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Abstract

Water allocation to different users implies a trade-off between the benefits perceived
by different sectors and environmental demands. This conflict, considering the
income of different sectors and environmental issues, is very crucial, especially in
reservoir operation. In this study, a multi-objective optimization algorithm combined
with two simulation models (SWAT and WEAP) has been developed to consider the
tradeoff between agricultural benefit and environmental water demand through
parallel processing. In this model, decision variables are monthly agricultural de-
mands which are considered as inputs into the Water Evaluation And Planning
(WEAP) model. Then, the production of different crops and discharge to the
downstream lake are obtained based on the allocated water to each sector using
the Soil and Water Assessment Tool (SWAT) model. After the simulation, the
objective functions are calculated based on agricultural income and environmental
flow discharged to the downstream lake. To evaluate the performance of the
proposed model, Mahabad reservoir, in Mahabad river basin (located at the south
of the Lake Urmia and northwestern of Iran), was studied during a drought period.
This reservoir supplies domestic, industry, agriculture water of the Mahabad plain
and downstream environmental demand which is discharged to the Lake Urmia.
Non-dominated Sorting Differential Evolution (NSDE) algorithm is used to find the
optimal water allocation to different sectors and efficient agricultural irrigation
patterns of different crops (winter wheat, alfalfa, apple, and sugar beet). Results
showed the optimal operation of the reservoir through irrigation management could
improve water stress indicator from 80% in traditional irrigation pattern to 60%,
only by 6.5% decrease in agricultural income. Also, the inflow to Urmia Lake was
increased from 173 MCM to 354 MCM during the drought period (5 years).

Keywords SWAT-WEAP-NSDE - Optimization - Agricultural benefit - Environmental flow -
Mahabad Basin - Urmia Lake
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1 Introduction

Attempts for adequate food production and economic development due to the rapid population
growth have led to large amounts of withdrawal from water resources (Malano and Davidson
2009; Pang et al. 2013). Water scarcity and droughts are the main concern in arid and semi-arid
regions. The agriculture sector is mostly a major user of water which releases significant
amounts of freshwater. This withdrawal which is often more than the capacity of surface water
resources leads to a decrease in river discharge (Rumbaur et al. 2015) and drying many lakes
and wetlands. Therefore, supplying agricultural and environmental demands are conflicting
objectives and its resolution requires comprehensive and accurate studies (King et al. 2003;
Sun et al. 2008). There are several methods to solve this problem. A part of these conflict
resolution methods is based on game theory and graph theory (Almazan-Gomez et al. 2018;
Moradi and Limaei 2018). There are also mathematical models for conflict resolution that can
be integrated with optimization tools, for example, the method of Non-Symmetric Nash
Solution, Kalai-Smorodinsky, Equal Loss Solution and Area Monotonic Solution (Raquel
et al. 2007; Llopis-Albert et al. 2018). Several studies have been done to resolve conflicts
between stakeholders or to strike a trade-off between the interests of different stakeholders. Xu
et al. (2019) investigated the effect of climate change on the conflict resolution between hydro-
power production and environmental flow. Zhang et al. (2018) developed a trade-off between
shallow groundwater conservation and crop production by using the Soil and Water Assess-
ment Tool (SWAT) in the Haihe River basin in China. They introduced various strategies for
aquifer recovery, no-fluctuation in groundwater level and ultimately the satisfaction of self-
sufficiency conditions in winter wheat production with the lowest groundwater drop. Al-Faraj
et al. (2016) studied crop production in the transboundary Diyala basin, between Iran in
upstream and Iraq at the downstream. They suggested an optimal trade-off between crop
production and irrigation water. Perez-Blanco and Gutierrez-Martin (2017) calculated the
compensation to farmers instead of more water withdrawal to conflict resolution between
agricultural and environmental stakeholders in the Segura River Basin in Spain. In the case of
water withdrawal reduction by the farmers, it is possible to allocate more water to the
environment. In this case, the flow required for the environmental demands is provided and
the satisfaction of the farmers will also be attracted. Another similar study has been done by
Xue et al. (2017) to create a trade-off between agricultural development and environmental
protection in Qira oasis, in the arid regions of Northwest China.

As mentioned before, in recent years, conflict resolution models have been significantly
gained attention for developing policies of water allocation to different sectors. This paper
contributes towards developing a mathematical framework for optimal water allocation to
different sectors by integrating the SWAT and WEAP models with the NSDE optimization
algorithm.

The aim of this work is the optimal operation of surface reservoirs in drought
conditions to allocate the maximum amount of water to downstream environmental
demand and also to obtain the most possible income from irrigated cropland. Thus, a
multi-objective optimization model combined with two simulation models (SWAT and
WEAP) has been developed to consider the tradeoff between agricultural benefit and
environmental water demand through parallel processing. The application of parallel
processing within the optimization routines in the context of water allocation and the
array of technical tools (e.g., SWAT, WEAP, NSDE, etc.) employed is another aspect of
the scientific contribution in this work.
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2 Methodology

As mentioned before, agricultural development and environmental issue are conflicting
objectives. In the following, an algorithm has been introduced in which the combination
of two hydrologic and water recourses planning models in the form of an optimization
structure was used to find a trade-off between agricultural income and environmental
conservation.

The flowchart presented in Fig. 1 shows the interaction between simulation models
(SWAT and WEAP) and the optimization model. As presented, the WEAP model is
prepared for the study area based on available data such as domestic, industrial and
environmental water demands information, and inflow time series to the reservoir. Also,
the monthly nominal irrigation demand of different crops is given to the model. Nominal
irrigation demands of agriculture are decision variables in the optimization model. After
simulation by the WEAP model, the amount of monthly allocations is obtained. The next
step is to prepare and convert data to the SWAT model with an acceptable format. In this
model, domestic and industrial monthly demands are supplied from the river downstream
of the reservoir. The SWAT model is prepared based on available data such as digital
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Fig. 1 Flowchart of the proposed model for interactive reservoir-irrigation planning at basin scale

@ Springer



5140 KhazaiPoul A. et al.

elevation model, land use and soil maps and climate data. The model is calibrated and
verified based on available measured data of flow and crop yields in the study area.

As shown in the optimization process the production of the crops per year is obtained based
on the results of the SWAT model and agricultural income (first objective function). Also, the
amount of outflow at the downstream of the basin as the environmental flow forms the second
objective function.

2.1 Optimization Framework
2.1.1 Objective Functions

In this problem, optimal reservoir operation is the basis of reaching objectives. The objective
functions of the optimization model are shown by Egs. 1 and 2. Equation 1 is the economic
objective function that attempts to maximize irrigated crops. Equation 2 refers to the second
objective function and it is in favor of environmental interests and tries to maximize allocated
water to environmental demand.

M /N .
f1:Z = max(Z (Z P,-.A,-.YLD{)) (1)

1y 7= max<§ (D, x 24 % 3600 x Q,)> 2)
=1
In the first equation, the amount of income is the function of crop production that is estimated
in the SWAT model. In this equation, N is the number of total crops. YLD; is the yearly yield of
crop i in basin-level (Kg). P; is the price of crop i in (USD/Kg). A; is the cultivation area of crop
i and M is the number of total years.

The second equation represents the outflow of the basin, which supplies downstream
environmental demands. Q, is the amount of monthly outflow in month t to downstream of
the basin in (m3/sec) and T is the number of total months in the simulation period. D, is number
days of month t. The coefficients have been applied to convert the flow to volume. The lower
the amount of reservoir allocated water to the agriculture, the more released flow to down-
stream of the basin.

2.1.2 Constraints

The water balance equation which is one of the constraints of the optimization problem is
satisfied implicitly by running the SWAT model. This equation in SWAT is as follow:

t
SW, = SWo+ ¥ (Ras Qo Eu WseoOa) (3)
2

In which SW; is final soil water content in mm, SWj, is initial soil water content in mm (to
30 cm depth), t is time in day, Ry, is the amount of precipitation on day i in mm, Qgyy is
surface runoff in day i in mm, Ea is actual evapotranspiration in day i in mm, Wi, is amount
of water entering to vadose zone in soil profile in day i in mm and Qg,, is Groundwater return
flow to the river in day i in mm.
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Water balance equation and other constraints that are used in reservoir simulation are:

S[+] — S[ + II_E[_RI_LI (4)
SminSStSSmax (5)
Sr =251 (6)

In Eq. 4, S, I, E, R, and L, are storage volume, reservoir inflow, evaporation from the
reservoir, reservoir outflow and reservoir losses respectively in month t. Sy, and Sy, are
minimum and maximum volume of the reservoir. The constraint in Eq. 6 is for equalizing
reservoir volume at the beginning and end of the period. Temporal and volumetric reliability
should be 100% for domestic and industrial demands and environmental flow.

Temporal reliability: The ratio of the time steps that the user’s demand is completely
supplied to the total number of time steps in the simulation period (McMahon et al. 2006).
Relé"empoml = % x 100% (7)
Where, N; is the number of time steps that user demand j completely supplied or water-scarce
is zero (D;=0), T'is total time steps in the simulation period.

Volumetric reliability: The ratio of supplied water of user j to the required water in the
simulation period (Hashimoto et al. 1982).

y j
Y. Supply;

Rel{/olumetric = ;\/:17 x 100% (8)
Y. Demand
=1

=

Where, Supply! is supplied water and, Demand! is the required water of user j.
2.2 Simulation and Optimization Models
2.2.1 Soil and Water Assessment Tool (SWAT)

SWAT is a continuous-time hydrologic, process-based and semi-distributed model (Lei et al.
2014) that is able to simulate flow in large and complex basins with soil, land use and
management conditions variables (Arnold et al. 1998; Neitsch et al. 2011). In recent years,
the SWAT model is widely used to study the impacts of the land use change, climate change,
the land cover change or the simultaneous effect of two or more of the above on water quantity
or quality(Kumar et al. 2018).

In the SWAT model, spatial heterogeneity in the basin is done by topography and dividing the
basin into several small basins called Hydrologic Response Unit (HRU) based on soil, land use, and
slope features. The amount of precipitation runoff is one of the hydrologic variables in determining
the total amount of outflow from the basins, the peak flow, and so on. The SWAT model is used for
calculating this amount by the SCS curve number and Green-AmpT infiltration equation (Neitsch
et al. 2011). Today, the SUFI-2 algorithm is the most common SWAT calibration and validation
method used in the SWAT-CUP program which is also used in this study. SUFI determines the
uncertainty of the verified parameter with a 95% uncertainty band (95PPU) (Fereidoon and Koch
2018). Then, the performance of the final calibration model is evaluated by two P-factor and R-
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factor indicators. The conformance between simulated and observed data is evaluated by the Nash-
Sutcliffe efficiency (NS) or Determination coefficient (R2).

2.2.2 Water Allocation Model WEAP

Water Assessment and Evaluation System (WEAP) is developed and supported in 1988 by the
Stockholm Environment Institute United States Center, a nonprofit research institute based at Tufts
University in Somerville, Massachusetts. This program is widely used for studies on the adaptation
of climate change and has been used by researchers and planners across hundreds of organizations
around the world. WEAP is solving a mass balance equation of water, for each node and connection
at time steps in the system. Water is allocated to user’s demands and environmental flow demand;
based on the priority of demands, source superiority, mass balance equation, and other constraints.

2.2.3 Non-dominated Sorting Differential Evolution (NSDE) Algorithm

Differential Evolution (DE) algorithm is an improved version of the genetic algorithm for
solving optimization problems presented by Storn and Price (1995). The algorithm has the
same operators as the genetic algorithm, but its function is mainly based on the mutation
operator rather than the crossover. Here, an improved version of DE is used to obtain the
optimal tradeoff between two conflicting objective functions in which the non-domination and
crowding distance criteria used in NSGAII is borrowed to apply within the DE framework.

In this study, the NSDE optimization algorithm forms its initial population by 100
members. Then each of these members is in the optimization process. This process will
continue to 200 steps until convergence is achieved. In each step, the results are measured
with the previous step results and better solutions are selected based on the dominance concept
and crowding distance. Thus, 100 best members will be kept in each step and the rest will be
set aside. In the final step, the best results remain that form the final solutions to the problem.
Problem decision variables include the nominal monthly demand for crops.

2.3 Parallel Processing

Typically, a period of several years is studied for simulation. Also, in crop yield simulation, different
crops in different months have different water demands. Therefore, the vector dimension of the
decision variable is obtained from the multiplication of the number of simulation periods in the
number of crops according to the number of modeling years. Since applying the multi-year crop
management in the SWAT model due to the bug of the model is with problems, one-year
management can be applied to the *.mgt input files. But it should be noted that in this case, the
model should be run each year separately. Since the number of runs of the model in the optimization
process is high and the process is time-consuming, the parallel processing can be used in this part. To
simulate, a separate core should be allocated to each year. Therefore, the calculations of different
years can be done simultaneously in a parallel manner.

2.4 Model Assessment
Nash-Sutcliffe efficiency (NSE) and Determination coefficient (R2) are used to evaluate the results
of the calibration and validation of the model. They are obtained according to the following

equations:
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S (0-S))?
NSE = 1--=! (9)
izl (Oi_owg)z
n 2
(£ (0-0m)(5-5.4))
R =1-—= (10)

Where, S; and O; are simulated streamflow and observed streamflow respectively in i
time step. S, and O,,, are average of simulated streamflow and observed streamflow
in the total period. Besides, two P-factor and R-factor indexes have also been used. P-
factor is the percentages of measured data in the 95% prediction uncertainty envelop
that expressed in numerical order from 0 to 1. The closer the P-factor to one is more
satisfactory (Abbaspour et al. 2007). The R-factor represents the thickness of 95%
prediction uncertainty envelope which varies between 0 and infinity, and the value of
one for estimating flow is ideal.

2.5 Scenario Assessment

Two indicators, water stress (WS), and economic water productivity (EWP) were used to
evaluate the scenarios. According to Eq. 11, adopted by the United Nations Convention, water
stress is calculated.
ws(%) =YY 100 (11)
WA
Where WS is the percentage of water stress, WU is annual water use and WA is the amount of
renewable annual water or available freshwater.

Based on (Raskin et al. 1997), in a basin where the percentage of annual water
withdrawal to annual renewable water is more than 40%, it is facing to severely
water-scarce. If it is between 20% and 40%, encounter with water-scarce. If it is
between 10% and 20%, encounter with moderate water-scarce and less than 10%
encounter with minor scarcity.

The second indicator is the economic water index that is calculated based on Eq. 12 and
shows the income of used blue water ($/m?).

1

blue

EWP =

(12)

Whlue =E Ttotal —ET green ( 13 )

In this equation, I is agricultural income ($), Wp,. is the consumed blue water (m3), ET},,y is
total evapotranspiration (m?3), ET, green 1S gTEEN evapotranspiration (m?) that is calculable in no
irrigation state or rain-fed cultivation.
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2.6 Study Area

Figure 2a shows the location of Mahabad watershed in the south part of the Lake Urmia basin.
Mahabad Dam reservoir constructed on the Mahabad river and supplied domestic, industrial
and agricultural demands.

For the simulation of the basin in the SWAT model, the region is divided into 11
sub-basins and 163 HRUs. After allocating water to the various domestic, industrial
and agricultural water demands, downstream environmental demand (Lake Urmia) will
be supplied. In recent years, the volume of Lake Urmia has been severely reduced
due to the construction of multiple dams on the tributary rivers with the aim of
agricultural development, and its conservation is so important. Therefore, the study of
the Mahabad basin seems to be appropriate as one of its tributary rivers for assessing
the effectiveness of this study.

3 Results and Discussion
3.1 SWAT Setup and Preparation

In order to calibrate the SWAT model, warming up from 1997 to 1999, calibration
from 2000 to 2013 and model validation from 1989 to 1996 were considered monthly.
Subsequently, a drought period from a 40-year statistical period was selected (years
from 2008 to 2012).

3.1.1 Irrigated Agriculture Management

In the study area, the most important cultivated crops are apple (APPL), winter wheat
(WWHT), alfalfa (ALFA), and sugar beet (SGBT), which contain 31, 29, 26 and 14% of total
cultivated area, respectively.

a b
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Fig. 2 a Location of the Mahabad River Basin, weather stations and the Mahabad dam at the south part of Lake
Urmia Basin, b Schematic of different water users downstream of the Mahabad reservoir
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3.1.2 SWAT Calibration and Validation Results

After preparing the model, monthly observed data were used at the basin outlet for calibration
and validation. The R2 values of Gordyaghoub station are 0.69 and 0.65 respectively for
calibration and validation and the corresponding results of NS are 0.65 and 0.61 respectively.
This indicates that the model has been able to simulate the flow well.

Also, observed and simulated evapotranspiration of crops are compared using the determi-
nation coefficient (R?) which is 0.9754. Mean simulated crop yields are 10.7, 2.3, 10.1 and
48.6 respectively for APPL, WWHT, ALFA and SGBT while mean observed crop yields are
11.5, 2.4, 8.0 and 51.7 respectively. The results show that the SWAT model in this section
provides good performance.

3.2 WEAP Setup and Preparation

Figure 2b shows the schematic of the different water users downstream of the Mahabad
reservoir, simulated by the WEAP model. The environmental flow considered in the WEAP
model is equal to the environmental demand of Mahabad river downstream of the reservoir
and share of Mahabad basin in supplying the LURF (Lake Urmia Remediation Flow). The use
of LURF node is a technique used in the WEAP model to release excess water due to the low
irrigation of the agricultural sector.

The yearly demands for the industrial, domestic and environmental sectors are 17.7, 12 and 16.8
MCM. Also, the demands for apples, alfalfa, sugar beet, and winter wheat are 52.5, 53, 25 and 27.8
(MCM/year) respectively in the current condition that was used in the crop calibration process in the
SWAT model. Also, these values are the upper bound of decision variables in the optimization
model. The orders of the demand priorities are related to domestic and industry, then with the
environmental flow, later APPL, and so on for WWHT, ALFA, and SGBT.

Volumetric and temporal reliability values for different demands are calculated for the
maximum irrigation (current or traditional irrigation pattern) and no irrigation conditions. The
industrial, domestic and environmental water demands are fully met, and their volumetric and
temporal reliability is 100%. Among the irrigated crops, winter wheat (95.64%) and sugar beet
(33.02%) have the highest and the least volumetric reliability, and hence the temporal
reliability respectively. The volumetric reliabilities in the max irrigation condition for APPL,
WWHT, ALFA, and SGBT are 56.09, 95.64, 47.6 and 33.02 and the corresponding values for
the temporal reliabilities are 48.57, 94.29, 51.11 and 26.67, respectively. The level of reliability
decreases relative to prioritization for WWHT, ALFA, and SGBT. Even though the priority of
APPL in irrigation is higher than the WWHT, but it is less reliable than WWHT. This is
because WWHT does not require irrigation in the summer but the major part of the APPL
demand is in the summer season in which the system is facing water-scarce.

3.3 Simulation- Optimization Results (SWAT-WEAP-NSDE)

This study considered Mahabad reservoir optimal operation for a drought period (2008-2012)
that the agricultural income and the amount of inflow into the Lake Urmia are maximized
simultaneously. The parameters of the optimization model are considered based on the
recommended values in the research history of the NSDE algorithm (Reddy and Kumar
2006; Yazdi et al. 2017; Yazdi and Moridi 2018). Therefore, the scaling factor, cross over
probability, population size, the number of the iteration are 0.5, 0.7, 100 and 100, respectively.
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Using these parameters, the Pareto front graph (filled blue circles) was extracted (Fig. 3). The
horizontal axis represents the amount of irrigated crop income from 2008 to 2012 in million
dollars. The vertical axis is the volume of discharged water from the basin in millions cubic
meters over five years that flows towards Lake Urmia. On the graph, from left to right, the
volume of irrigation increases. Therefore, by moving from left to right, the volume of inflow to
Lake Urmia is reduced and the amount of income is increased.

On the graph, a red solid filled triangle is shown (Current condition). This point corre-
sponds to the current or traditional irrigation pattern which plays the role of the upper bound of
irrigation through the optimization process. In this case, 173 (MCM) during the 5 years of
simulation period will flow to Lake Urmia, which is equivalent to 20% of the volume of the
surface water produced in the whole basin over the 5 years (826 MCM). Therefore, the water
stress index for the current condition is about 80%. Four points (A, B, C, and D) selected on
the Pareto front chart, allocate 60, 55, 45 and 40% of the watershed surface water volume to
the Urmia Lake (from the left to right, respectively). The water stress index at these points is
40, 45, 55 and 60%, respectively.

Figure 4 shows the annual allocated water to each of the agricultural and environmental
sectors (bars) and its corresponding ratio per annual demand (Lines). For each value of the
water stress indicator, the agricultural sector receives a different volume of water. For WS
equals 40%, 45%, 60%, and 80%, the allocated water to the agricultural sector is 11.7, 20.12,
42.15, and 86.9 MCM/year, respectively. The allocated water to Lake Urmia is 92.01, 83.6,
61.57, and 16.57 MCM/year. According to the both UN definition of water stress index (WS)
and government resolutions related to the remediation of Lake Urmia, the ideal supply for
Lake Urmia occurs when WS declines to 40% (92.01 MCM/year). So, the average percentages
of allocated water to the lake are 100, 90.78, 67.66, and 18.71 for each value of WS from 40%
to 80%.

Figure 5 presents the percentage of the allocated water to each crop relative to the total
agricultural allocated water. While WS equals to 80%, the average allocated water to apples,
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Fig. 3 Pareto optimal front (blue filled circles), showing the trade-off between irrigated agriculture income
downstream of the Mahabad reservoir and the inflow to the Lake Urmia from the Mahabad watershed (Current:
current irrigation pattern, Scenario 2: the situation of do not cultivate high irrigation demand crops)
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winter wheat, alfalfa and sugar beet from the total agricultural water of 86.9 MCM/year is
31.09%, 31.59%, 28.6%, and 8.73%, respectively. Also, it is 61.02%, 9.16%, 18.06%,
11.76%, respectively of 42.15 MCM/year for WS of 60%, 57.9%, 1.96%, 2.33%, and
5.14% of 20.12 MCM/year for WS of 45% and 88.86%, 4.21%, 2.08%, and 4.85% of
11.71 MCM/year for WS of 40%. According to the higher priority of apple to other crops,
the model tries to supply its demand first. Moreover, according to its revenue, its economic
productivity index (EWP) is higher than other products. For example, under WS of 80%, the
EWP for apple, winter wheat, alfalfa, and sugar beet are 4.46, 0.44, 1.2 and 2.77 ($/m3),
respectively (based on the price of 0.71, 0.33, 0.28, and 0.08 for these crops, respectively).
Therefore, the optimization model tends to allocate more water to it.

For different points highlighted in Fig. 3, the percentage of water discharged to the Lake Urmia
compared to produced water, water stress, crop yield, income, and economic water productivity
index are presented in Table 1. According to these results, the amount of income in the
implementation of the existing irrigation pattern is 184 (million $) (Current condition point).

For reaching from the current condition (80% water stress) to 40% water stress (Point A),
the income will decrease by 38% to 114 (million $). Also, the water stress index decreases to
60% (Point D), agricultural income will decrease by 6.5% compared to the current situation
(traditional irrigation pattern) and will be equal to 172 (million $). For Points B and C, 25.5%
and 10.3% of the agricultural income will be reduced. It may be unprofitable to reduce water
stress from 80% to 40%, due to a significant reduction in income. But with a waiver of 6.5% of
income (point D), it doubles the discharged water to Lake Urmia. Also, the EWP index is
calculated for different points. For A, D and Current points, the EWP index is 3.64, 1.60 and
1.06 ($/m3) of blue water, respectively. So, on the chart, moving from left to right, although the
income is increased, the water productivity decreases. Moving from the Current Point to Point
A increases the EWP index from 1.06 to 1.60 ($/m3).
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Fig. 5 Water allocation to the crops based on different water stress (WS) indices during the drought period of
2008-2012; Water stress is 40%, 45%, 60% and 80 % respectively for top-left, top-right, bottom-left and bottom-
right panels

In another scenario that is shown by the point named Scenario 2 (Fig. 3(, a state has been
investigated to eliminate high irrigation demand crops (HIDCs) such as sugar beet and alfalfa in the
drought period. The removal of HIDC:s is a condition that some experts recommend during drought
periods. It is observed that in this case, the income will decrease by 29% and will reach 132 (million
$). The water stress rate is 62% in this case. This approach is close to the results of Point D in terms

Table 1 Properties of selected points on Pareto optimal front in comparison with current condition point

Points Qenv/ Qm (%) WS (%) Yield (ton/ 5 years) Income for EWP
5 years (1e6¥USD) (USD/m?3)

ALFA  SGBT APPL WWHT

A 60 40 47,326 154,922 111,713 23,686 114 3.64
B 55 45 48,791 123,072 148,784 23465 137 2.55
C 45 55 77,638 235,651 164,380 23,259 165 1.77
D 40 60 82,774 255925 168,437 28,880 172 1.60
Observed 20 80 109,703 299,433 166,729 35328 184 1.06

WS Water stress indicator, ALFA Alfalfa, SGBT Sugar beet, APPL Apple, WWHT Winter wheat, EWP Economic
water productivity (versus blue water)
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of water stress, but generates less agricultural income and is between Points A and B. Although the
scenario for the reduction of HIDCs cultivation area does not provide better solutions than the
proposed in the Pareto front. This scenario can significantly reduce water stress but has social
consequences due to the reduction of farmers’ income. Optimization of crop and irrigation patterns
in the study area considering social, economic and environmental issues is suggested for further
studies.

4 Conclusion

In this study, the possibility of balancing between incomes from agricultural activities and providing
the environmental flow of rivers and lakes was investigated by using the simulation-optimization
approach. This balance is of great importance, especially during drought periods. The SWAT
hydrological model accompanied by the WEAP planning model (as simulation models) have been
linked to the NSDE algorithm in an optimization framework to obtain optimal operation of the
reservoir considering economic and environmental issues. The parallel processing technique is used
for reducing the run time of the model. To evaluate the performance of the proposed method, the
optimal operation of the Mahabad reservoir (south of Lake Urmia basin) is obtained during the dry
period 2008-2012. In the current situation (traditional irrigation pattern), the water stress index of the
basin is 80% which is corresponded to severe water stress and water productivity is 1 ($/m?). Two
water allocation strategies were investigated including a) irrigation management; b) the elimination
of the cultivation of high irrigation demand crops such as alfalfa and sugar beet. The results showed
that by decreasing only 6.5% of the agricultural income, the water stress index can be reduced from
80% to 60% according to one of the irrigation patterns of the first strategy and 180 MCM more
water was discharged to Lake Urmia during the 5-year drought period. In contrast, under the second
strategy, water stress can be reduced to 62%, with a 29% reduction in income. Therefore, using the
first strategy is not only more economical but also without any social consequences. In the second
one, farmers of sugar beet and alfalfa will not earn any income. This issue highlights the importance
of irrigation management in improving the environmental conditions of the basin. This study can be
implemented in other basins and its results will help managers and planners to balance economic and
environmental conservation. Although the effectiveness of irrigation management with the elimination
of high irrigation demand crops was studied in this study, the study of land-use change with irrigation
management is another effective strategy, which is suggested to investigate in future research.
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