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9
10 Abstract: For water-stressed regions like Iran, improving the effectiveness and productivity of
11 agricultural water-use is of utmost importance due to climate change and unsustainable water
12 demands. Therefore, a hydro-economic model has been developed here for the Zarrine River Basin
13 with the central concept of that demands are value-sensitive functions, where quantities of water-
14 uses at different locations and times have a changeable economic benefits. To do this, the surface
15 and groundwater resources changes, especially the Boukan Dam, and the potential crop yields are
16 simulated using the hydrologic model, SWAT, based on the GCM/QM-downscaled climate
17 predictions. Then, a basin-wide water management tool, MODSIV, is customized to allocate the
18 agricultural water based on the agro-economic water productivity (AEWP) of crops. Next, a coupled
19 CSPSO-MODSIM  hydro-economic model has been developed via a simulation-optimization
20 approach, to optimize the total AEWP, considering climatic impact and crop pattern scenarios for

21 three future periods: 2020-2038, 2050-2068 and 2080-2098. Finally, the optimal crop pattern and crop
22 water irrigation depths are presented for different RCPs and periods. The results indicated that this
23 method will improve considerably the AEWPs and decrease the agricultural water-use by near 40%.
24 Thus, this integrated model is able to support water authorities and other stakeholder in a water-
25 scarce basin, as is the study area.

26 Keywords: Agro-economic water productivity; Hydro-economic modeling; CSPSO-MODSIM; Economic

27 benefits; Optimal crop pattern; Optimal crop water irrigation depth; Climate change; Iran.
28

29 1. Introduction

30 Food and water security will pose a great challenge in the near future due to rapid growth of
31  population and often unsustainable water usage. The renewable water resources per capita in the
32 Middle East and North Africa (MENA), as the most water- scarce regions of the world, are expected
33 todecline from 750 to 500 m® by 2025, while the water withdrawals will increase by up to 50% [1].
34 Natural and anthropogenically induced climate change will act as an additional external driver
35  threatening the future food security by exacerbating the water shortage and, concomitantly, the
36  decrease of crop production, as temperatures and irrigation water requirements increase [2]. All this
37  holds particularly for the Middle East, including Iran, where groundwater reserves diminish at an
38  alarming rate [3].

39 Improving the efficiency of agricultural water use is of utmost importance, as irrigation water
40  uses account for 70% of the global freshwater withdrawals, particularly due to the fact that the
41  irrigated areas have dramatically increased in the 20th century, providing now about 40% of the
42 world’s food [4,5]. In addition, agriculture has also an important role in the economy, in terms of the
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43 Global Gross Domestic Product (GDP), especially, in developing countries, although its share has
44 been decreasing over the last twenty years [6]. Thus for Iran the GDP contribution of agriculture
45  decreased from 23 to 9 % [7], although the irrigated lands increased by 17% between 2003 and 2008
46  [8] and 90% of the food demands are derived from agriculture supplies in Iran, but with a cost of
47 exploitation of 92% of the available freshwater resources [5] which indicates that the economic return
48  on water use is outstandingly low in Iran.

49 The agricultural production will also need to be increased globally by 70% up to year 2050, due
50  to a 40%- projected population increase [9]. The situation is even worse for developing countries
51  where the food production should be doubled by that time [10]. Such a global production growth
52 can, to 90%, only be achieved by agricultural land expansions instead of crop yield enhancements [4].
53 For a long-term sustainable water resources management for agriculture it is important to
54  quantify and evaluate the possible impacts of climate change scenarios on the future water
55  availability and crop production potentials. Previous publications evaluated the impacts of climate
56  change on the water resources using hydrologic simulation models based on GCM- predictions
57 [11,12]. These and numerous other studies indicate that climate change will have undeniable impacts
58  on the hydrology, namely, streamflow changes in a basin, which ultimately affects the water
59  availability there.

60 For example, the impacts of climate change on the crop yield, food security and crop water
61  demands in sub-Saharan Africa and the North China Plain are investigated by Chijioke et al. and Mo
62  etal. [13,2], respectively, using different crop prediction and simulation models. These studies show
63  that climate change may have either beneficial or harmful effects on the crop extent and productivity
64  inirrigated or rain-fed agricultural lands. Other recent studies focus on the analyses of the impacts
65  of a changing climate and agricultural demands on the water management and crop production
66  [14,15] and indicate that climate change will lead to hydrologic changes and thus alter crop yields
67  and crop water productivity (CWP), so that some adaptation strategies are required.

68 Over recent years many publications on optimizing crop pattern and water allocation to
69  maximize crop productions and economic benefits and to enhance the agricultural water
70 management have appeared. A multi-crop planning (MCP) optimization model based on a nonlinear
71  programming (NLP) algorithm was utilized for cropping pattern and water allocation by Bou-
72 Fakhreddineetal. [16]. Firstly, two linear formulations and a relaxed version were established from
73 the NLP and then the MCP problem is solved by implementing two meta-heuristic algorithms,
74 Simulated Annealing (SA) and Particle Swarm Optimization (PSO). Fazlali and Shourian [17]
75  optimized water allocation by considering optimum cropping pattern for the Arayez plain in Iran,
76  using the Shuffled Frog Leaping Algorithm coupled with MODSIM [18] and employing irrigations
77  depths and cultivation areas as decision variables. However, the authors did not consider the CWP
78  index, impacts of climate change and management of the conjunctive water uses. In fact, few of these
79  issues have been addressed by Fereidoon and Koch [19] who employed a MODSIM-LINGO-PSO
80  algorithm to maximize the economic benefits of the Karkheh Dam in Iran, in terms of water allocation
81 for agriculture, under the impact of future climate change. The authors separated the optimization
82 into a three-stage procedure, wherefore in the first step the MODSIM allocates the available water of
83 Karkheh Dam, with its inflow simulated by the SWAT-hydrological model. Then, a linear
84  optimization to maximize the crop yields in response to different assumed levels of available water
85  is carried out and, finally, a PSO algorithm is used to maximize the economic agricultural benefits.
86 The purpose of the current research is to jointly optimize the crop pattern and irrigation planning
87  under climate change- and cropping pattern scenarios and so to maximize the net economic return
88  and total CWP altogether. This objective is achieved by using an integrated hydro- economic model
89  which consists of a combination of the CSPSO (Constrained Stretched Particle Swarm Optimization)
90  method and MODSIM water management and planning model as a simulation- optimization
91  approach.

92 The research area is the Zarrine River Basin (ZRB) belonging to the basin of Lake Urmia (LU),
93  which has been shrinking tremendously over the recent decades. The impacts of climate change
94  scenarios on the water resources and the crop production will be evaluated considering the crop
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95  pattern scenarios for the irrigated croplands using the available water supply sources, namely, the

96  Boukan Dam as the most important water management infrastructure of the region, as well as inter-

97  basin discharges from river reaches and groundwater shallow aquifers.

98 To simulate the basin’s water resources, i.e. the inflow of the Boukan Reservoir, interbasin flows,

99  groundwater recharges and other hydrologic variables of the ZRB in response to the changing
100  climate, future (up to year 2098) downscaled climate predictors (min. and max. temperatures,
101 precipitation) are taken from the recent study of Emami and Koch [12], and entered into the river
102 basin hydrologic model, SWAT which is firstly calibrated and validated for the discharge and then
103 for the crop yields by adjusting the crop parameters and crop water requirements. Next a water
104  planning and management simulation model is prepared, using MODSIM for managing the
105  conjunctive agricultural water uses in the river basin. The model is customized to allocate the
106  available water to the major crop arable areas of the ZRB based on the crop water productivity (CWP)
107  and the net economic benefit (NEB) of the crop production, both of which are combined in an index
108 of agro-economic water productivity (AEWP). Finally, to enhance the crop production and efficiency
109 of the water management policy, a Constrained Stretched Particle Swarm Optimization (CSPSO)
110 algorithm is developed and fully coupled with the MODSIM model in order to maximize the total
111  AEWP of the ZRB, as the objective function. The optimal arable crop areas and corresponding
112 irrigation schedules are determined using this CSPSO-MODSIM model under the constraints of
113 arable areas for the irrigation plots and three different cereal crop pattern scenarios considering three
114 impact scenarios of climate change (RCP45, 60 and 85) for three future periods (near, middle and far).

115 2. Study region and data

116  2.1. The Zarrine River Basin

117 The Zarrine River is the main inflow source of the LU, the largest inland wetland of Iran which
118  used to be the largest lake in the Middle East before it dwindled significantly in recent decades, with
119  detrimental effects on the surrounding ecosystems of the lake. The Zarrine River Basin (ZRB) is
120 located in northwestern Iran, south of LU between 45°46' E to 47°23' W longitude and 35°41' S to
121 37°44’ N latitude (see Figure 1). The total length of the main channel is about 300 km and most of its
122 course stretches through a mountainous area. The basin covers an area of about 12,000 km? including
123 parts of Kurdestan and the West and East Azarbaijan provinces, wherefore its larger portion is
124 mountainous with an elevation of up to 3297 m and the smaller one is rather plain with an elevation
125  going down to 1264 m. The big cities of the basin are namely Miandoab, Shahindej, Tekab and Saghez.
126 The climate of the region varies from semi-wet cold or wet-cold in the mountain areas to semi-
127  dry inthe vicinity of LU. The average annual temperature varies between 8 and 12 °C while the annual
128  precipitation (rain and snow) in the basin varies between 200 mm/yr in the lower catchment area and
129 800 mm/yr in the mountains. The maximum snowfall is recorded mostly in the south and west of the
130 basin with snow heights varying from 5 to 63 mm/yr.

131 The Boukan Dam/Reservoir is the largest operating dam of the ZRB, with a gross storage
132 capacity of 760 million m3 (MCM) and a live storage capacity of 654 MCM. Its water is used for
133 agricultural irrigation and the supply of drinking water (110 MCM/yr).

134 The agricultural areas within the basin cover a total area of 74,318 ha, all irrigated by both
135  groundwater and surface water resources, including water from the Boukan Reservoir, as the crop-
136  growing season there is mostly during the dry months between spring and autumn.

137 The current applied irrigation efficiency is about 38% for the areas irrigated by the surface water
138  resources from the dam and the river, and 50% for the areas using groundwater resources; all
139  numbers which are lower than the averages of most developing countries (45%) and developed
140  countries (60%) [20]. indicating a non-efficient use of surface water due to outdated irrigation
141  methods and systems with a large loss of water.

142 It should also be noted that the area of irrigated land has been increased by 36% between 1976 and
143 2013 [21], and this in spite of a catastrophic 88%- decrease of the LU surface and ensuing
144 environmental and ecological crises.
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162 Figure 1. Map of the ZRB with Boukan Dam and weather and streamflow stations.
163 The irrigated croplands of the ZR Basin are demonstrated in Figure 2, including the current

164  irrigated croplands of the ZRB (green) and the future agricultural development plan of ZRB namely
165  Rahimkhan (RK) Plain (light green) located in the downstream of the Boukan Dam. The main
166  agricultural crops of the ZRB as well as the RK include alfalfa (ALFA), apple (APPL), barley (BARL),
167  potatoes (POTA), sugar beet (SGBT), tomatoes (TOMA), wheat (WWHT) and these are the ones are
168  considered in this study.

169  2.2. Data

170 The data needed for this study in the ZRB is gathered from different available sources. Most of
171  the data is required for the set-up of the SWAT- hydrologic model, namely, various geospatial maps
172 and hydro-climate time series.

173 The Digital Elevation Map (DEM) with a spatial resolution of 85 m was produced by the Iranian
174  surveying organization. The land-use classification map of the basin, demonstrating the situation in
175  year 2007, was obtained from the Agricultural Statistics and the Information Center of the Ministry
176  of Agriculture [22] and has a resolution of 1000 m and distinguishes 10 land use classes. The soil map
177  of the watershed was extracted from the Food and Agriculture Organization (FAO) digital soil global
178  map, with a spatial resolution of 10 km of and 8 types of soils within two layers.

179 The climate input data includes daily maximum and minimum temperatures and daily
180  precipitation over the period of 1987 to 2015 and was obtained from the Iranian Meteorological
181  Organization (IRIMO) for six synoptic stations located in or close to the ZRB (see Figure 1). Missing
182  data in the records were filled in using the inverse distance weighting (IDW) interpolation method.
183  As the daily data for other climate variables, including solar radiation, wind and relative humidity,
184  were unavailable, they were generated using the weather generator (WGEN) module of the SWAT
185  model based on monthly averages of the synoptic stations of Iran.

186 Daily streamflow data for six gauging stations of the Zarrine River (Figure 1) were obtained from
187  the Iran Ministry of Energy for the period 1987 to 2012.
188 The crop and irrigation data, namely, crop irrigation sources, planting, irrigation and harvesting

189  dates or water demands were taken from Ahmadzadeh et al. and MOE [23,24]. The observed crop
190  yields are gathered from MOA [22] and the additional economic crop data were gathered from SCI
191  and MOA [25,26].

192
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211 3. Methodology: Development of an integrated hydro- economic model for optimal water
212 management and crop pattern

213 3.1. Basic concepts of an optimal hydro- economic model

214 Generally the greater the water-use efficiency and productivity, the lower are the conflicts over
215 scarce water resources and the additional financial and environmental burdens in an agriculturally
216  exploited basin like the ZRB. Enters the fundamental concept of hydro-economics which stipulates
217 that water demands can be represented as value-sensitive water demand functions, so that water-
218  uses at different locations and times have varying economic benefits [27]. The next step is then to set
219  up a hydro-economic model, which is a solution-oriented model for investigating the water
220  management tradeoffs and improving the efficiency of water allocation by incorporating the
221  economic value of agricultural water in the heart of the water management model. This model
222 represents a spatially distributed water resources system, infrastructure, management options and
223 economic values comprehensively [27]. In the third and final step such a hydro-economic model may
224 be applied to simulate agricultural crop pattern strategies, with the goal to find that optimal multi-
225  crop pattern which somehow maximizes the economic crop profits, while adhering to the various
226  constraints of the limited water resources, hydrology, and various environmental regulations.
227  Mathematically, this amounts to the set-up of a classical constrained (nonlinear) optimization
228  problem, wherefore (1) the forward problem, i.e. the objective or cost function, is computed by the
229  hydro-economic model, simulating the hydrological constraints by classical hydrological models,
230  and (2) the minimization of that objective functionis done by some kind of an optimization routine
231 (e.g. [19)).

232 In this section an innovative hydro-economic model for the ZRB is developed using such a
233 simulation-based optimization approach to coordinate multiple factors including water allocation,
234 crop production pattern and economic gains. More specifically, the optimization problem is defined
235  as a constrained optimization (CO) problem which searches for the optimal allocation of irrigated
236 crop pattern under the constraints of the limited water resources and other demands that should be
237  satisfied. Eventually, the objective of the optimization search algorithm is to maximize the agro-
238  economic productivity, i.e. the economic net benefit of a crop per unit water use, given that the latter
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239  is limited in the study region and may be even more so in the future under the impacts of
240  imminent climate change there [12].

241 The decision variables of the optimization are the cultivated areas of the major crops for a
242 particular, politically given combination of required crop distribution and agricultural demand
243 regions. The constraints of the optimization algorithm in this study are defined based on the
244 allowable range of arable areas and the cereal crop pattern limits. More details are provided in Section

245 3.

246  3.2. Modules of the CSPSO-MODSIM integrated hydro- economic model

247 The individual modules (hydrological, water management, agro-economic) of the hydro-
248 economic model are developed in this research using different simulation models (GCM, QM, SWAT,
249  MODSIM) bound together with an optimization method (CSPSO). The flow chart of the connection
250  of the models and processes in the integrated hydro-economic model is presented in Figure 4, from
251  which the main steps are retrieved as follows:

252
253 - Predicting climate change weather scenarios using CMIP5-GCMs predictors that are
254 subsequently downscaling by QM.
255 - Simulating the future hydrologic changes and crop yields with the calibrated SWAT river basin
256 hydrological model using the QM climate projections as input drivers.
257 - Setting up a basin-wide water management and planning module, MODSIM, to allocate the
258 future agricultural water uses efficiently based on the initial agro-economic productivity of the
259 crops.
260 - Optimizing the crop arable areas and the related irrigation schedule using the agro-economic
261 water productivity- based hydro-economic model, CSPSO-MODSIM.
262
263 Details of each of the above modeling steps are described in the following sub-sections.
264
CMIP5 GCM outputs
Economic values of crops
CSPSO _search Cost, Usb/ha
algorithm Benefit, kg/ha i Selection of the best GCM models
0‘. a5 g precipitation
coectan mato Min. and max. temperatures
Set randnl:nlnumbs'ers IpRcSES0 Future weather climate change Basin input maps
decision variables: < # DEM
Cultivation areas (CA,) i | Landuse classes
Soil types
‘ !
Potential crop yields a Calibrated basin and
Updated crop demands Priorities of the crops  \¢——|  Potential crop demands Callbrate_d SWAT subbasin parameters from
AEWP:  USD/m’ Irrigation depths ydraloglc model SWAT-CUP
Water resources system: Crop production bounds,
MODSIM water Inflow of the dam Areas and Waxe.r Resources
Gr rech and constraints
management model
outflows

Inter-basin flows,...

Evaluate the Objective Function of
CSPSO-MODSIM *
Maximizing the total AEWP,

supplied water demands of crops

Actual irrigation depth
Actual Crop yield
Actual AEWP

Optimum Irrigation Plan
Convergence? Yes——p{ optimum Cultivation Areas
(Cropping pattern)

265 Figure 3. Flowchart of the CSPSO-MODSIM hydro-economic optimization model.
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266  3.3. Predicting future climatic scenarios by updated quantile mapping

267 Regarding the projections of future climate change scenarios, they are mostly taken from Emami
268 and Koch [12] who used several climate models (GCMs) of the CMIP5 archive [28] as mentioned in
269  the fifth IPCC report [29] to select the most suitable one based on a climate model’s skill to simulate
270  the past climate in terms of minimum and maximum temperatures and precipitation. For assessing
271  the impacts of climate change on the regional scale, the climate predictors of the selected GCM
272 models were then downscaled using a recently-coming-to-the-fore statistical downscaling method,
273 namely, QM (Quantile Mapping) [30,31], which proved to have better prediction performances than
274  the more commonly used classical statistical downscaling model (SDSM). We forego a detailed
275  description of the QM-downscaling method and refer the reader to [12].

276 In the first step of the QM method, the monthly biases of the future GCM- simulated climate
277  variables between year 2020 to 2098 are removed using a trend-preserving bias correction, namely,
278  ISI-MIP approach [30]. In this approach the GCM- simulated temperatures (min. and max.) are
279  corrected applying an additive correction factor CT; and for the precipitation and a multiplicative
280 correction factor CP;j to each month of a year (j=1,..12) of the GCM-simulated precipitation. In the
281  second step a new, updated quantile mapping method [31] is used to correct the daily biases of the
282  temperatures and precipitation in each month (e.g. all Januaries) using EDCDFm and CNCDFm CDF-
283 (cumulative distribution function) matching methods, respectively. Emami and Koch [12] proved
284  that these QM-variants perform better than other statistical downscaling methods in removing biases
285  in the GCM- climate predictors for the study region by delivering much better correlations with the
286  observed predictands (temperatures and precipitation) at the high-resolution, local scale, and all this
287  without almost no extra computational costs.

288  3.4. SWAT- simulation of the hydrological processes in the agricultural watershed.

289  34.1. Model setup and calibration

290 The Soil Water Assessment Tool (SWAT) model is a physically-based, river basin-scale, time
291  continuous simulation model that operates on a daily time step. Although this model has originally
292 been developed to mainly simulate the impacts of land management practices in large and complex
293 watersheds [32], it is widely used as a long-term rainfall-runoff model and efficient hydrologic
294 simulator of water quantity and quality, so that it has increasingly being used to investigate climate
295  change impacts on agro-hydrological systems [11,33].

296 The SWAT model requires quite a wide range of input data, as described in Section 2.2. To
297  represent the large-scale spatial heterogeneity of the study basin more precisely, the SWAT modeled
298 domain, i.e. the major basin, is divided into several sub-basins, usually delineated with the help of
299  the topographic DEM using the ARCSWAT extension of ARCMap program. Then, each sub-basin is
300  parameterized using a set of HRUs (Hydrologic Response Units) which are based on a unique
301  combination of soil and land cover and management. For the SWAT-model of the ZRB, 11 sub-basins
302  (as shown in Figure 1) with a total of 908 HRUs have been defined.

303 After the parameterization of the SWAT- model’s input data entries is done by using the
304  stochastic sequential uncertainty fitting version 2 (SUFI-2) optimization algorithm embedded in the
305 SWAT-CUP decision-making framework [34]. Various kinds of objective functions as measures for
306  the goodness of the fit of the modeled to the observed streamflow are available in the SUFI-2
307  algorithm, wherefore Krause et al. [35] indicates that for a reliable calibration and validation of the
308 model a combination of different efficiency criteria, such as the coefficient of determination R?, the
309  Nash-Sutcliff efficiency coefficient NSE, and bR? (b is the slope of the regression line between
310 observed and simulated streamflow), should be considered.

311 In the present application the calibrated input parameters of the model have been taken from
312  Emami and Koch [12], where further details of the calibration/ validation as well as the model setup
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313 are presented. Basically, the optimal range of model input parameters was determined hierarchically
314  sub-basin-wise, from the utmost upstream sub-basin (11) outlet down to the main outlet of the basin.
315 Based on the SUFI- sensitivity analysis, 24 model parameters were shown to be sensitive
316  parameters for affecting the stream discharge, out of which the SCS curve number (CN2), the
317  groundwater delay time (GW_DELAY) and the moist bulk density of the soil (SOL_BD) turned out to
318  be the three most sensitive variables. With these optimized parameters good fits of the modeled
319  to the observed discharges were obtained at the six streamflow stations (sub-basin outlets) for the
320  calibration (1998- 2012) and the validation (1991-1997) periods, with average R> 0.7, NSE>0.6 and
321  bR>0.5 which, according to the classification proposed by Moriasi et al. [36], is considered
322 satisfactory. As the SUFI-computed uncertainty of the calibrated model which is quantified by the
323 P- and the R-factor (see [37,12]) has average values of R >0.75 and P close to 1, there is enough
324 confidence in the calibrated SWAT- model for the ZRB.

325  3.4.2. Predicting the impacts of future climate change on the hydrologic cycle

326 It is important to evaluate the hydrologic responses to future changes of climate for improving
327  adaptive water management, as the variability of precipitation and temperature in terms of trends
328  and extremes will eventually increase the likelihood of severe and irreversible negative impacts on
329  the ecosystem including lakes and rivers. To that avail, the future downscaled climatic scenarios i.e.
330  the QM- bias corrected predictions of the minimum and maximum temperatures and precipitation
331  are employed as weather input drivers of the calibrated basin-wide hydrologic simulation model,
332 SWAT. As a result, the future hydrologic cycle and the available water resources of the ZRB under
333 the climate change can be assessed, especially the input of the dam, the Inter-basin discharge of the
334 river reaches, the groundwater recharges and the withdrawals of the shallow aquifers.

335  343. Crop yield simulation and calibration of the potential crop yield

336 The SWAT model is also capable of simulating crop productions and yields efficiently, as has
337  been shown in many publications (e.g. [38,39]). To do this in the ZRB, the current management
338  operations of the various crops there are specified initially in the SWAT model, together with the
339  corresponding planting and harvesting dates and the irrigation sources, based on information given
340 by Ahmadzadeh et al. [24]. The crop yields for seven major crops in the ZRB are then calibrated by
341  adjusting a set of effective parameters in the model, until the averages of the simulated crop yields
342 of the basin match those of the observed ones (gathered from MOA [22]) in a reasonable manner.
343  These simulated crop yields are then extracted from the SWAT file output.hru to represent the
344  potential crop yields of the ZRB.

345  3.5. Water resources management and planning module

346 3.5.1. Agro-economic water productivity

347 For a better management of the future water resources in a water-scarce region, such as the ZRB,
348 it is necessary to make the water supply- and/or the irrigation system as efficient as possible.
349  Because of the competition of the different stakeholders for the scarce freshwater resources in the
350  region, not only for agriculture, a paradigmatic policy shift is required from a) maximizing
351  productivity per unit of area to b) maximizing productivity or economic value per unit of consumed
352 water [40], as both the irrigated agriculture’s land base and the water supplies are continuously being
353  depleted and reallocated, in order to produce even more agricultural crops. To achieve this policy
354  shift, the net benefits of the water used, i.e. the productivity per unit of water should be increased.
355 The crop-water productivity CWP. (kg/m?) is defined as the ratio of the amount of crop yield
356  produced Y. (kg/ha)to the amount of water delivered per unit crop area Qc (m?/ha) during the crop’s
357 production [41]. The next step is then to define the agro-economic water productivity AEWP-:
358  (USD/m?3) as the ratio of the net total economic value of the crop NEB: (USD) to the total amount of
359  water Q' (m3) delivered under the priority constraints provided by MODSIM (see following
360  subsection) [42]:
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361 AEWP.= NEB:/Qt = [(Pricec* Yc - Costc)* Ac]/ Qtc = (Pricec*Ye - Coste) / Irre (1)

362  wherePricec (USD/kg) is the selling price of the crop, Cost. (USD/ha) is the total production costs of
363  the crop, Ac (ha) is the crop cultivation area, Irrc = Qt/Ac (m) is the irrigation water height, and
364  the other variables are as defined above .

365 Based on the definitions above, for boosting the agro-economic water productivity AEWP. as the
366  ultimate objective, it is firstly necessary to increase the crop water productivity CWP, particularly, in
367  areas where the water is scarce. This can be achieved by adopting proven agronomic and water
368  management practices, such as deficit irrigation or modern irrigation technologies (e.g. pressured
369  systems and drip irrigation). Next, to improve the economic yield then one may need to (a) switch
370  from low- to high-value crops, for example, from wheat to strawberry, (b) lower the costs of inputs
371 (labor, water technologies), (c) attempt to get multiple benefits of the irrigation water, e.g. using
372 (cheaper) recycled wastewater [42]. Eventually, it may be recommendable to replace water-thirsty,
373  sensitive crops by more drought-resistant crops, e.g. Pistachio [43].

374  35.2. MODSIM water resources management model

375 The MODSIM  simulation model is a generalized river basin network model for developing
376  basin-wide strategies of short-term water management, long-term operational planning, drought
377  contingency planning, water rights analysis and conflict resolution between different water users
378  [18,44]. This model has enjoyed widespread application across the world to simulate operations as
379  mentioned [45-47,19].

380 The core idea behind MODSIM is to represent a complex river basin system by a flow network
381  consisting of coupled sequences of nodes and links, with the former symbolizing storage
382 components, such as reservoirs and aquifers, points of inflow, demands, diversions, and river
383  confluences, and the latter representing river reaches, pipelines, canals, and stream-aquifer
384  interconnections defining stream depletions from pumping and return flows from seepage and other
385  water applications. Further network elements of the model consist of unregulated inflows, reservoir
386  operating targets, consumptive and instream flow demands, evaporation and channel losses,
387  reservoir storage rights and exchanges, and stream-aquifer modeling components. In addition,
388  various surface and ground water resources with their inter-relationships can be represented by
389  highly nonlinear, non-convex or discontinuous equations [48]. Details on how each of the
390  components is modeled and calculated in the model can be found in Fredericks et al. [18].

391 The model sequentially solves a linear optimization problem within the confines of mass balance
392 throughout the network over the planning period by means of a highly efficient network flow
393  optimization (NFO) algorithm solved with the Lagrangian relaxation algorithm RELAX-IV [49]. More
394 specifically, the following constrained flow optimization problem is solved for each time interval
395 (t=1,...,T) over the planning horizon:

396 Minimize Ykea Cklk (2)
397 subject to:

398 Zkeoi qx - Zkeoi Ak =b;;; for all nodes ieN 3)
399 Ly < qr S wy; foralllinksk € A (4)

400  where A is the set of all links in the network; N is the set of all nodes; g is the integer valued flow
401  rate in link k; cx are cost weighting factors, i.e. the water right priorities per unit flow rate in link k; bi
402 is the (positive) gain or (negative) loss at node i at time ; Ii  the set of all links terminating at node i
403 (inflow links); Oi the set of all links originating at node 7 (outflow links); and Ix and ux are lower and
404  upper bounds, respectively.

405 The cost factor ¢« for accounting for active storage and demand links priorities are generally
406  calculated using the following formula:

407  a=-(50000-10*PR«) (5)

408  where PRk is the integer priority ranking which ranges between 1 and 5000 for the reservoirs or the
409  demands, where the negative sign states that high-rank nodes (1, 2, etc.) are given more weights in
410  the minimization of the cost function (Eq. 2).

411
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413 Figure 4. Schematics of the MODSIM model for the ZRB with related demand nodes, separated into three
414 demand area groups as indicated by the corresponding suffixes.
416 The cost factor may also include economic factors which are defined in this study for the crop

417  demand links as the cost of the crop water supply (ccc) based on the agro-economic water productivity
418  index AEWP: (Eq. 1), i.e. cc=-AEWP: which means that more water should be allocated to a crop that
419  provides more economic benefits than others for the same amount of water delivered.

420 The schematic network of the MODSIM ZRB model with the various demand nodes represented
421  in Figure 3. These demand nodes can be categorized into four groups: (1) the network of the dam
422 croplands (ZRB), suffixed _ZRB, (2) the future development croplands of the RK, suffixed _RK, (3)
423  the crop demands supplied from the reach, suffixed _rch, and (4) the demands supplied from the
424  groundwater aquifers, wherefore two aquifer storages are defined cumulatively for the upstream-,
425  suffixed _gwup, and downstream, suffixed gwdown areas of the Boukan dam. The conjunctive
426 water uses, i.e. surface- and groundwater irrigation are linked by connecting the river network nodes
427  and the shallow aquifer storages with the corresponding demand nodes. Other non-agricultural
428 water demands include the potable demand of Boukan and Tabriz cities, the industrial demands of
429 the dam, the Legzi water transfer, the other agricultural water rights, the environmental rights of the
430  Boukan Dam and the LU environmental water demand.

431

432 The hydrologic inputs for the MODSIM- model are captured from the flow results of the SWAT
433 model, including the inflow of the dam, the river discharges and the inter-basin flows (the inter-
434  basins 7-3 and 2-1 describe the generated water in sub-basins 7 to 3 and sub-basins 2 to 1,
435  respectively), the storage of the shallow aquifers, the recharges (GW_Rchg), the contributing flows to
436  the surface water and the drainage (GWQ + Drainage). The different types of the water demands,
437  water transfers (such as the transfer to the RK Plain from the Simineh River) are all initially defined
438  based on values given by MOE [24] and the irrigation and water requirements of the various crops
439  are adjusted based from provisional values of Ahmadzadeh et al. [23].

440 The MODSIM ZRB simulation model is customized on the MODSIM 8.5 platform using the
441  custom coding module in VB.NET routine, with further details provided in Section 3.6.

442 3.6.Constrained Stretched Particle Swarm Optimization (CSPSO) search algorithm

443 The Particle Swarm Optimization (PSO) method proposed first by Kennedy and Eberhart [50] is
444  astochastic evolutionary social behavior-based optimization algorithm for solving nonlinear global
445  optimization problems in an efficient way. The main idea behind the development of the PSO is social
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446  sharing of information among individuals of a population in nature (the flock or swarm), in order to
447  provide an evolutionary advantage for all individuals to move towards some optimum [51-53].

448 A PSO model consists of a number of N particles (the swarm) moving around in the D-
449  dimensional search space, with each particle representing a possible solution to a numerical problem.
450  Inthis D-dimensional search space the actual location of the i-th particle (i=1,...,N) can be represented

451 by a D-dimensional vector of position Xi =(xi, x2, . . . , xio) and the position change (velocity) by
452 another D-dimensional vector Vi = (vii, vi, . . ., vip). The best candidate solution which is the best
453  previously visited position of the particles of the swarm is denoted as Pi = (pi, pz, . . ., piD).

454 Assuming that the g-th particle is the best and denoting the iteration by the superscript n,

455  the swarm is manipulated according to the following two equations [54,55]:

456 vt =y (w"v}}i + o (pfy — xfy) + o3 (pia — x}}i)) (6)

457 x5t =l + ot (7)
458 on = em ) (8)

459 PN <y, < pEX (9)

460  whered=1,...,D, with D the number of decision variables;i=1,...,N, with N the size of the swarm;
461 r1, r2 are uniformly distributed random numbers in [0, 1]; n=1,2, ..., the iteration number; c1, c2
462  acceleration coefficients that are, respectively, the cognitive and social components of the particle
463 velocity, representing the impact of self-knowledge and the collective effect of the population; x a
464 constriction parameter which is employed, alternatively to the inertia parameter w to limit the
465  velocity to the range [v™", p™Ma¥],

466 By incorporating a recently proposed technique called Function Stretching into the classical PSO,
467  Parsopoulos and Vrahatis [52] arrived at the SPSO method which has the capability to alleviate the
468  attractions of local minima of the objective function and so to rise the success rates for finding a
469  truly global solution of the problem.

470 The basic idea of SPSO is to use a two-stage transformation of the original objective function f(x),
471  which can be applied immediately after a local minimum X of the function f (x) has been detected,
472 defined as follows:

473 G(x) = F(x) + yallx — 2l (sign(f(x) — (D) + 1) (10)

475  wherey1, 2, and p are arbitrary user-defined constants. The first transformation stage, G(x) elevates
476  the function f(x), eliminating so most of the local minima, whereas the second stage, H(x) stretches
477  the neighborhood of X upwards, as it assigns higher function values to those points. The location of
478  the global minimum is left unchanged, as both stages do not alter the local minima located below %.
479 Further details of the implementation of the of CSPSO- methodology and its extension for
480  solving the constrained optimization (CO) problem of the maximization of the net economic benefit
481  of the total cultivated crops in the area under the constraints of limited water resources, water right
482  priorities, and crop area limitations are present in the following sub-section.

483
484  3.7. Optimizing the agro-economic water productivity with CSPSO-MODSIM method

485  3.77.1. Formulation of the constrained optimization problem

486 The ultimate objective of the hydro-economic optimization model is to maximize the economic
487  productivity of the sum of all crops in an irrigation plot under the constraints of limited water
488  resources and crop areas available. By summing up Eq. 1 for all cmax crops, the objective function is:

489 Z = AEWP, = Y9 AEWP, =Y [ (Price. Y, — Cost,)*A.]/ Q¢ (12)
490 (with the notations as given for Eq. 1) so that the optimization problem can be stated as follows:
491 Maximize Z <=> Minimize (-Z), (13)
492 wherefore, for application of classical optimization (minimization) routines, like CSPSO, the

493 objective function Z is replaced by its negative.
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494 This, yet unconstrained optimization formulation will be extended to a constrained one by
495  adding appropriate constraints as discussed below:
496 First of all, the actual crop yield Y:entering Eq. 12 is dependent on the amount of irrigated water

497  available which in turn depends on the actual water allocation (simulated by MODSIM). Thus, if the
498 irrigation water amount delivered, Q., is less than the crop water requirement, ETc, the actual crop
499  yield, Y, will not reach its potential (maximum) crop yield Ymax.. This is epitomized by the
500  following FAO-equation [56]:

501 Y, = Ymax, = (1 = Ky, (1 — Q./ET.)), (14)

502 where Ymax. is the potential crop yield, estimated by SWAT as mentioned earlier, ET: is the
503  crop water requirement, Q. is the MODSIM- simulated allocated irrigation water, Ky. is a FAO-
504  based yield response factor describing the effect of a reduction of irrigation water on the crops yield
505  losses, with values gathered from Steduto et al. [57]. The crop water requirements ET. were obtained
506  using NetWat software from CropWat application series of the Iranian Water Directive (IWD)
507  developed by the Iran government for estimating the effects of future climate change [58]. Eq. 14
508  shows clearly that unless the crop water requirement ETc is fully met by irrigation water Qc, the
509  actual crop yield Y will be less than its potential crop yield Ymax..

510 The second kind of constraints for the optimization problem (14) model arises then firstly from
511  the fact that the sum of all croplands cannot exceed the total arable area of the irrigation plot, i.e.
512 Y7, Agppi=Atzrs (15)

513 Y71 Apgi = Atre (16)
514 iz=1 Arcni + Zis:l Agwi= Atups (17)

515 where Atzre=684.2 km?, Atz = 125 km? and Atups = 250km? are the future total arable areas

516  supplied by the Boukan Dam irrigation network (ZRB) , of the RK plain and of the agricultural
517  areas upstream of the dam, respectively, according to the SWAT- land use map and based on
518  informationof MOE [24]. The sums in Egs. 15 to 17 run over 7 different areas, as this is the number
519 of the major crops cultivated in the region which are, in alphabetic order, alfalfa, apple, barley,
520  potatoes, sugar beets, tomatoes and wheat.

521 Further constraints which are varied later in the modelled scenarios pay attention to the fact that
522 ahigh-benefit (low water costs) crops cannot be solely cultivated over the whole ZRB, but there are
523 constraints on areas attributed to the various crops, not to the least to satisfy the population’s food
524  demands. More specifically, for each arable crop an allowable range of area size Ac is defined,
525 wherefore the maximum values are taken from MOE [24] and for the minimum areal sizes two
526 alternatives are investigated. In both of them, denoted as Smini and Sminzin Table 1, the minimum
527  areas devoted to the two cereals (barley, wheat) of the Boukan Dam network plot (BARL_ZRB and
528 WWHT_ZRB) are set to the current arable area, whereas for the other crop/area demand nodes the
529  minimum is assumed to have (1) no limitation (=0) for Smini, and (2) 60% of the maximum arable
530  area for Sminz. Based on these two numbers the corresponding areal sizes for the different crops have
531  been computed for the different irrigation plots and listed in Table 1.

532 Table 1. Area constraints (km?) for the two minimal-area scenarios (Smini1 and Sminz) devoted to the different
533 crops for the three irrigation demand areas ( ZRB, RK and upstream areas of the Boukan dam).
Amin Amin
Crop/ area name Amax Crop /area name Amax
Sminl Smin2 Sminl Smin2
ALFA_ZRB 0.0 199 154.2 SGBT_RK 0.0 30 5.1
APPL_ZRB* 109.2 TOMA_RK 0.0 51 8.4
BARL_ZRB 645 645 166.0 WWHT_RK 0.0 36.5 60.8
POTA_ZRB 0.0 109 35.6 APPL_gwdown* 21
SGBT_ZRB 0.0 216 35.6 ALFA_gwup 0.0 142 237
TOMA_ZRB 0.0 145 59.3 POTA_gwup 0.0 33 55
WWHT_ZRB 237.6 237.6 4151 SGBT_gwup 0.0 33 55
APPL_RK* 0.0 TOMA_gwup 0.0 55 9.1
ALFA_RK 0.0 132 20 BARL_rch 0.0 153 25.6
BARL_RK 0.0 142 23.6 WWHT_rch 0.0 384 63.9
POTA_RK 0.0 3.0 51

534
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535 Finally, as the production of cereal crops, i.e. barley (BARL) and wheat (WWHT) has a strategic
536  importance in the ZRB as well as for Iran overall, three cereal crop pattern scenarios are considered
537  further in this study, namely, that the sum of the cropland areas devoted to barley (Asart) and wheat
538 (Awwrr) will be a portion X of the maximum - minimum range above the minimum areas, i.e.:

539 ABARLHAWWHT 2Amin+ X * (Amax-Amin) (18)

540 where X is the limiting production factor of the cereal crop pattern scenario and is set to,
541  respectively, X=0.35, 0.5 and 0.65 for the three scenarios investigated, and Awmin and Am are the
542 sum of the area limits of the different demand plots for the two crops (barley and wheat) (Table 1).

543  372. Integration of MODSIM and CSPSO algorithm

544 To solve the optimization problem, Eq. 13, subject to the four constraints, Eqs. 15- 18, by means
545  of the CSPSO method, a penalty function method is used (e.g. [53]). The latter allows to convert a
546  constrained optimization problem to an unconstrained optimization problem, by adding the
547  constraints as a weighted penalty to the objective function (Eq. 13) in the form:

548 Minimize (—Z + h = 21<, PF;) (19)
549  where nc is the number of constraints, PF; is the penalty factor of i-th constraint (Eqs. 15 - 19) which
550  takes the binary values 0 or 1, depending on whether the constraint is satisfied or violated,
551  respectively and h is the static penalty weighting factor value, which is found to be 10000 by trial and
552 error based on a convergence analysis as well as PSO-literature recommended values.

553 Other parameters to be specified in the various CSPSO- equations of the previous sub-section
554  aretakenin agreement with recommended literature values as (e.g. [53,54]): N=40 (swarm size), n=500
555 (maximum iteration number); ci=1.2 and c2=0.8 (acceleration coefficients), y1=5000, y2 =0.5, p = 10e-1
556  (three constraints of function stretching) and x =1 (constriction parameter).

557 Finally, to arrive at the CSPSO-MODSIM integrated hydro- economic model (see Figure 3), the
558  MODSIM water management tool is embedded in the CSPSO-optimization method as an inner layer
559 of the iteration process. Thus, in the first iteration, the search algorithm generates the decision
560  variables of the arable crop areas which should meet the ranges specified in Table 1. In the next step
561  the water demands and their priorities are designated to the MODSIM- model based on the initial
562  irrigation depth (estimated with SWAT) and the AEWPs (Eq. 1). Then, the optimal irrigation depths
563  of the crops are estimated in MODSIM using Egs. 2 to 4, with flow inputs from SWAT. The actual
564  crop yields are predicted using Eq. 14 and returned to the CSPSO model, together with the optimal
565  irrigation depths, to calculate the fitness/penalty function, Eq. 19. This procedure, coded in the
566 MATLABO environment, is repeated for each iteration of the CSPSO, using the swarm-intelligence,
567  until the penalized objective function converges to the maximum net economic benefit of the total
568  crop production in the three irrigation plots. Usually, after 400-500 iterations no noticeable further
569  improvement in the objective function was obtained.

570
571

572 4. Results and discussion

573 4.1. Historical and future climate projections

574 The min. and max. temperatures- as well as the precipitation- predictors of the CGCM3 and
575  CESM-CAMS5 GCMs from the CMIP5-GCMs archive were found, respectively, by virtue of the skill
576 score multi-criteria method, to be the most suitable climate predictors for further QM- downscaling
577 [12].

578 The QM- downscaling model was calibrated and validated for each month of the year (e.g.
579  January) for the time periods 1987-1998 and 1999-2005, respectively. The validation of the model was
580  considered satisfactory, as the CDFs of the bias-corrected min/max temperatures and precipitation fit
581  the CDF of the corresponding observed variables. In addition, the reliability of the QM- downscaled

582  predictors was also evaluated by comparing them with the observed data for the period 2006-2015,
583


http://dx.doi.org/10.20944/preprints201808.0361.v1
http://dx.doi.org/10.3390/su10113953

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2018 d0i:10.20944/preprints201808.0361.v1

8 0f29

584 Table 2. Goodness of fitness measures of the QM-model for different RCPs for the time period 2006-2015.

gzg Climate Statistical RCP scenario

587 variable measure RCP45 RCP60 RCPS85
588 R? 0.81 0.88 0.78
589 Temperature SE 5.80 3.75 6.10
590 IA 091 0.95 0.88
591 R2 0.23 0.31 0.19
592 Precipitation SE 24.2 21.1 235
593 IA 0.68 0.81 0.63
594

595

596  using the goodness of fit measures coefficient of determination (R?), standard error (SE) and index of
597  agreement (IA) which are summarized for the three RCPs investigated in Table 2 (for further details
598  see[12]).

599 Figure 5 shows the spatial distributions of the observed / QM- downscaled average annual
600  temperatures and precipitation in the ZRB for the historical reference period (1987-2015).
601 GCM/QM-downscaled climate predictions for three RCP scenarios (RCP45, RCP60 and RCP85)

602  are shown for three future periods, near (2020-2038), middle (2050-2068) and far future (2080- 2098),
603  in Figures 6 - 8, respectively. One may notice from these figures that the trends in all future RCP-
604  scenarios are approximately the same, such that, compared with the historical references period (see
605  Figure 5), both the temperature and the precipitation are mostly increased.

606 In particular, for the near future period (Figure 6), the RCP45- and RCP60- scenarios turn out to
607  be wetter than RCP85, wherefore RCP45 has a high precipitation increase coinciding with a moderate
608  temperature rise, RCP60 practically no  temperature rise, and RCP85 has a rather high temperature
609  increase.

610 For the middle future period (Figure 7), and compared with the near future period (Figure 6),
611  the RCP45-scenario will be drier again, going hand in hand with a small temperature rise, whereas
612  RCP60 will become wetter while temperature will rise moderately. For RCP85, the trend is
613 straightforward, with both a temperature and precipitation increase.

614 Finally, the far-future period (Figure 8) must be highlighted as most critical, as, compared with
615  the middle-future period (Figure 7), on one hand, the temperature increases another 3% to 14% and,
616  on the other hand, the precipitation decreases by another 4% to 22%, depending on the RCPs, with

617  RCP85, as the most extreme, at the upper ends of these ranges.
618

619
620
621
622
623 250- 300
624 B z00- 350
625 B :s0- as0
626 B 250 sc0
627
628
629
630
631
632
633
634
635  Figure 5. Spatial distributions of average 1987-2005 observed/bias corrected precipitation (left) and
636  temperatures (right) in the ZRB.
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659  Figure 6. Spatial distributions of average precipitation (top) and temperature (bottom) in the ZRB

660  during the near future period (2020-2038) for three RCPs.
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711 Figure 7. Similar to Figure 6, but for the far future period (2080-2098).
712
713 4.2. Climate change impacts on the hydrology of the ZRB
714 To evaluate the future climate impacts on the hydrology of the ZRB, the results of the statistics

715 of the average annually accumulated of the SWAT-simulated monthly inflow to the Boukan Dam,
716  starting from the minimum over various percentiles to the maximum, together with the resulting
717  water balance components, surface runoff (SWQ), lateral subsurface flow (LWQ), groundwater
718  inflow (GWQ) and water yield (WYLD), as taken from Emami and Koch [12], are presented for the
719 three future periods under the three RCPs in Table 3.

720 As can be seen from the table, the highest increase and decrease of the annual dam inflow are
721  predicted for RCP60 an RCP85, respectively. Compared with the minimum and the mean historical
722 dam inflow, those values will be increased in the near and middle future, except for RCP45 in the
723 near future, whereas they will decrease by 2% to 23% for the far future period. The maximum dam
724 inflow will augment by 22% to 66% in the time period 2020- 2068, but decrease again by 6% to 31%
725  after 2080. The low (25%) - quantile of the dam inflow will also experience a decrease, except for
726  RCP45 in the middle future, whereas the high (75%) quantile will mostly increase, except of the far
727  future period. The trends of the water balance components, e.g. of the water yield, are the same as
728  the mean dam inflow.

729 The last column of Table 3 lists the Water Supply Stress Index WaSSI which is defined as the
730 ratio of the total water demand WD (extracted from Emami and Koch[12]) (second to last column) of
731  all sectors to the total water supply from surface and groundwater sources, i.e. the water yield YWLD
732 (third to last column). Obviously, low values of WaSSI <1 mean low water stress and WaSSI- values
733 reaching 1 and above indicate high stress. Based on the WaSSI- indices computed in this way, Table
734 3 shows that the water stress in the ZRB will be higher than that of the historical period for the near-
735  and middle-future periods and rise to an even alarming level (WaSSI >1) in the far-future period.
736

737
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738 Table 3. Statistics of the inflow of the Boukan dam, basin water balance components, total water demand
739 (WD) (MCM/yr) and WaSSI- index for historic and future periods under different RCPs, with % -values
740 denoting relatives to the historic reference period.
Statistics with quantiles of dam
Basin parameter
. inflow
Scenario
25th 75th
Min Mean Max | SURQ | GWQ | LATQ | WYLD | WD | WaSSI
Perc* Perc*
Historic 154 704 990 1217 | 2213 46 84 38 2020 | 1375 | 0.68
RCP45 | -29% | -49% | 9% | -18% | 66% | -13% | -18% | -16% | -16% | 1288 | 0.76
Z
] RCP60 | >100% | -16% | 29% | 39% | 49% | 13% 5% -8% 4% 1288 | 0.61
2
RCP85 | 64% -9% 21% 62% | 27% | -24% -2% 21% 2% 1288 0.65
z RCP45 | 27% 23% | 44% | 67% | 22% | 11% | 15% | 21% 15% | 1373 | 0.59
E RCP60 2% 41% | 23% | 47% | 54% 2% 2% 3% 1% 1373 | 0.67
® RCP85 | 58% -8% 35% | 62% | 31% 2% 4% 24% 7% 1373 | 0.64
RCP45 | 19% | -36% | -23% | -14% | -30% | -37% | -46% | -11% | -36% | 1501 | 1.16
a? RCP60 | 54% | -29% | -2% 12% | 6% | -24% | -32% | 13% | -20% | 1501 | 0.93
RCP85 | 19% | -36% | -25% | -14% | -30% | -63% | -67% | -26% | -57% | 1501 | 1.73

741

742 4.3. Crop yield simulation

743 As a major ingredient of the CSPSO-MODSIM crop pattern optimization model, the potential
744 and actual crop yields of the major crops in the ZRB must be correctly known as these simulated and
745  adjusted in the iterative optimization process, based on the prioritized water allocation and using
746  FAO equation 14.

747 To simulate the crop production processes with the SWAT mode], firstly the scheduled irrigation
748  management operations are entered in its management module (.mgt). The most important
749  management operations include planting, irrigation operation and harvest operation, for which the
750  needed data has been taken from Ahmadzadeh et al. and MOE [23,24], i.e. the irrigation operations
751  are defined for the HRUs with the major crops and using their monthly crop water requirements
752 (ET.), in terms of their irrigation depths, listed for the 7 crops in Table 4. These crop water depths are
753 then later employed in the FAO equation, together with the available, prioritized water allocation Q,
754 to update the actual crop yield in the CSPSO-MODSIM model iteration process.

755 The crop yields are computed in the SWAT-model based on crop parameters specified in the
756  crop.dat input file. A set of initial crop yield effective parameters, described in Table 5, are adjusted
757  based on literature values [23,59] and fine-tuned during the calibration/sensitivity analysis of the
758  model to minimize the residuals of observed-simulated annual crop yields. The resulting final
759  values of the crop parameters are also listed in Table 5. The SWAT- simulated crop yields are later
760  applied as potential crop yields, Ymax. in the FAO equation (14), as it was found that the amount of
761  irrigation water dispersed to a crop was more than compensating its crop water need so that the crop
762  yields remained the same when an unlimited source of irrigation water was applied.

763 Using the calibrated crop parameters, the crop water requirements and the irrigation time
764  scheme, as specified in Tables 4 and 5, the average crop yields over the time period 1987-2012 are
765  simulated and compared with the observed average crop yields in the ZRB. The regression- and the
766  bar- plot of Figure 9 indicate that the SWAT-model simulates the observed actuals crop yields - which
767  as mentioned are in fact potential crop yields, Ymax. - in a satisfactory manner.

768

769

770

771
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772 Table 4. Monthly crop water requirements (mm) for the major crops in the ZRB and their irrigation intervals
773 (days).
Crop
Month
ALFA APPL BARL POTA SGBT TOMA WWHT
Apr - - - - 200 - -
May 270 310 260 115 300 - 360
Jun 270 310 260 350 300 210 360
Jul 270 310 - 350 300 210 -
Aug 270 310 - 350 300 210 -
Sep 270 310 - 350 300 210 -
Sum 1350 1550 520 1515 1700 920 720
Irrigation
. B 15 15 10 10 10 10 10
interval (days)
774
775 Table 5. List of effective crop yield parameters adjusted in the SWAT-calibration process.
Final calibrated value
-ameter i i finiti = =
Parameter Dimension Definition E E E § é g z
= = = g B =
BLAI mY/m? Maximum potential leaf area index 50 55 34 45 5.0 45 4.0
i . Harvest index for optimal growing
HVSTI Dimensionless | .onditions 0.7 0.6 0.3 1.15 2.0 1.4 04
2 Fraction of growing season when
DLAI Dimensionless leaf area begins to decline 0.99 0.99 0.60 0.90 0.92 0.95 0.5
Fraction of the plant growing
FRGRW! | Dimensionless | 2500 corresponding to the It 002 | 01 | 015 | 015 | 005 | 015 | 005
point on the optimal leaf area
development curve
Fraction of the maximum leaf area
2/m?2
LAIMX1 m¥m’ index corresponding to FRGRW 1 0.01 0.4 0.01 0.10 0.05 0.50 0.05
Fraction of the plant growing
FRGRW? | Dimensionless | S€250n corresponding to the lst 015 | 05 | 045 | 030 | 05 | 035 | 045
point on the optimal leaf area
development curve
. Fraction of the maximum leaf area
LAIMX2 m¥m? index corresponding to FRGRW? 095 | 095 | 095 | 095 | 095 | 095 | 095
Minimum (base) temperature for
Tbase °c plant growth 20 20 25 22 18 22 20
Optimal temperature for plant
Topt °c growth 4 7 0 7 4 10 0
EXT_COEF | Dimensionless | Light extinction coefficient 057 | 065 | 065 | 065 | 0.65 1.0 | 065
Kg.m? Radiation-use efficiency or
BIO.E (ha.MJ) biomass-energy ratio 15 20 3 43 30 50 40
776
40 4 45
R?*=0.96 B obs mSim
35 - 40
& yah 35
T304 //
S » s T
< 25 . . 3
2 N o 1 g5
& / E 20
N >
I8 / §1s
] d 5
1 0
“ /
54 { 5
0 T T T T T T T T 1 0
0 5 0 15 20 25 30 35 40 45 AIFA  APPL  BARL  POTA  SGBT  TOMA  WWHT
Observed crop yield (Ton/ha) Crop type
777  Figure 8. SWAT- simulated and observed annual crop yields for 1987-2012. Left panel: Linear regression; right
778  panel: bar chart.
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779 Table 6. Current selling prices, production costs, crop yields, crop areas, crop water requirements and initial
780 AEWP of the major crops in the ZRB
Crop ALFA APPL BARL POTA SGBT TOMA WWHT
Price (USD/kg) 0.21 0.07 0.25 0.13 0.06 0.14 0.32
Cost (USD/ha) 978 5501 420 1144 643 2056 503
Potential crop 7499 23627 2660 14235 22970 21391 3619
Area (km?) 217 111 65 11 22 14 237
ETc (mm) 1350 1550 520 1515 1700 920 720
AEWP (USD/m3) | 0.04 -0.14 0.05 0.05 0.04 0.09 0.09

781  4.4. Hydro-economic model analysis of optimal crop pattern

782  44.1. CSPSO- MODSIM model inputs

783 According to the CSPS-MODSIM model scheme of Figure 3, the crop- and water hydrological
784  initial inputs of the hydro-economic model are as follows: potential crop yields (Figure 9), crop
785 water requirements, i.e. the irrigation depths (Table 3), the SWAT-modeled inflow of the dam
786  (SWAT-file output.std) and groundwater recharges (file output.rch).

787 For the economic analysis of the crop productions, the various crop economic values including
788  the guaranteed selling price by the government, production costs, crop yields, crop areas,
789  irrigation depths and AEWP of the major crops in the ZRB, gathered from [25,26] and listed in
790  Table 6, are required.

791 The decision variables of the model are the cultivated areas (Ac) of the 7-1 major crops (the apple
792  demand node is excluded, because an orchard cannot be replaced by other crops) in each of the three
793  demand areas, i.e. there are 3*6= 18 variables, as shown in Figure 4.

794 In the next step, the CSPSO-MODSIM algorithm generates initial values for these 18 decision
795  variables, depending on the ranges of the individual crop areas for the two minimum area scenario
796  (Smini and Sminz) as specified in Table 1. Then the MODSIM- model will be run starting with the
797  initial sum of agricultural water productivities, AEWP: (Eq. 12), based on the current conditions (see
798  Table 6). In the next step, the allocated water for each crop will be captured from the MODSIM model
799  and, using the FAO Eq. 14, the actual crop yield and the main objective function Z, i.e. the total
800  AEWP: (Eq. 12), will be estimated (updated) and the process repeated as part of the iteration scheme
801  of the CSPSO- MODSIM process, wherefore the decision variables (crop areas) are adjusted based on
802  the CSPSO- swarm information, until the maximum (=negative minimum ) net economic benefit per
803 unit water supply (= total AEWP. ) will be reached.

804 From Table 6 one may notice that the sum of the AEWP- for the current crop areas situation is
805  very low, with only about 0.347 USD/m3, excluding APPL, which is an orchard and it is not
806  considered in the multi-crop optimization model and just applied as a demand node in the MODSIM
807  model. In fact, APPL has a negative AEWP: which means that its production cost is more than its
808  selling price. In contrast, TOMA and WWHT have the highest- and BARL and POTA the lowest-, but
809  still positive agricultural economic water productivities AEWP. .

810

811 442, Optimization of crop pattern areas for the different cultivation area- and cereal production
812 constraints for different future periods and RCPs

813  4.4.2.1. Optimal AEWP:- objective functions for different scenarios

814 The CSPSO-MODSIM simulation- optimization model is run under the two minimum arable
815 cultivation-area constraints (Smini and Sminz, see Table 1) and three different possible levels of cereal
816  production rates (X=50%, 35% and 65%) to find the most suitable crop pattern, i.e. the one providing
817 the maximum net economic benefit per unit water supply, AEWP: . This process is repeated for the


http://dx.doi.org/10.20944/preprints201808.0361.v1
http://dx.doi.org/10.3390/su10113953

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2018 d0i:10.20944/preprints201808.0361.v1

14 of 29

818 Table 7. Optimal Z (=total AEWP)- values (USD/m?) for three kinds of cereal production-rates (X=35%, 50% and
819 65%) under the two minimum arable cultivations areas constraints (Smin: and Sminz2) for three future
820 periods and three RCPs.

Smim Smin:
w w»
Future = ~ X | & | RC | Future = < x| e
RCP , g & & |8 , a | g & |3
period R R R | @ P period R R X | B
(<N o
Near 0.88 | 1.05 | 1.07 Near 129 | 1.31 | 098
RCP RCP S
Middle 1.00 | 091 | 1.00 Middle 131 | 1.32 | 132 | 4%
45 45 a
Far 0.85 | 0.89 | 0.84 Far 093 | 094 | 1.00 |
Average 091 | 0.95 - Average 1.18 - 1.10
Near 098 | 1.05 | 0.93 Near 141 | 1.07 | 1.06
RCP w« | RCP o
Middle 1.03 | 098 | 0.87 | Middle 114 | 1.14 | 119 | %
60 o 60 &
Far 1.04 | 1.09 | 090 | = Far 1.02 | 1.02 | 1.01 | =
Average 1.02 | 1.04 - Average - 1.08 | 1.09
Near 097 | 094 | 0.87 Near 097 | 094 | 091
RCP RCP v
Middle 097 | 099 | 0.87 Middle 1.05 | 1.01 | 1.02 | 7%
85 85 a
Far 097 | 092 | 1.21 Far 098 | 118 | 111 |
Average 097 | 0.95 ! Average 1.00 ! 1.01

821

822 three RCPs and three future periods. The results are shown in Table 7, wherefore for simplification
823  and strategic implications the results in each group have been averaged over all three future time
824  periods.

825 As can be seen from Table 7, for the Smini —-minimum crop area scenario, the 65%- rate for cereal
826  production is recommended over the total future period (up to year 2100) and this holds all three
827  RCPs. However, as in this Smini- scenario the minimum cultivated area for all non-cereal crops is
828  setto zero (see Table 1), such a drastic extension of the cereal cultivation area may not generally be
829  acceptable and will more likely increase the social dissatisfaction of the farmers and stakeholders in
830  thatregion. In contrasts, for the Sminz —scenario the optimal cereal production turns out to be only
831  50% for both RCP45 and RCP85, but only 35% for RCP60, i.e. the cereal production areas will not be
832  extended that much. Therefore, and also because of the higher optimal AEWP: for the Sminz2 —
833 than for the Smini- scenario, the results of Smin: are favored here and will be discussed in more
834  detail in the following. Thus one may notice from the table that the average optimal AEWP:s for the
&35 medium-emission scenarios, RCP45 and RCP60, are with ~1.2 USD/m? about the same, whereas for
836  the high-emission scenario, RCP85, it is about 9 % lower.

837
838 4.4.2.1.1. Optimal simulated future optimal crop pattern for crop-area constraint Sminz
839 For a proper appraisal of the simulated future optimal crop pattern proportions, the historical

840  ones, retrieved from a current land-use map of the study region, are presented in the two pie-charts
841  of Figure 10 for the Boukan Dam network demand area (_ZRB) as well as the upstream demand
842  area of the dam (_gwup and _rch) (see Figure 4, for notations). As the RK-Plain is assumed as a
843  developing agricultural demand only for the future, it is not considered here. These pie-charts
844  indicate that the major crops in the ZRB as a whole are WWHT, ALFA, BARL, SGBT, TOMA and
845  POTA, in descending order. The future optimal crop pattern proportions of the ZRB basin are
846  presented in three pie charts of the Figure 11 to Figure 13 for RCP45, RCP60 and RCP85, which are
847  based on the average of three future periods and the selected cereal production limit (X) from Table

848 7.
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ALFA
30%
WWHT
41%
WWHT
48% ALFA
50%
BARL
. 3 S 13% 6 '
Historical TOMA SGBT POTA GBIboTA BARL
3% 2% 1% 2% 4%
849 Figure 9. Current/historic crop pattern proportions of the Boukan Dam network- (left pie)
850 and the upstream of the dam demand area (right pie).

RCP45 I

=ALFA = BARL =POTA ~SGBT =TOMA = WWHT =ALFA =BARL =POTA «SGBT =TOMA =WWHT = ALFA = BARL =POTA - SGBT =TOMA = WWHT

851 Figure 10. Optimal crop pattern for RCP45 for the three future periods: the near (left panel), middle
852 (middle panel) and far (right panel) future.
853
RCP60 : v
wALFA = BARL =POTA - SGBT =TOMA = WWHT = ALFA = BARL = POTA  SGBT =TOMA = WWHT#® ALFA = BARL = POTA © SGBT s TOMA = WWHT
854 Figure 11. Similar to Figure 11, but for RCP60.
855 = = =
856
857
858
859
860
861
862 RCP85
222 SALFA =BARL =POTA ©SGBT =TOMA =WWHT yAlfA =BARL #POTA «SGBT sTOMA = WWHT sALFA = BARL =POTA ~SGBT mTOMA =WWHT

865 Figure 12. Similar to Figure 11, but for RCP85.
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866 Table 8. Optimal crop areas (km?) for the Sminz- scenario and the optimal cereal area constraints selected (X- %)
867 for the three RCPs for the three future periods (near, middle, far) based on the optimal AEWP: — values found in
868 Table 6.
RCP45 / X-50% RCP60/ X-35% RCP85/ X-50%
Irrigation plot Crop
near | middle | far | near | middle | far | near | middle | far
ALFA 139 135 90 95 59 71 69 58 72
BARL 110 123 119 98 102 101 92 100 74
POTA 21 11 24 28 21 25 31 14 8
Boukan dam network
SGBT 36 36 28 36 22 35 31 24 27
TOMA 15 15 44 59 22 15 16 16 22
WWHT 322 309 282 | 282 271 259 | 317 290 256
ALFA 21 21 15 21 13 13 13 14 17
BARL 24 24 14 24 14 14 18 16 18
POTA 5 5 3 5 5 3 3 5 4
RK plain
SGBT 5 5 3 5 3 3 3 4 4
TOMA 8 8 6 8 8 8 5 7 6
WWHT 61 61 54 61 56 57 37 40 47
ALFA 24 24 20 24 19 17 14 16 18
BARL 26 26 24 26 15 15 19 18 20
Boukan dam
POTA 6 6 3 5 6 3 5 5 5
upstream
SGBT 6 6 3 6 5 3 3 5 5
area
TOMA 9 9 6 9 7 9 9 9 7
WWHT 38 38 38 38 38 38 38 38 29
Total arable area 876 862 776 | 830 686 689 | 723 679 641
869
870 In addition, the optimum values of the 18 decision variables of the CSPSO-MODSIM model i.e.

871  the recommended arable areas of the major crops in the three irrigation plots (A.), are listed in Table
872 8 for different RCPs and 2020-2038, 2050-2068 and 2080-2098 future periods.

873 As can be seen in the Table 8, although the arable area is on average increased from 632 km? to
874 838, 735 and 680 km? for RCP45, RCP60 and RCP85 respectively, it is recommended that the ALFA
875  crop area should be decreased from 15% to 59% because of low agro-economic water productivity
876  and high consumption of this crop. For fulfilling the demands of the alfalfa production in the region
877 Naragqi et al. [43] recommended to cultivate the alfalfa in the riverside of Aras River which is more
878  suitable for this crop and then transfer it to which is expected to be more efficient in economic and
879  water resources point of view.

880 One may notice that the two cereals, WWHT and BARL have the most increase of arable area,
881 72 and 86 km? respectively on average, according to their importance as a strategic crop of the ZRB
882  which is applied as cereal crop pattern scenario to the constraints.

883 In comparison with the historical crop cultivated areas, the SGBT has the lowest development
884  regarding their rather high consumption of water and low AEWP, whereas the TOMA and POTA
885  shares of crop pattern have respectively the most proportional increase for the average of different
886  RCPs because of the rather high AEWP and lower water demand.

887 As expected the lowest agricultural development is recommended for far future- RCP85
888  scenario, whereas the highest area extension is for RCP45 in the near future period. For RCP60 and
889  RCP85 the highest relative increase in percent is in the POTA and TOMA crop proportions, but for
890  for RCP45 in BARL and TOMA crops.
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891  Table 9. Total annual economic benefits (in 1000 USD) for the optimal crop pattern distribution for the three
892 future time periods under the three RCPs.

Future period 2020-2038 (near) 2050-2068 (middle) 2080-2098 (far)
. RCP4 | RCP6 | RCP8 | RCP4 | RCP6
RCP scenario | RCP45 RCP60 | RCP85 RCP85
5 0 5 5 0
Annual
economic 598.5 682.6 4149 751.2 642.0 431.2 4185 442 .5 414.3
benefits

893

894  The corresponding annual economic benefits of the recommended crop patterns are also presented
895  in Table 9 in 1000 USD for different RCPs and future scenarios. As expected, RCP45 and RCP60 are
896  estimated to have the rather higher economic benefits up to 2068 unlike of RCP85. For all RCPs the
897  net economic benefits are averagely increased from near to middle future period, whereas the least
898  average economic values are expected to be in the far future period, 2080-2098.

899
900  4.4.2.1.2. Optimal future crop water irrigation depths
901 The average annual crop water irrigation depths IRR. delivered, in % relative to the crop water

902  demands ET. of the historic reference period (see Table 4) for the optimal crop pattern under area
903  limitation constraints Smin> are listed in Table 10 for the three future periods under the three  RCPs.
904  The table indicates that for the note of the future periods and RPCs is the irrigation water supplied
905  able to satisfy the crops water demand for the historic period. In fact, the overall crop water demands
906  are supplied on average by only 60% - 79% for RCP45, 61% - 79% for RCP60 and 49% - 76%, i.e. the
907  future water resources in the basin are too limited to support the agriculture up to its full potential.
908  The table shows also that relative to the crop water demands of the reference period, ~ for the future
909  periods these are satisfied less for barley and sugar beet than for the other crops, wherefore tomato
910  and potato crop water demands are supplied at the highest rates.

911 Based on the annual percentages of Table 10, the future the optimal irrigation depths (IRR.) are
912  estimated on the monthly scale by multiplying the monthly crop water requirements, Etc of Table 4
913 by the corresponding percentage factors. As an example, the results are listed for the scenario
914  RCP45 and the middle future period in Table 11.

915

916 Table 10. Average annual crop water irrigation depths IRR. supplied in % relative to the crop water demands
917 ET., of the historic reference period (Table 4) (in mm/yr) for the optimal crop pattern under Sminz —constraint for
918 the future periods under the three RCPs.

Crop
Period | RCF ALFA | BARL POTA SGBT | TOMA | WWHT
Historic | 1350 520 1515 1700 920 720
RCP45 | 57% 44% 59% 49% 83% 66%
Near | pepeo | 53% 4% 68% 49% 84% 67%
RCPS5 | 78% 56% 69% 78% 82% 70%
RCP45 |  66% 52% 60% 53% 57% 75%
Middle | popgo | 789% 60% 80% 74% 76% 71%
RCPS5 |  82% 57% 79% 82% 86% 71%
RCP45 |  84% 66% 78% 82% 85% 79%
Far 1 repeo | 81% 67% 88% 77% 82% 76%
RCPS5 |  55% 41% 50% 48% 52% 48%

919
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920 Table 11. Optimal monthly irrigation water (mm) applied for the different crops for RCP45 in the middle future
921  (2050- 2068) period.

Crop
Month ALFA BARL POTA SGBT TOMA WWHT
Apr - - - 106 - -
May 178 135 69 159 - 270
Jun 178 135 210 159 120 270
Jul 178 - 210 159 120 -
Aug 178 - 210 159 120 -
Sep 178 - 210 159 120 -
Sum 891 270 909 901 480 540
Irrigation interval 15 10 10 10 10 10
922
923
924  4.4.2.1.3.Implications and concluding remarks
925 Interestingly, in connection with the above results, it has been recommended by the Urmia Lake

926  Restoration Committee [60] to decrease the agricultural demands of the LU basin by 40%, based on
927  new executive strategies of demand management to avoid an imminent ecological and environmental
928  disaster of the lake and the surrounding ecosystem. In fact, such a reduction of the future agricultural
929  water irrigation is approximately found here as, following Table 10, about 60% of the total
930  agricultural demands of ZRB can be supplied for the RCP45 and RCP85 scenarios.

931 The LU- disaster mitigation strategies include an increase of the irrigation efficiency, better river
932 bed and bank management, deficit irrigation, improvement of the Zarrine irrigation network and
933 completion of irrigation secondary networks with surface and modern techniques and last, but not
934  least, suggestions to replace some high water-consuming crops like SGBT with some less consuming
935  ones such as Canola.

936 Regarding the crop water demands of the apple orchards, it should be noted that they are not
937  met in some months, as the water planning model allocates water based on the AEWP: and which
938  based on the potential crop yield was is calculated to be negative for apple and, therefore, will
939  havetheleast priority in the agricultural demand chain. It has also been proposed by Naraqi et al.
940  [43] to replace parts of the orchards with crops with more economic benefits and less water use such
941 as Canola, Pistachio or Saffron. The initial AEWP: of these crops are listed in Table 12 [25,26] and they
942  areindeed several times higher than the initial AEWPc of the ZRB major crops (see Table 6) analyzed
943 heretofore.

944
945
946 Table Error! No text of specified style in document..12. Selling prices, production costs, crop yields, crop areas,
947 crop water requirements and initial AEWP-. of additional crops recommended for cultivation in the ZRB.
Crop . .
. Canola Pistachio Saffron
specification
Price (USD/kg) 0.5 7 1750
Cost (USD/ha) 329 4020 7250
Potential crop yield (kg/ha) 1998 650 5
ETc (mm) 659 500 300
AEWP (USD/m3) 0.10 0.11 0.21
948

949


http://dx.doi.org/10.20944/preprints201808.0361.v1
http://dx.doi.org/10.3390/su10113953

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2018 d0i:10.20944/preprints201808.0361.v1

19 of 29

950 5. Summary and Conclusions

951 In this paper, an integrated hydro- economic model is developed as a crop pattern and irrigation
952 planning tool using a combination of QM, SWAT and MODSIM simulation models with the
953  Constrained Stretched Particle Swarm Optimization (CSPSO) optimization search algorithm. The
954  objective of the study is to optimize the future crop pattern of the major crops in the ZRB and their
955  crop water irrigation depths in terms of net economic benefits and crop water productivity,
956  considering the impact scenarios of the climate change and the cereal crop pattern scenarios. To do
957  this, the weather climate change scenarios are first predicted using a statistical downscaling method,
958  two- step updated QM (Quantile Mapping) bias correction technique based on the most suitable
959  GCM outputs for the min./max. temperatures and precipitation namely CGCM3 and CESM-CAM5
960  of CMIP5 archive to assess the impact scenarios of the climate change (RCP 45, 60 and 85) in three 19-
961  years future periods (near, middle and far). In the next step the downscaled weather variables are
962  applied to the calibrated and validated basin-wide hydrologic model, SWAT, to simulate the future
963  available water resources including the reservoir inflow and hydrologic changes. The crop yield
964  potentials are also simulated using the SWAT model with applying the irrigation depths based on
965  their monthly crop water requirements and adjusting the crop parameters. To setup a water planning
966 simulation module, the MODSIM model is then customized to allocate water based on AEWP index
967  of the major crops i.e. the combination of crop water productivity and production economic benefit.
968 Finally, the CSPSO-MODSIM simulation- optimization model is developed with coupling this
969  customized MODSIM model with a Constrained SPSO optimization algorithm with the objective
970  function of optimizing the total AEWP (AEWP:) under constraints of the different cereal crop pattern
971  scenario and the arable area ranges for the irrigation plots including Boukan Dam network, upstream
972  of the dam and RK Plain. A penalty function method is employed to convert the constrained
973  optimization problem to an unconstrained optimization solved using SPSO algorithm. As main
974  output of the model, the optimal crop cultivable areas and corresponding irrigation schedule up to
975  year 2098 are determined for each impact scenario of climate change (RCP 45, 60 and 85) which will
976  maximize the net economic benefits and the crop water productivity of the ZRB crops simultaneously
977  considering the possible impacts of climate change and cereal crop production scenarios.
978 According to the predicted impacts of climate change, RCP60 an RCP85 are expected to have the
979  highest increase and decrease respectively in the inflow of the dam. For all RCPs the Boukan Dam
980  inflow will be increased in the near and middle future in comparison with the minimum and the
981  mean historical dam inflow, except for RCP45 in near future, whereas it is predicted that they will
982  have a decrease by 2% to 23% for the far future period. The lowest available water resources are
983  predicted for the far future regarding rather low precipitation and high temperature, especially
984  RCP85 which has the highest decrease of freshwater. The performance of the SWAT model for the
985  streamflow and the crop yield simulation is quite satisfactory. The ratio of water demand across the
986  water supply i.e. the WaSSI indices of the ZRB- simulated scenarios are predicted to be higher than
987  the historical period for the near and medium periods, while the highest water stress is expected for
988 the far future period.
989 Based on the optimal results of the developed hydro-economic CSPSO-MODSIM model, the
990  total agro- economic water productivity of the major crops of basin (except of APPL) are improved
991  considerably from 0.36 USD/m3 to 1.04 (RCP45) to 1.19 USD/m3 (RCP45 and RCP60) which means the
992 economic benefits of the crop production per unit supplied water is approximately tripled using this
993  integrated algorithm. Regarding low AEWP and high water demand of ALFA crop, its cultivated
994  area should be decreased gradually and maybe it is more efficient economically to export it from a
995  neighbour catchment, such as Aras River Basin. One may notice that the WWHT and BARL share of
996  crop pattern have the most increase of arable area, owing to the cereal crop pattern scenario which is
997  applied as a constraint of the model and also their rather high simulated AEWP and low water
998  demand. The TOMA and POTA shares of crop pattern have respectively the most proportional
999  increase for the average of different RCPs in comparison with the historical period crop pattern due
1000  to their relatively higher water productivity (AEWP), whereas the SGBT has the lowest rise according
1001  to quite high consumption of water and low simulated AEWP.
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1002 In addition, the evaluation of model outputs for the climate change scenarios indicated that for
1003 the medium emission scenario (RCP45 and RCP60) the economic return will be quite high up to 2068
1004  with applying this hydro-economic method, whereas for the high emission scenario (RCP85) is
1005 expected to have less net economic benefit. However, it is expected to have the least economic return
1006  in 2080-2098 years for all RCPs. The arable areas of the crops are extended more or less in the future
1007  years in to supply the food security of the ZRB, which the highest and lowest increase is for near-
1008  RCP45 and far-RCP85 scenarios. Comparing the optimal crop pattern with the historical crop pattern
1009  proportions, the highest relative increase will be in the POTA and TOMA crops for RCP60 and
1010 RCP85, and in BARL and TOMA crops for RCP45.

1011 Furthermore, it is recommendable to replace the high consuming water and low agro-economic
1012 water productivity crops such as ALFA, APPL and SGBT with the crops with less water demand and
1013 higher economic benefits like other major crops of ZRB or some new cultivable region- specific crops
1014  of the ZRB such as Canola, Saffron and Pistachio.

1015 Based on the proposed research, a basin-wide integrated hydro- economic model is provided for
1016  additional studies of the irrigated agricultural lands integrating the agricultural economic and water
1017  resources management concepts, in order to better respond to the future water variability due to the
1018  climate change and the unsustainable use of water. The developed approach could be used to analyse
1019  ahigh-resolution analysis of an agriculturally exploited basin located in an arid or semi-arid area.
1020 This integrated model is able to support water resources authorities and other stakeholder in a
1021 water-scarce basin as a sustainable water decision making tool, to find the most suitable regional
1022  management strategies i.e. the optimal different water uses and optimal land use planning scenario
1023 for the future years. However, the accuracy of the model can be improved with using another crop
1024 yield forecasting method such as estimation of different Ky for the each stage of crop growth or
1025  considering all the spatial and temporal changes of the land use classes and their related water
1026  demands in the model.
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