmin, Tmax and precipitation during periods of 2030, 2060 and 2090
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Fig. 11 Impacts of future projected Tmin, Tmax and precipitation on ETo and crop water requirement (CWR)
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Fig. 11. Three (03) separate lines are shown in each figure,
which denote the future projected change in evapotranspi-
ration and crop water requirements for percent increase
or decrease in each climatic factor. It is observed that the
response of evapotranspiration and crop water requirements
to future projected change in climatic parameters was linear.
It is clear from Fig. 11 that the evapotranspiration is increas-
ing in almost all months due to the increase in the projected
future Tmin and Tmax. Moreover, it can also be seen from
Fig. 11 that the crop water requirement is decreasing due to
the increase in the future projected precipitation.

4 Conclusions

In this study, the water allowance of Kasur minor system
was determined by using a Crop Water Allocation Model
(CWAM) based on crop water requirement under present
conditions. It was found that the existing designed dis-
charges at the head of watercourses, sub-minor and minor
fulfill only 29.74, 25.05 and 23%, respectively, of required
supplies based on the crop water requirement. The model
predicted average optimal water allocation on the basis of
available supplies for all the watercourses of minor and sub-
minor. The optimal water allowance was found higher than
the average designed water allowance. Currently, in Pak-
istan, supply-based system is practiced allocating the water
resources without considering the cropwater requirements in
different stages of the crops. Therefore, for maximizing the
per-unit productivities, crop water requirement-based sys-
tem should be introduced in irrigation system management
from top to bottom level. The designed water allowance at
each component of the irrigation system should be mod-
ernized to minimize discrepancies among various minors,
sub-minors and watercourse system preferably by adopting
the crop water requirement-based system in which water
should be released according to the crop requirements in dif-
ferent stages, and this may be achieved by the automation of
each component of irrigation system.
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