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ABSTRACT-In this research, the performance measures of water equity and
productivity have been optimized in the entire Doroodzan Irrigation Network by using
genetic algorithms. Results indicated that irrigation water management improvement at
field scale [increasing irrigation application efficiency (E,) and water reduction fraction
(WRF)] has much more impressive impact on raising the performance measures than the
improvement of conveyance efficiency of channels (E). Increments of E, (40% to 90%)
and E; (70% to 90%) resulted in maximum and minimum incremental effects on water
equity (on average 48.2% and 17.7%, respectively) and productivity (on average 92.0%
and 10%, respectively). The incremental effect of WRF (0.0 to 0.8) on water equity and
productivity was on average31.4% and 10%, respectively. Furthermore, the values of
performance measures decreased from wet water year to drought water year. Tape
irrigation system was considered as the best choice at low quantities of WRF (<=0.4);
however, for higher values of WRF (>=0.6), sprinkler irrigation system was considered
as the best choice for achieving higher values of water equity and productivity.
Meanwhile, when equity and productivity were considered together for a specific method
of deficit irrigation scheduling, under specified quantity of irrigation water, with

increasing equity, the water productivity reduction was negligible.

INTRODUCTION

Water resources management in agriculture (the main
consumer of fresh water resources around the world) at
farm scale plays a key role in sustainable management
of water resources especialy during summer crop
season. Appropriate assessment tools that help water
resources managers to find suitable water policy frame
works are water equity and water productivity. Water
equity and productivity are two socioeconomic
performance measures that affect the water allocation
decision parameters and help managers to efficiently
manage water resources and save water. Among the
management methods, an appropriate deficit irrigation
scheduling can be the most effective procedure that
immediately affects the performance measures. When
water is more scarce than land, the irrigation water
productivity measure (e.g. crop yield per unit of
irrigation water used) is a useful tool to achieve suitable
water resources management in irrigated agriculture
(Pereiraet al., 2002). In many irrigation networks, water
distribution, particularly under drought conditions, fails
to achieve one of the objectives like water equity or
productivity while trying to improve another, especially
in unlined canal networks with a high seepage rate
(Kalu et al., 1995).

Water productivity and equity are perhaps the two
most frequently mentioned performance goas in
irrigation management (Steiner and Walter, 1992). On
the basis of dealing with the performance measures such
as water productivity and equity, the methodol ogies can

be classified into three categories as: 1) methodologies
aiming for only optimum water productivity; 2)
methodologies aiming for optimum water productivity
while addressing the issue of water equity; and 3)
methodologies aiming for optimum water productivity
and/or maximum water equity (Gorantiwar et a., 2006).
Clearly, because they are closely linked, strategies
designed to maximize one of these performance goals
will have an impact on the other goals due to their
linkage (Steiner and Walter, 1992).

Among the variables that influence the performance
measures at irrigation networks, methods of deficit
irrigation scheduling are the most effective (Rodrigues
and Pereira, 2009). One of the promising irrigation
strategies to achieve optimum water equity and
productivity is deficit irrigation (DI). DI is deliberately
applying irrigation depths smaller than those required to
satisfy the crop water requirements at certain periods in
the growing season (Rodrigues and Pereira, 2009). It
has been widely investigated as a valuable and suitable
production strategy in drought conditions(Pereira et al.,
2002; Sepaskhah and Akbari, 2005; Kloss et a., 2012).
In this regard, irrigation systems with higher irrigation
application efficiencies have the key role that resulted in
better implementation of deficit irrigation and achieving
higher values of performance measures. Meanwhile,
application of different irrigation systems for winter and
summer crops may lead to different results due to winter
precipitation occurrence.



Moghimi and Sepaskhah/ Iran Agricultural Research (2017) 36(1) 49-60

In this study, we are looking for the methodologies
that optimize the two performance measures (water
equity and productivity) related to dominant summer
crop (Maize) irrigated with different irrigation systems,
irrigation application efficiencies (E;) and several
methods of deficit irrigation scheduling (DIS) under
different climatic conditions and water costs by using
Genetic Algorithm (GA) in Doroodzan Irrigation
Network in the south of Iran.

MATERIALSAND METHODS

This study was conducted for summer crop season (for
dominant summer crop Maize in &l Doroodzan
Irrigation Network with area of approximately 53159 ha
located at the south of Iran). The transmission channels
between fields are mostly lined by concrete that mostly
required maintenance. The summary of the characteristics
of the network used in this study is presented in Table 1
andFig. 1.

Table 1. Summary of characteristics of the network used in

this study
Distanceto  Lengthof Distribution
Fidd Area entrance distri butc_)r effici ency of
(ha)  of themain channelsin water infields
channel (km) fields (km) (%)
MUl 2156 53 451 84.2
MuU2 1435 121 16.1 94.4
MU3 2116 153 26.5 90.7
MU4 2523 21.4 46.9 83.6
MU5 3845 26.7 61.7 78.4
MU6 1256 27.4 335 88.3
MU7 3708 29.8 575 79.9
Mu8 3827 30.7 62.4 78.1
MU9 1339 34.6 30.8 89.2
MU10 4843 35.0 85.7 70.0
MU11 3620 36.6 4.1 84.6
MU12 1104 384 245 91.4
MU13 2545 41.0 38.7 86.5
MU14 1241 428 193 93.2
MU15 2281 53.9 47.1 835
MU16 2728 59.5 49.9 825
MU17 2154 65.2 343 88.0
MU18 2579 67.4 62.6 78.1
MU19 3337 79.4 495 82.7
MU20 2144 83.3 39.7 86.1
MuU21 951 87.4 12.9 95.5
MU22 1427 90.0 35.3 87.6

In a previous study (Moghimi and Sepaskhah, 2014),
crop irrigation requirement, grain yield and net income
per unit area (ha) for maize (dominant summer crop of
the study area) were determined for different irrigation
systems, E, and methods of DIS under different climatic
conditions (wet, normal and drought) and water costs
(current and real). Then, for different scenarios
(different irrigation systems, E, and methods of DIS
under different climatic conditions and water costs) and
different conveyance efficiencies of the main channel
(70%, 80% and 90%), two performance measures
(water equity and productivity) were simultaneously

optimized by using genetic algorithm (gamultiobjective)
under optimization toolbox of MATLAB9 software.
Optimization Tool (optimtool) is a graphical user
interface (GUI) for selecting a toolbox function,
specifying  optimization  options, and  running
optimizations. It provides a convenient interface for all
optimization routines, including those for genetic
algorithms. Optimization Tool makes it easy to: @)
Define and modify problems quickly; b) Use the correct
syntax for optimization functions; c) Import and export
from the MATLAB workspace; d) Generate code
containing the configuration for a solver and options
and €) Change parameters of an optimization during the
execution of certain genetic algorithm.

For running the optimization by using the
optimization tool of graphica user interface (GUI), the
following steps should be taken: 1) Making an M-file that
contains the abjective functions (fithess functions); 2)
Starting the optimization tool and problem setup which
includes the solver selection, entering the fitness function
that is created in step 1, numbering the variables and
entering the constraints and 3) Entering the options
which usualy includes entering the population size
(300), selection function (Tournament), number of
generations (3000) and numbering the stall generations
(200). In this study, water equity was considered in the
form of modified in terquartile alocation ratio (Smout
et al., 2006) and water productivity was considered in
the form of economic water productivity ratio (EWPR);
that is, the ratio of the value of total actual yield to the
cost of irrigation water used. Decision variable is the
fraction of total volume of water alocated to k"
management unit (X,). As a genera and powerful
procedure, the genetic algorithm (GA) can be applied to
many complex problems that are difficult to solve using
traditional techniques such as linear and non-linear
programming or methods based on gradient calculations
(Michaewciz, 1994).

Based on the literature review, it can be stated that
traditional optimization methods have limitations in
finding global optimization results and are difficult to
apply to a complex irrigation planning problem since
they search from point to point for the optimization. On
the other hand, the genetic algorithm method searches
the entire population instead of moving from one point
to the next and can, therefore, overcome the limitations
of the traditiona methods (Kuo et a., 2000).
Furthermore, this technique is very suitable for optimal
solution of non- derivative problems (functions) using
random selection procedures, which simulate natural
selection process.

For applying deficit irrigation (DI) for maize, four
water reduction fractions (WRF, i. e, 0.2, 0.4, 0.6 and
0.8) and several methods of deficit irrigation scheduling
(DIS) (1, 2, 3, 4 and 5) were used that are described as
follows:
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Fig. 1. Location of the study area

Method 1: Relative applied water (1-WRF), i.e., 0.8,
0.6, 0.4 and 0.2 are multiplied by the quantity of each
irrigation event calculated for stages after establishment
in spring or summer.

Method 2: Relative applied water (1-WRF) are
multiplied by the total number of irrigation events
obtained for stages after establishment. However, full
irrigation was applied a the reduced number of
irrigation events.

Methods 3, 4 and 5: Full irrigation was applied at
vegetative stage in method 3, at vegetative and
flowering stages in method 4 and at flowering stage in
method 5. For other stages, (1-WRF) are multiplied by
the quantity of water at each irrigation event.

In this study, different irrigation systems with
various E, in the field were considered as surface
irrigation (E;= 40%, 50% and 60%), solid-set sprinkler
irrigation (E;= 60%, 70% and 80%) and tape irrigation
(Es= 70%, 80% and 90%).

Water Equity

One of the objective functions was performance
measure of water equity that is defined as modified inter
quartile alocation ratio [Egs. (1-4)] (Smout et al.,
2006):

bq
E - R (0
R o]
I x
R, = —* ®)
“ | d
| X, = nkAxk 5
> Ax, (©)
k=1

Ad,
= -

k=1
where E is the modified interquartile allocation ratio

ld, =

(water equity), R™ isthe average of allocation ratios of

the best quarter, R™ is the average of allocation ratios
of the poorest quarter, R, is the alocation ratio of k™
management unit, Ax, is the actual allocation proportion
for k™ management unit, Ady is the desired allocation
proportion for k™ management unit, Ady is the cultural
command area of k™ managementunit (ha), nk is the
total humber of managementunits, and Ax, is the value
of net income, computed for k™ management unit that is
calculated as follows:

Ax, = NI _x A (5)

where Ay is the area allocated to irrigation or irrigated
of k™ management unit (ha), and NI, is the net income
per unit area (RIs’ha) expected or generated from m™
method of irrigation scheduling. Ay was calculated as
follows:

X, xV,xE.xE
A =Tk T0 " = S ©)

Vm

where X, is the fraction of total volume of water
allocated to k" management unit, V is the total volume
of water allocated to Doroodzan Irrigation Network
from Doroodzan dam reservoir (m®), E; is the
conveyance efficiency of main channel, Ey is the
distribution efficiency of water relaed to k"
management unit and V, is the volume of water per unit
area (m*/ha) expected or generated from m™ method of
irrigation scheduling.
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Water Productivity

Another objective function was the performance
measure of water productivity that was considered in the
form of economic water productivity ratio (EWPR) that
is defined as the ratio of the value of actual yield to the
cost of irrigation water used (Rodrigues and Pereira,
2009):

n_ ValugY,) -
Cost(IWU)

where vaue (Y, is the value of total actua yield

obtained from fields under the irrigation network, in

RIs, and cost (IWU) is the cost of irrigation water used

alocated to irrigation network from dam reservoir, in

Rls. Value (Y ,) was calculated as follows:

ValugY,) = A xY,,,xP ®)
where A is the area allocated to irrigation or irrigated
of kK™ management unit (ha), Y. is the grain yield per
unit area (kg/ha) expected or generated from m™ method
of irrigation scheduling and P is the cost per kilogram of
actua yield of maize (RIskg™?).

Use of EWPR provides the possibility of comparing
the effects of real and current cost of water and
obtaining better decisionsin different conditions.

In this study, two scenarios of irrigation water cost
are considered; i.e, current cost and real cost of
irrigation water (current cost was calculated as 84 Rls
m? and rea cost was calculated as 1150 Rls m?)
(Moghimi and Sepaskhah, 2014).

Constraints

Restrictions include the volume of available water and
the area of available land that are defined as follows:

0<X,.<1 9
D (10)
X *V, *E_ *E

k OV C dk S Ak (11)

m

where X, is the fraction of total volume of water
alocated to k" management unit, V, is the total volume
of water alocated to irrigation network from dam
reservoir (m°®), E; is the conveyance efficiency of main
channel, Ey is the distribution efficiency of water
related to k™ management unit and V,, is the volume of
water per unit area (m*/ha) expected or generated from
m™ method of irrigation scheduling.

RESULTSAND DISCUSSION

The cropping water years of 1978, 1986 and 1994 were
considered as wet, norma and drought water years,
respectively (Moghimi and Sepaskhah, 2014). The
volumes of given water allocated to the area used in this
research (The entire irrigation network) were
377.28x10° 293.80x10° and 194.95x10° m® for wet,

norma and drought water years, respectively at the
entrance of the main channel with no consideration of
water |oss in transmission channels.

Results of performance measure of water equity
[modified inter quartile allocation ratio (E)] and water
productivity [economic water productivity ratio
(EWPR)] for different conditions calculated by using
Eg. (1) and Eq. (7) are given in Fig. 2-4. Results
indicated that by increasing E, and E, the values of E
and EWPR increased and by increasing WRF, the
values of E increased and the values of EWPR initially
increased and then decreased and by increasing E,, the
maximum value of EWPR occurred at lower quantities
of WRF. Meanwhile, insofar as EWPR rises, E will
dlightly increase especialy at low values of E, (surface
irrigation). However, the values of E and EWPR
decreased from wet water year to drought water year.
Furthermore, the increments of E and EWPR due to
increasing WRF at most cases were considerably high.
This means that by applying deficit irrigation, the
establishment of justice in water allocation and higher
water productivity at irrigation networks can easily be
achieved. Meanwhile, for current and real cost of water
in the cases that net income was positive, the mentioned
variations were almost the same (cases with negative
income are not shown in Figs. 2 to 4).

Surface Irrigation

For surface irrigation system with application efficiency
of 40% and current cost of water, the values of E for
E.=70% were 0.27-0.44, 0.24-0.37 and 0.18-0.27 for
wet, normal and drought water years, respectively and
the values of EWPR were 13.8-25.4,13.1-24.2 and 12.0-
22.1 for wet, norma and drought water years,
respectively. For E;=90%, these values for E were 0.31-
0.50, 0.28-0.40 and 0.22-0.30 and for EWPR werel5.2-
28.0, 14.4-26.5 and 13.2-24.0, respectively (Fig. 2). By
increasing irrigation application efficiency to 60%, the
values of E were 0.31-0.67, 0.26-0.48 and 0.23-0.36 and
the values of EWPR were 14.3-35.1, 13.5-33.4 and
13.3-30.7 for E.=70% for wet, normal and drought
water years, respectively and forE.=90%, these values
were 0.40-0.79, 0.34-0.55 and 0.25-0.39 for E and 15.9-
38.8, 15.1-36.9 and 14.7-33.6 for EWPR, respectively
(To save space, the fig. is not shown).

Sprinkler Irrigation

For sprinkler irrigation system with application
efficiency of 60% and current cost of water, the values
of E for E.=70% were 0.30-0.64, 0.27-0.46 and 0.23-
0.37 for wet, norma and drought water years,
respectively and the values of EWPR were 14.3-35.0,
13.5-33.2 and 12.6-30.8, respectively. For E.=90%,
these values for E were 0.41-0.79, 0.31-0.50 and 0.25-
0.40 and for EWPR were 15.9-38.8, 15.1-36.9 and 14.0-
33.9, respectively (Fig. 3).
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Wet water year Normal water year Drought water year
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OWRF=0.2
EWRF=0.4
OWRF = 0.6
OWRF=0.8

Wet water year Normal water year Drought water year
Methods of DIS

OWRF=0.0
OWRF=0.2
BWRF =04
OWRF=0.6
OWRF=0.8

EWPR

Wet water year ‘ Normal water year ‘ Drought water year ‘
Methods of DIS

Fig. 2. Modified inter quartile allocation ratio and economic water productivity ratio of surface irrigation system (Ea =40 % and
Ec= 70 %) (a, and by), (Ea=40 % and Ec= 90 %) (&, and b,) for different water years (wet, normal and drought), water
reduction fractions (WRF), methods of deficit irrigation scheduling (DIS) and current cost of water
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Methodsof DIS
Normal water year
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Fig. 3. Modified inter quartile allocation ratio and economic water productivity ratio of sprinkler irrigation system (Ea =60 % and
Ec= 70 %) (a, and b,), (Ea=60 % and Ec= 90 %) (a, and b,) for different water years (wet, normal and drought), water
reduction fractions (WRF), methods of deficit irrigation scheduling (DIS) and current cost of water

By increasing irrigation application efficiency to 80%,
these values were 0.37-0.66, 0.33-0.48 and 0.28-0.41 for
E and 16.3-38.7, 15.6-36.7 and 15.7-33.9 for EWPR at
E.=70% for wet, norma and drought water years,
respectively and at E;=90%, these values re 0.47-0.81,
0.40-0.61 and 0.33-0.44 for E and 18.1-43.0, 17.2-40.4
and 17.2-37.5 for EWPR, respectively (To save space,
the fig. is not shown).

Tapelrrigation

For the current cost of water,in some cases, with high
values of WRF, the net income was negative because of

low values of grain yield. At other cases, for irrigation
system application efficiency of 70%, the values of E
for E.=70% were 0.33-0.48, 0.30-0.37 and 0.26-0.31 for
wet, normal and drought water years, respectively and

54



Moghimi and Sepaskhah/ Iran Agricultural Research (2017) 36(1) 49-60

these values for EWPR were 23.2-34.7,22.1-32.9 and
20.6-30.7, respectively. For E;=90%, these values for E
were 0.43-0.52, 0.37-0.42 and 0.30-0.34 and for EWPR,
they were 25.8-385, 24.4-36.2 and 22.8-33.7,
respectively (To save space, the fig. is not shown).

By increasing irrigation application efficiencyto 90% at
E.=70%, these values for E were 0.42-0.61, 0.36-0.43
and 0.25-0.31 for wet, norma and drought water years,
respectively and for EWPR, they were 24.7-42.4, 23.4-
40.2 and 23.0-37.4, respectively. For E.=90%, these
values for E were 0.51-0.70, 0.39-0.46 and 0.31-0.35
and for EWPR, they were 27.4-47.0, 25.9-44.3 and
25.2-41.3, respectively (Fig. 4).

Effect of E,, E; and WRF on Perfor mance measures

Increasing E,, E. and WRF has the incremental effect on
performance measures (Tables 2 and 3) such that, in

general, the incremental effect of WRF was higher.
These incremental effects decreased from wet water
year to drought water year such that this decrease for
EWPR was lower especially at higher values of E,, E.
and WRF. By increasing E,and E., in general, the value
of the increment due to increasing WRF, for E increased
and for EWPR, it was decreased.

By increasng WRF, the incremental effect of
increasing E; and E; on E and EWPR increased such that
thisincremental effect on EWPR was lower, so thet at tape
irrigation system, there was no increase in EWPR. Thisis
because of occurring maximum value of EWPR at lower
values of WRF (WRF= 0.4-0.6 for surface and WRF=0.2-
0.4 for sprinkler and tape irrigation systems) compared
with E (WRF=0.8 for dl irrigation systems).

=
= OWRF=0.0
uzcj_ OWRF=0.2
BWRF =04
OWRF=0.6
Methods of DIS BWRF =08
Wet water year Normal water year Drought water year
1
0.8 %
0.6
2 04 OWRF=0.0
3 02 q _
g o WRF = 0.2
®\WRF =04
OWRF=0.6
Normal water year OWRF=0.8
Methods of DIS
20 - by
x - OWRF = 0.0
S 10 OWRF=0.2
g 0. =0
EWRF=04
OWRF=0.6
Methods of DIS
Wet water year Normal water year OWRF=0.8
50 -
40 -
% 30
20 A
£ 10 -
o 4

Wet water year

Normal water year

Drought water year

Methods of DIS

Fig. 4. Modified inter quartile allocation ratio and economic water productivity ratio of tapeirrigation system (Ea =90 % and Ec=
70 %) (& and by), (Ea=90 % and Ec= 90 %) (& and b,) for different water years (wet, normal and drought), water
reduction fractions (WRF), methods of deficit irrigation scheduling (DIS) and current cost of water
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Table 2. Maximum increase in the values of water equity (E) and EWPR due to increasing WRF

Performance Irrigation E. (%) E. (%) Increment of performance measures due to increasing WRF* (%)
measure system 2 Wet water year Normal water year Drought water year
E Surface 40 70 63.0% 54.2 50.0
60 90 975 61.8 56.0
Sprinkler 60 70 1133 70.4 60.9
80 90 78.7 52.5 333
Tape 70 70 66.7 30.0 26.9
90 90 96.1 69.2 25.8
EWPR Surface 40 70 75.2 74.1 67.4
60 90 61.0 59.7 54.8
Sprinkler 60 70 59.8 58.1 54.8
80 90 34.4 32.0 29.3
Tape 70 70 36.6 36.5 329
90 90 317 29.2 27.4

1. From 0.0 to the value of WRF related to maximum performance measures (0.8 for surface irrigation and 0.4-0.8 for sprinkler

and tape irrigation systems).

2. These values occurred at DIS method of 1 for surface andsprinkler and 2 for tape irrigation system.

Table 3. Maximum increase in the values of water equity (E) and EWPR dueto increasing Eaand Ec

Performance Irrigation Increment of performance measures due to increasing E;land E.2 (%)
measure system WRF
Wet water year Normal water year Drought water year

E Surface 0.0 48.1 41.7 38.9

0.8® 83.7 486 44.4

Sprinkler 0.0 56.7 48.1 435

0.8 714 69.4 483

Tape 0.0 54.5 30.0 19.2

0.6 85.2 69.2 212

EWPR Surface 0.0 66.2 66.2 64.4

0.4-0.6 66.2 66.7 65.5

Sprinkler 0.0 46.1 45.7 45.7

0.2-04 46.6 48.6 46.8

Tape 0.0 40.6 423 40.7

0.2-04 40.6 423 40.7

1. From 40% to 60%, 60% to 80% and 70% to 90% for surface, sprinkler and tape irrigation system, respectively.

2. From 70% to 90%

3. The value of WRF in which maximum performance measure was occurred.

Considering Real Cost of Water

By considering the real cost of water, for surface
irrigation system at E;=40% in many cases and at
E.=60% in some cases with higher values of WRF, the
net income was negative because of the high cost of
irrigation water.

For sprinkler and tape irrigation systems, the net
income in some cases was negative. In cases with
positive net income, the vaues of E were not
considerably different from those obtained for the
current cost of water; however, the values of EWPR
were considerably lower than those obtained for the
current cost of water (about 13.7 times).

Comparison Between Irrigation Systems

Among irrigation systems, in cases with positive net
income, tape and surface irrigation systems resulted in
higher and lower E and EWPR (Tables 4 and 5).

Application of sprinkler irrigation and tape irrigation
systems resulted in minimum and maximum cases with
negative net income, respectively (See Fig. 3 and 4). In
general, results of this study showed that for achieving
the higher values of water equity and productivity, the
tape irrigation system is the best choice for low
guantities of WRF (0.0-0.4). This is due to the lower
volume of applied irrigation water and consequently
lower irrigation water cost and higher cultivated area
compared with surface and sprinkler irrigation. For high
quantities of WRF (0.6-0.8), the sprinkler irrigation
system is the best choice. This is due to the lower
volume of applied irrigation water compared with
surface irrigation and higher grain yield obtained in this
system and lower fixed and variable costs and
consequently higher gross income compared with tape
irrigation.

56



Moghimi and Sepaskhah/ Iran Agricultural Research (2017) 36(1) 49-60

Table 4. Maximum and minimum values of water equity (E) for different irrigation systems

Irrigation system E Water year E, (%) E. (%) WRF Method of DIS
Surface Maximum 0.79 Wet 60 90 0.8 2
Minimum 0.18 Drought 40 70 0.0 -
Sprinkler Maximum 0.84 Wet 80 90 0.6 1
Minimum 0.23 Drought 60 70 0.0 -
Tape Maximum 1.00 Wet 90 90 0.6 2
Minimum 0.26 Drought 70 70 0.0 -

Table 5. Maximum and minimum values of economic water productivity ratio (EWPR) for different irrigation systems

Irrigation system EWPR Water year E. (%) E. (%) WRF Method of DIS
Surface Maximum 38.8 Wet 60 90 0.6 2
Minimum 120 Drought 40 70 0.8 2
Sprinkler Maximum 43.0 Wet 80 90 0.4 2
Minimum 12.6 Drought 60 70 0.8 1
Tape Maximum 47 Wet 90 90 04 2
Minimum 20.6 Drought 70 70 0.6 1

M ethods of Deficit Irrigation Scheduling

Water equity as a performance measure of water
distribution and water productivity as a performance
measure of water consumption are heavily influenced
by the method of deficit irrigation scheduling especially
in summer crop water year with no precipitation in arid
and semiarid regions such as the research area in this
study. For all values of WRF, the values of E and for
WRF<=0.6, the values of EWPR obtained for DIS
methods of 1 and 2 were higher than other DIS methods
because in these methods, generally less water is used
and higher volume of water is received at downstream
management units (Tables 4 and 5). Furthermore, the
cultivated area of each management unit increased and
higher grain yield was obtained. For WRF=0.8, the
values of EWPR obtained for DIS method of 4 (full
irrigation at vegetative and flowering stages) at all cases
with the exception of E;=40%, related to wet and
normal years, was higher than other DIS methods
because of the higher volume of irrigation water applied
in this method.

In genera, the maximum values of E and EWPR
occurred at DIS method of 2 [reduction in the number of
full irrigation events] because in this method, generally
less water was used and higher volume of water was
received at downstream management units and higher
grain yield was obtained per consumption of unit
volume of water. Meanwhile, by increasing E, the
maximum values of E and EWPR increased. The
minimum values of E occurred a DIS method of 4
because in this method, the depth of irrigation water was
higher than that of other methods. The minimum values
of EWPR at low quantities of WRF (<=0.4) and low
values of E, (<=60%) occurred at DIS method of 4 and
for high values of E,, occurred at DIS method of 3. For
high quantities of WRF (WRF>=0.6), the minimum
values of EWPR occurred at DIS method of 3 and at
most cases, the values of EWPR related to DIS method
of 4 were maximum. The fluctuation of the values of
EWPR in DIS method of 4 was minimum and in DIS

methods of 1 and 2, it was maximum because of higher
and lower depth of irrigation water applied in these
methods, respectively. Among DIS methods of 3 and 5
(full irrigation at vegetative and flowering stages,
respectively), in general the values of E and EWPR
obtained in method 5 were higher because of higher
sensitivity of the flowering stage to water deficit
compared with the vegetative stage.

Relationship between Water Equity and Productivity

Increasing irrigation system application efficiency,
conveyance efficiency of the main channel and water
reduction fraction resulted in a simultaneous increase in
performance measures [modified inter quartile
alocation ratio (water equity) and economic water
productivity ratio (EWPR)]. When water equity and
water productivity were considered together for a
specific method of irrigation scheduling with specified
irrigation application efficiency (for example for normal
water year, tape irrigation system, E,;=90%, E. =90%,
DIS method of 3 and WRF=0.4), by increasing E,
EWPR decreased. Meanwhile, these variations
increased from wet water year to drought water year.
This is because of a decrease in the volume of water
allocated to the irrigation network (V) and an increase
in net irrigation requirement. However, the increment in
E was considerable and decrement in EWPR was very
low and by increasing E, and WRF, it became much
lower. By increasing E, the fractions of total volume of
water allocated to management units (X) were close to
the fractions assigned by the cultivated area and by
decreasing E, these fractions for management units at
the upstream of irrigation network became higher and
for management units at the downstream of the
irrigation network, they became lower.
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Effects of Enlargement of the Study Area

Results of this study showed that by enlarging the study
area from single channel level (Moghimi and
Sepaskhah, 2016) to the network level, the values of
water equity and productivity decreased. However,
decrement of water productivity was very low. This
decrement was lower for wet water year compared to
drought water year and it decreased by increasing WRF,
E. and E, with higher effect of increasing WRF.
Decrement in E values was because of higher water
losses due to enlarging the study area and more water
deficit at fields located at downstream of the network.
Decrement in EWPR values was because of lower
applied volume of water at farm level due to the
increase in water loss in the study area at the network
level and thus decrement of grain yield. Meanwhile,
decrement of water equity due to enlarging the study
area in DIS methods with lower volume of applied
water (DIS methods of 1 and 2) was lower and in DIS
methods with higher volume of applied water (DIS
method of 4), it was higher. Maximum decrement in E
(55.4%) was obtained in tape irrigation, drought water
year, WRF=0.4, DIS method of 4, E;=90% and E.
=70%. Minimum decrement (10.7%) was obtained in
surface irrigation, wet water year, WRF=0.8, DIS
method of 4, E,=60% and E.=70%.

CONCLUSIONS

Results indicated that the influence of increasing
irrigation application efficiency on water equity (E) and
economic water productivity ratio (EWPR) is higher
than conveyance efficiency. By increasing water
reduction fraction (i.e., more deficit irrigation), water
equity (E) increased and economic water productivity
raio (EWPR) initialy increased and then decreased.
The values obtained for these two performance
measures reduced from wet water year to drought water
year. Also, the values of increments in performance
measures due to increasing water reduction fraction
decreased from wet water year to drought water year.
The increments of E due to increasing E, and E.
increased from wet water year to drought water year for
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