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A B S T R A C T

Competition for water between agriculture and the environment is a growing problem in irrigated regions across
the globe, especially in endorheic basins with downstream freshwater lakes impacted by upstream irrigation
withdrawals. This study presents and applies a novel simulation-optimization (SO) approach for identifying
water management strategies in such settings. Our approach combines three key features for increased ex-
ploration of strategies. First, minimum environmental flow requirements are treated as a decision variable in the
optimization model, yielding more flexibility than existing approaches that either treat it as a precomputed
constraint or as an objective to be maximized. Second, conjunctive use is included as a management option by
using dynamically coupled surface water (WEAP) and groundwater (MODFLOW) simulation models. Third,
multi-objective optimization is used to yield entire Pareto sets of water management strategies that trade off
between meeting environmental and agricultural water demand. The methodology is applied to the irrigated
Miyandoab Plain, located upstream of endorheic Lake Urmia in Northwestern Iran. Results identify multiple
strategies, i.e., combinations of minimum environmental flow requirements, deficit irrigation, and crop selec-
tion, that simultaneously increase environmental flow (up to 16 %) and agricultural profit (up to 24 %) com-
pared to historical conditions. Results further show that significant temporary drops in agricultural profit occur
during droughts when long-term profit is maximized, but that this can be avoided by increasing groundwater
pumping capacity and temporarily reducing the lake’s minimum environmental flow requirements. Such a
strategy is feasible during moderate droughts when resulting declines in groundwater and lake water levels fully
recover after each drought. Overall, these results demonstrate the usefulness and flexibility of the methodology
in identifying a range of potential water management strategies in complex irrigated endorheic basins like the
Lake Urmia basin.

1. Introduction

Irrigated agriculture is the largest consumer of water resources,
accounting for approximately 70 % of all freshwater extraction from
surface water (SW) and groundwater (GW) resources (Malano and
Davidson, 2009; Molden, 2013; Pang et al., 2014, 2013; Singh, 2014).
Large agricultural water demand competes with other water demands,
in particular environmental flow requirements to sustain natural eco-
systems (Jägermeyr et al., 2017; Malano and Davidson, 2009; Pang

et al., 2014; Xue et al., 2017). Environmental flow requirement is de-
fined as river flow that is necessary to sustainably maintain ecological
health of natural ecosystems, such as wetlands and lakes (Arthington
et al., 2018; Smakhtin et al., 2006; Yasi and Ashori, 2017). In many
parts of the world, increased water consumption for irrigation has led to
mounting pressure on available water resources to meet environmental
flow requirements and has resulted in growing conflicts between agri-
cultural and environmental water demand (Dunn et al., 2003; Xue
et al., 2017). These conflicts are exacerbated by climate change,
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drought, and water mismanagement, especially in arid and semi-arid
regions (Mancosu et al., 2015; Valipour, 2015; Valipour et al., 2015).
Many of the adverse effects of decreasing environmental water flow
have led to the degradation of natural aquatic bodies, such as lakes,
wetlands, and oases (Sisto, 2009).

Endorheic river basins, usually located in arid and semi-arid re-
gions, are particularly sensitive to competition between agricultural
and environmental water demand (Wang et al., 2018). Rivers in en-
dorheic basins do not discharge into the ocean but rather in terminal
lakes whose water supplies are sensitive to upstream water extractions
and to natural climatic variations such as droughts (Wang et al., 2018).
Therefore, maintaining and sustaining environmental flow require-
ments is a high priority in these basins (Yapiyev et al., 2017) and
conflict between agricultural demand and environmental flow re-
quirements in endorheic basins, especially during droughts, has been a
focus of various studies (Bai et al., 2012; Chunyu et al., 2019). During
the 20th and 21 st centuries, SW extraction for irrigated agriculture
significantly increased in endorheic river basins, especially in arid and
semi-arid regions. Furthermore, the adverse impact of climate change
and drought in these regions reduced downstream outflow from rivers,
resulting in shrinking and drying up of terminal lakes (Cai and
Rosegrant, 2004; Chunyu et al., 2019; Farrokhzadeh et al., 2020;
Rumbaur et al., 2015). For instance, the surface area of Lake Chad that
is located in the most extensive African endorheic basin, shrank by 90
% over the last 40 years (Lemoalle et al., 2012; Yapiyev et al., 2017),
while the surface area of Lake Aral in Central Asia decreased by 75 %
from 1975 to 2007 (Bai et al., 2011; Pritchard, 2017; Yapiyev et al.,
2017).

Tharme (2003) reviewed existing methods for calculating environ-
mental flow requirements worldwide. The results of this study indicate
that 207 different methodologies exist for calculating environmental
flow requirements. A disadvantage of these methods is that other water
demands that may exist in the basin, e.g. agricultural water demand,
are not taken into account which means that the calculated environ-
mental flow requirements are difficult to achieve in practice and be
accepted by stakeholders (Barbier et al., 2009; Mainuddin et al., 2007;
O’Keeffe, 2009; Pang et al., 2014; Wei et al., 2009).

A more holistic approach considers environmental flow require-
ments and agricultural water demand together. This path has been
explored by various studies. For instance, Munoz-Hernandez et al.
(2011) developed a simulation model to investigate the impact of three
alternative environmental water allocation strategies on agricultural
profits in the Rio Yaqui basin, Mexico. Other studies used a simulation-
optimization (SO) model to find water allocation strategies that si-
multaneously meet environmental flow requirements and water de-
mand from agriculture and other users (see Table S1). A first distinction
among these studies relates to the way minimum environmental flow
requirements are estimated: either fixed based on historical streamflow
records (e.g., Xevi and Khan, 2005), treated as a function of reservoir
water storage (e.g. (Anghileri et al., 2013)), or set to a fixed fraction of
river discharge (e.g., Fallah-Mehdipour et al., 2020, 2018; Hu et al.,
2016). The latter approach is known as the Tennant method (Tennant,
1976). A second distinction among existing SO studies relates to how
environmental flow requirements are included in the optimization
model: either as a firm constraint (e.g., Anghileri et al., 2013; Hu et al.,
2016; Pulido-Velazquez et al., 2008; Xevi and Khan, 2005), or as an
objective function to be maximized (e.g., Fallah-Mehdipour et al., 2020,
2018; Yang and Yang, 2014).

Building on these previous studies, this paper investigates applica-
tion of SO modeling for resolving competition between environmental
flows and agricultural demand in the 1524 km2 Miyandoab Plain, an
irrigated plain in the Urmia Lake Basin, a cold-semi-arid endorheic
basin in the northwest of Iran. There are several complex water pro-
blems in the Miyandoab Plain due to drought and water mismanage-
ment. Overuse of irrigation in the basin coupled with a recent drought
has resulted in decreased environmental flows to Lake Urmia and led to

continued shrinking of the lake (Hosseini-Moghari et al., 2018; Moshir
Panahi et al., 2020; Schulz et al., 2020). As such, environmental flow
requirements for Urmia lake are in direct competition with agricultural
water demand. In this regard, the Iranian government has established
the Urmia Lake Restoration Program (ULRP) to explore strategies of
water consumption reduction and increased efficiency and productivity
in the agricultural sector (Shadkam et al., 2016). However, strategies
should be designed so that farmers do not suffer income losses. A pre-
vious study by Ahmadzadeh et al. (2016) has shown that improvements
in irrigation efficiency have little effect in an endorheic basin like the
Lake Urmia basin, suggesting the need for other strategies such as
changes in crop acreage and crop patterns, and the application of deficit
irrigation for decreasing agricultural water consumption and increasing
total inflow to the lake (Ahmadzadeh et al., 2016). An additional
strategy for resolving temporary water shortage during droughts that
has not yet been explored in the Miyandoab Plain consists of con-
junctive use of SW and GW resources (Tian et al., 2015), a strategy that
has been applied successfully in other regions (e.g., Peralta et al., 1995;
Karamouz et al., 2004; Xevi and Khan, 2005; Schoups et al., 2005,
2006; Safavi et al., 2010; Singh and Panda, 2013; Seo et al., 2018).

The goal of our study is to present a novel SO approach for re-
conciling competing agricultural and environmental water demands,
and apply this methodology for finding potential water management
strategies that meet environmental flow requirements to Urmia lake
while improving and enhancing the agricultural economy in the up-
stream Miyandoab Plain. Our study contributes both novel metho-
dology and novel insights into water management in the application
case study. In terms of methodology, our paper extends existing studies
in at least three different ways. First, while previous SO approaches
included environmental flow either as constraint or as objective func-
tion in the optimization, here we introduce and test an alternative ap-
proach that treats minimum environmental flow requirements as a se-
parate decision variable in the optimization. This approach introduces
additional flexibility for finding better water management strategies.
Second, our SO model includes both SW and GW components, and as
such provides a larger solution space for exploring sustainable water
management strategies, e.g. strategies where agriculture increases GW
use to reduce SW extractions and meet environmental SW flow re-
quirements. The hydrologic module in our SO model is based on a re-
cently developed WEAP-MODFLOW model of the Miyandoab Plain
(Dehghanipour et al., 2019) that includes coupled water balances for all
relevant system components, i.e. the root zone, surface water reservoir,
river, canals, and the underlying aquifer. Third, multi-objective opti-
mization is used to yield entire Pareto sets of water management stra-
tegies that trade-off between meeting environmental and agricultural
water demand. In terms of application, our study builds on the re-
commendations of (Ahmadzadeh et al., 2016) by investigating new
strategies for solving the water management problems in Miyandoab
Plain that include changes in crop acreage, changes in crop pattern, and
application of deficit irrigation.

The paper is divided into five sections. Section 2 introduces the
study area, i.e. the Miyandoab Plain in the Urmia Lake basin. Section 3
presents the simulation-optimization model, including a discussion of
the hydrologic, agronomic, and economic modules of the simulation
model, as well as a description of the decision variables, constraints,
and objective functions of the optimization model. Section 4 provides
results of the simulation-optimization model for identifying sustainable
water allocation strategies that meet agricultural water demand and
environmental flow requirements in the Miyandoab Plain. Section 5
summarizes conclusions of the study.

2. Case study

2.1. GW and SW resources, hydrology and hydrogeology

The Miyandoab Plain is an agricultural region located in the
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northwest of Iran in the Urmia basin (Fig. 1a), between the Zagros
mountains, the Sahand mountains, and Lake Urmia. The region has a
semi-arid-cold climate and average annual precipitation of ∼290 mm,
most of which falls from October to May. Annual temperature and re-
ference evapotranspiration average 14 °C and 1170 mm, respectively.
The population of the Miyandoab Plain equals 255,841 and consists of
70,251 households, with 64 % employment in the agricultural sector
(Ministry of Energy of Iran, 2016).

The Miyandoab Plain is divided into 21 agricultural zones (Fig. 1b)
which are characterized as either “internal” (with irrigation and drai-
nage canals) or “external” (without irrigation and drainage canals). The
total area of all agricultural zones is approximately 100,000 ha, con-
sisting of orchards (42 %) and crops (52 %). Orchards consist of apple,
grapes, stone-fruits, almond, and conifer trees, which are cultivated
from March to October. Crops include wheat, maize, alfalfa, sugar beet,
and tomato, each with their own distinctive growing season (Fig. S1).
Crops and orchards are irrigated using a combination of SW and GW
resources.

The SW system consists of main rivers and their tributaries, re-
servoirs, and irrigation and drainage canals. The main rivers are
Zarrineh Rood, Simineh Rood, Mordaq-Chai, Lilan-Chai, and Quri-Chai,
with average annual runoff of 1460, 326, 75, 64, and 41 MCM, re-
spectively (Fig. 1b). Zarrineh Rood and Simineh Rood are the most
important rivers in Urmia Basin: they provide more than 50 % of total
annual environmental flows into Urmia Lake (Ghaheri et al., 1999). The
biggest reservoir in the Urmia basin, Bukan reservoir, is located on the
Zarrineh Rood river (Fig. 1a) and has a total storage volume that was
increased in the year 2008 from 650 to 808 MCM, with 130 MCM of
dead storage. SW releases from Bukan reservoir are conveyed to the
internal zones via the Norozloo diversion dam and a network of primary
irrigation canals (Fig. 1b).

The internal agricultural zones are underlain by the Miyandoab
aquifer (Fig. 1b). The aquifer is unconfined, and has a small specific
yield (on average about 0.035). Twenty-two thousand (22,000) wells
with a total annual capacity of approximately 140 MCM are operational
in Miyandoab aquifer to supply additional water for irrigation.

Land slope of the internal zones is very low, and irrigation and
drainage canals and pumping wells have been extensively developed in

the internal zones. These facilities have led to cultivation of most of the
land in the internal zones. External zones, on the other hand, consist of
mountains and foothills without extensive aquifers. Therefore, agri-
cultural land in the external zones is concentrated along rivers and is
irrigated using SW from river diversions and GW from local shallow
groundwater along rivers.

2.2. Historical hydrologic droughts in Miyandoab Plain

Fig. S2 shows a time series of annual river discharge upstream of
Bukan reservoir (Fig. 1a), and Fig. 2 shows the corresponding Stream-
flow Drought Index (SDI), calculated according to Nalbantis and
Tsakiris (2009). These data show multi-year droughts (negative SDI)
from 1999 to 2002 and from 2006 to 2013. In comparison, the period
before 1998 was markedly wetter. Table 1 further indicates that 1999,
2000, 2001, and 2008 were the driest years in the region. Upstream

Fig. 1. Location of the study area (a)
Miyandoab Plain in the Urmia basin, Iran (b)
Agricultural zones in Miyandoab Plain and
Miyandoab aquifer. Internal and external zones
are shown in yellow and green, respectively.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Annual time series of Streamflow Drought Index (SDI) for upstream
inflow into Bukan reservoir.
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river discharge for these years was 31 % of the average upstream river
discharge during 1984–2013. These reductions in upstream inflow di-
rectly increase competition between sustaining downstream environ-
mental flow to Lake Urmia and sustaining the agricultural economy in
Miyandoab Plain. Our goal is to explore water management strategies
that alleviate this competition, especially during droughts when water
supplies are limited.

2.3. Current and proposed crop pattern in the Miyandoab Plain

As mentioned in the introduction, the ULRP has developed scenarios
for the reduction of water consumption in the agricultural sector. The
ULRP has proposed a new crop pattern for the Miyandoab Plain (Fig. 3),
aimed at reducing agricultural water consumption and increasing
agricultural profits (Ministry of Energy of Iran, 2016). The proposed
crop pattern is the output of a Multi-Objective Decision Making
(MODM) model in which economic and environmental goals are con-
sidered. This model seeks to increase agricultural income, reduce cul-
tivation costs, maintain market share, and increase environmental flow
to Lake Urmia. The constraints considered in this modeling include the
following:

• Reducing the area of orchards is costly. Moreover, reducing the area
of orchards leads to an increase in unemployment with important
social consequences. Therefore, in the proposed crop pattern, the
area and pattern of orchards remain unchanged.

• The maximum irrigation demand of the proposed crop pattern is
equal to the irrigation demand in the current crop pattern.

• The minimum agricultural profit for the proposed crop pattern is
equal to agricultural profit for the current crop pattern.

• Wheat is a staple crop to guarantee food security and is widely
cultivated in the Miyandoab Plain. Moreover, wheat has a relatively
low water demand (Table S2). The area occupied by wheat was
therefore not changed and remains at 55 %.

• Sugar beet, tomato, and alfalfa have relatively high water demands
(Table S2). In the proposed crop pattern, the areas of these crops
were decreased to an extent that does not jeopardize economic ac-
tivities that depend on these crops, i.e. sugar processing factories,

tomato paste factories, and livestock.
• Finally, the proposed crop pattern introduces new low water de-

mand crops such as rapeseed, saffron, and sorghum (Table S2).
Saffron and sorghum are high-value crops with a large water pro-
ductivity (Table S3).

3. Integrated SW-GW simulation-optimization model

In this study, an integrated SW-GW SO model was developed to
evaluate different management scenarios in the Miyandoab Plain that
achieve sustainable agricultural production without compromising en-
vironmental flows to Lake Urmia. An outline of the SO model is shown
in Fig. 4. This figure shows how the simulation model interacts with the
optimization model. The simulation component consists of three mod-
ules: (1) a hydrologic module for computing SW-GW flows and storages,
(2) an agronomic module for computing crop yields, and (3) an economic
module for computing agricultural profits. The optimization model
consists of two conflicting objective functions: Agricultural index and
Environmental index. We used multi-objective optimization based on the
Multi-Objective Particle Swarm Optimization (MOPSO) algorithm
(Coello et al., 2004) to yield entire Pareto sets of water management
strategies that trade off between conflicting objective functions. The SO
modeling steps are as follows: The optimization model creates a new
population of particles, where each particle represents a set of decision
variables for the period 1984–2013. The period 1984–2013 is divided
into three hydrological droughts period based on Table 1, and decision
variables consist of crop acreage (A), the threshold relative soil water
content that triggers irrigation (Zint), and the ratio of minimum flow re-
quirement (MFR) for each hydrological drought conditions. Each par-
ticle (i.e., set of decision variables for three hydrological droughts
periods) provides input to the simulation model. After that, the hy-
drologic module in the simulation model runs once and for the entire
simulation period (1984–2013) on a monthly time scale. Monthly actual
crop evapotranspiration (ETact) and potential crop evapotranspiration (ETp)
are outputs of the hydrologic module, and they are imported to the
agronomic module. Moreover, monthly downstream river discharge (in-
flow into Urmia lake, Qout) and monthly upstream river discharge (Qin)
are other outputs of the hydrologic module, and they are sent to the

Table 1
Classification of hydrologic drought years in Miyandoab Plain based on the SDI (Nalbantis and Tsakiris, 2009) in Fig. 2.

Classification Identifier Criterion Years of occurrence

Non-drought HD1 0.0 ≤ SDI 1985, 1987, 1988, 1992, 1993, 1994, 1995, 1996, 1998, 2003, 2004, 2005
Mild drought HD2 −1.0 ≤ SDI < 0.0 1984, 1986, 1989, 1990, 1991, 1997, 2002, 2006, 2007, 2009, 2010, 2011, 2012, 2013
Moderate drought HD3 −1.5 ≤ SDI < −1 1999, 2000, 2001, 2008
Severe drought HD4 −2.0 ≤ SPI < −1.5 –
Extreme drought HD5 SDI < −2.0 –

Fig. 3. Current and proposed crop patterns in the Miyandoab Plain (Ministry of Energy of Iran, 2016).
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optimization model for calculating the environmental index. The
agronomic module simulates actual crop yield (Ya) for each crop in each
water year and this result is sent to the Economic module to calculate
net agricultural profit (B). The net agricultural profit is sent to the op-
timization model to calculate the agricultural index. The process is
repeated for each particle in the current population. Finally, non-
dominated particles in the population are saved and added to the Pareto
set. If the stopping criterion of the optimization model is not reached, a
new population of particles is generated by the optimization algorithm,
and the entire procedure is repeated. Therefore, the optimization
component runs the simulation modules to determine values for the
decision variables that maximize the objective functions, subject to a set of
physical constraints. In the following sections, we discuss the various
parts of the SO model in more detail.

3.1. Hydrologic module

The hydrologic module is based on the integrated SW-GW model
described in Dehghanipour et al. (2019), who developed a WEAP-
MODFLOW model for the Miyandoab Plain. The hydrologic module
consists of three interacting spatially distributed water balance com-
ponents: 1) the crop root zone, 2) the SW system (rivers, surface re-
servoirs, and irrigation and drainage canals), and 3) the underlying
aquifer (Dehghanipour et al., 2019). Fig. 5 shows a schematic diagram
of interacting control volumes for all components of the hydrologic
module. The monthly water balance is applied to each of the compo-
nents as follows:

=S
t

Q Qi o (1)

where S is change in water storage (L3), Qi is total input (L3/T) and
Qo is total output (L3/T). Table 2 summarizes the water balance

equation for each physical component and its variables. The hydrologic
module was implemented using a dynamic coupling between WEAP
and MODFLOW (Harbaugh, 2005; Purkey et al., 2009; Sieber and
Purkey, 2015). More details about variables, equations, and im-
plementation of the hydrologic module are presented in Dehghanipour

et al. (2019), who showed that the model successfully mimics histori-
cally observed river discharge and groundwater levels.

3.2. Agronomic module

The agronomic module quantifies the impact of deficit irrigation on
actual crop yield. It is important to account for changes in crop drought
sensitivity throughout the growing season (Srinivasa Prasad et al.,
2006). Therefore, the agronomic module uses growth stage specific
crop production functions that relate relative evapotranspiration rate
(ETact/ETp) to relative crop yield (Ya/Ym). Raes et al. (2005) summar-
ized various ways of modeling the relation between relative crop ET
and relative crop yield. Based on the available methods, Eq. 2 was se-
lected because this method accounts for changes in the relation and
effects of deficit irrigation at different crop growth stages, and is ap-
propriate for the monthly time-scale of our model.

=
=

Y
Y

k
ET
ET

(1 (1 ))a

m i

N
y i

act i

p i1
,

,

, (2)

where Ya and Ym are actual and potential crop yield (kg/ha) (Table S3),
N is total number of crop growth stages (N = 4 for wheat, maize, to-
mato, sugar beet, canola, and sorghum and N = 1 for sugar beet, alfalfa,
and saffron) (see Fig. S1), ky,i is yield response factor for crop growth
stage i (see Fig. S1), ETact,i is actual crop evapotranspiration for crop
growth stage i, and ETp,i is potential crop evapotranspiration for crop
growth stage i. Actual and potential crop evapotranspiration are cal-
culated in the hydrologic module using the following equations:

=ET k PET( )p c (3)

=ET ET z z( 5 2
3

)act p
2

(4)

where PET is reference evapotranspiration based on Penman-Monteith
(Allen et al., 1998), kc is growth stage specific crop coefficient (Table
S2), and z is relative soil water content (Table 2). Relative soil water
content (z) is equal to the pore volume fraction filled with water. Values

Fig. 4. Outline of the integrated SW-GW Simulation-Optimization model. Each
particle in the optimization algorithm represents a set of decision variables.

Fig. 5. Schematic diagram of the coupled SW-GW flow model. Variables are
defined in Table 2. Each model component is spatially discretized into inter-
acting control volumes for which monthly water balances are formulated
(Dehghanipour et al., 2019).
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of z can range from 0 (dry) to 1 (saturated). The value of z in this
equation is simulated by the hydrologic module as detailed in
Dehghanipour et al. (2019). Eqs. (4) and (2) show that crop yield is
directly related to relative soil water content z. Therefore, deficit irri-
gation reduces relative soil water content, which reduces actual crop
evapotranspiration and consequently crop production.

3.3. Economic module

The economic module calculates the net profit of crop production
using the following equation:

=Profit A Ya P C DC( )
u cr

u cr u cr cr cr
u

u, ,
(5)

where u is the number of agricultural zones (i.e. 21), cr is a crop index
(going from 1 to 5 or 8 for the current and proposed crop pattern, re-
spectively), Au,cr is crop acreage for crop cr in agricultural zone u [ha],
Yau,cr is actual crop yield for crop cr in agricultural zone u [Kg/ha], Pcr
is price for crop cr [USD/Kg], Ccr is production cost for crop cr ex-
cluding maintenance and water delivery costs [USD/ha], and DCu is
maintenance and water delivery costs in agricultural zone u [USD]. The
actual crop yield is calculated in the agronomic module using Eq. (2).
Crop prices and production costs are specified as input parameters to
the model (Table S3). Maintenance and water delivery costs are equal
to 3 % of total gross profit ( A Ya P( )u cr u cr u cr cr, , ), which farmers pay to
the Ministry of Energy of Iran.

3.4. Objective functions

We formulate an optimization problem with two objective func-
tions, i.e. an agricultural index (F1) quantifying net agricultural profit in
the Miyandoab Plain, and an environmental index (F2) quantifying the
degree to which environmental flow requirements to Lake Urmia are
met. There is an inherent trade-off between these two objectives, since

maximizing profit (F1) will tend to withdraw more surface water for
irrigation, leading to decreased environmental flow (F2) toward
downstream Lake Urmia (Fig. 1).

Two versions of the agricultural index are considered, one focusing
on long-term economic profit (economic agricultural index, F1), and the
other focusing on long-term sustainability (sustainable agricultural
index, F1*). The economic agricultural index is based on long-term net
agricultural profit:

=F
n

Profit
Profit

: Economic agricultural index 1 ( )
y

y

Historical
1

(6)

where n is the number of years simulated ( = 30), y represents a year in
the simulation period (1984–2013), Profity is net profit in year y, and
ProfitHistorical is the historical average net annual profit over the period
1984–2013. Profity is calculated by the Economic module. We did not
have statistical data for the time series of historical profit and used the
simulation model to calculate historical profit. We used available sta-
tistical data (for crop acreage, crop pattern, groundwater pumping, and
irrigation method) and consider some constraints (for irrigation canals,
groundwater pumping, and Bukan reservoir) in the simulation model
for calculating the time series of historical profit.

Including historical profits in the objective function provides a
useful benchmark: a value equal to 1 for the economic agricultural
index indicates a scenario, in which long-term agricultural profits are
similar to the historical situation, whereas values greater (smaller) than
1 indicate greater (smaller) profits compared to the historical situation.
This objective function prefers values for the decision variables that
maximize long-term average agricultural profit without consideration
for the inter-annual fluctuations in agricultural profit. For instance,
very low profits during droughts are tolerated, as long as this is com-
pensated by high profits during wet periods.

However, such extreme inter-annual variations in profit may not be
warranted, and more stable incomes and profits may be preferred.

Table 2
Monthly water balance variables and equations for spatially distributed model components shown in Fig. 5.

Variable Dimension Equation or data source

Storage change in the root zone of each agricultural zone L3/T = = + +nZ A Q Q P A ET A Q Q QSrz
t r rz

z
t Isw Igw e rz act rz sur rint

Storage change in each aquifer grid cell L3/T = = + +Q Q Q Q Q Q Q QA S h
Saq

t r seep bi Igw Dgw riv drain boaq y

Storage change in Bukan reservoir L3/T = +Q R A P –A EVSres
t in res res res

Downstream river discharge L3/T = + + + +Q Q Q Q Q Q Q Q Qout in Isw Dsw seep riv sur drainint
SW extraction for irrigation L3/T QIsw
GW extraction for irrigation L3/T QIgw
Effective precipitation L/T Pe

Irrigated area for each crop in each zone L2 Arz
Actual evapotranspiration L/T ETact
Surface runoff L3/T Qsur
Interflow L3/T Qint
GW recharge L3/T Qr
Seepage from river L3/T Qseep
Lateral GW flows L3/T Qbi, Qbo
GW extraction for drinking L3/T QDgw
GW discharge to river L3/T Qriv
GW discharge to drain L3/T Qdrain
Grid cell area of aquifer L2 Aaq = (500 m)2

Upstream river discharge L3/T Qin
Downstream river discharge L3/T Qout
Downstream release from Bukan reservoir L3/T R
Precipitation rate on Bukan reservoir L/T Pres

Bukan reservoir surface area L2 Ares
Evaporation rate from Bukan reservoir L/T EV
SW extraction for drinking water L3/T QDsw
Relative soil water content – z
Rooting depth L Zr
hydraulic head (GW level) L h
Specific yield – Sy
Porosity – n
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Therefore, an alternative objective function uses a sustainable agri-
cultural index, based on a weighted combination of three sustainability
indices (Cai et al., 2002; Schoups et al., 2006):

= +

+

F W REL
REL

W RES
RES

W IVUL
IVUL

*:Sustainable agricultural index
Historical Historical

Historical

1 1 2

3 (7)

where W1, W2, W3 are three weights, REL is net agricultural profit re-
liability, RES is net agricultural profit resiliency, and IVUL is net agri-
cultural profit invulnerability. These variables are calculated with the
following equations:

=REL
n

Profit
Profit

1

y

y

Historical (8)

=RES nfail
n

1 (9)

=IVUL Min
Profit

Profit
y

Historical (10)

where nfail is the number of successive years that net agricultural profit
is smaller than 90 % of ProfitHistorical. The REL index in the objective
function is similar to Eq. (6) and maximizes long-term agricultural
profit. This term is driven by agricultural profits in non-drought (HD1)
years (Table 1), when there is enough water to meet maximum agri-
cultural water demand. The RES index in the objective function pre-
vents extended periods of lower than (90 % of) average agricultural
profits. This may happen during droughts (successive HD2 and HD3
years, Table 1), when decreased water supply limits agricultural pro-
duction. We assume 10 % as risk threshold, because a reduction in
agricultural profit up to 10 % has no significant impact on sustainable
agricultural profit. Finally, the IVUL index prefers decision variables
that maximize the smallest agricultural profits over all n years. Smallest
profit is expected during the most extreme drought conditions, in this
case study this corresponds to moderate drought years (HD3, Table 1),
since more extreme drought conditions are not encountered in the
historical time series. Therefore the IVUL index controls the value of
agricultural profits during the HD3 period, when there is severe com-
petition between agricultural and environmental water demands.
Hence, via the weighted combination of REL, RES, IVUL, the sustainable
agricultural index in Eq. (7) considers agricultural profit in each
drought period. To prevent significant reductions in agricultural profits,
emphasis is placed here on the IVUL index, resulting in values for the
weights W1, W2, and W3 of 0.25, 0.25, and 0.5, respectively.

The environmental objective function is expressed as an environ-
mental index given by the following equation:

=
×

F Environmental index
n

POI Penalty term
POI

: 1 ( )
y

y y

Historical
2

(11)

where POI is the fraction of the total of all upstream flow into
Miyandoab Plain in year y that flows to Urmia lake, and is calculated by
the following equation:

=POI
Q
Q

( )
( )y

out y

in y (12)

where summation in the numerator gives total downstream discharge in
all rivers that flow out of the Miyandoab Plain and into Lake Urmia, and
summation in the denominator gives total upstream discharge in all
rivers that flow into Miyandoab Plain. Downstream river discharge is
calculated with the hydrologic module. Quantity Penaltytermy in Eq.
(11) is a fraction between 0 and 1 that penalizes failure to meet
minimum environmental flow requirements. It is calculated with the
following equation:

=
<

Penalty term
Q LD

Q
LD

Q LD

1 ( ) ( )
( )
( )

( ) ( )y

out zar zar y

out zar y

zar y
out zar zar y

,

,
,

(13)

where Q( )out zar y, is downstream discharge to Urmia lake of the Zarrineh
Rood river in year y, and LD( )zar y is the minimum environmental flow
requirement to Urmia lake from Zarrineh Rood in year y. Downstream
discharge Q( )out zar y, depends on water releases from Bukan reservoir
and is calculated with the hydrologic module, whereas LD( )zar y is
treated as a decision variable, as discussed in the next section.

Summarizing, we consider two sets of objective functions: strategy I
simultaneously maximizes the economic agricultural index F1 (Eq. 6)
and the environmental index F2 (Eq. 11), while strategy II simulta-
neously maximizes the sustainable agricultural index F1* (Eq. 7) and
the environmental index F2 (Eq. 11). These multi-objective optimiza-
tion problems are solved using the Multi-Objective Particle Swarm
Optimization (MOPSO) algorithm, which results in quantification of the
trade-off Pareto front between the two conflicting objective functions
(Coello et al., 2004). More details about MOPSO are presented in
Dehghanipour et al. (2019).

3.5. Decision variables

The decision variables for strategies I and II and their lower and
upper bounds are listed in Table 3. The decision variables include (1)
total crop acreage, (2) threshold relative soil water content to trigger
irrigation (“intervention point” zint in Eq. 15), and (3) fraction of inflow
to Bukan reservoir allocated for environmental flow. The optimization
of complex water resources systems often becomes computationally
intractable when solving optimization problems with large numbers of
decision variables (Loucks and van Beek, 2005). In this study, to reduce
the number of decision variables, we group decision variables by hy-
drologic drought period based on the SDI. According to Table 1, by
using the SDI, the historical period of 30 years (1984–2013) can be
divided into periods of non-drought, mild drought, and moderate

Table 3
Decision variables for the two sets of objective functions in Section 3.4.

Strategy Objective Functions Decision Variablea Lower Bound Upper Bound Unitsb Number of Variablesc

I (F1, F2) Ay 0 76,700 ha np
Zinty,cr,s 30 % 60 % – ×np nsncrop ncrop

MFR 20 % 85 % – 1
II (F1*, F2) Ay 54,200 76,700 ha 1

Zinty,cr,s 30 % 60 % – ×np nsncrop ncrop

MFR 20 % 85 % – np

a Ay: Total crop acreage in year y, Zinty,cr,s: threshold soil moisture content in year y for crop cr in growth stage s, MFR: Minimum flow requirement to Urmia lake
from the Zarrineh Rood river.

b ha = hectare, 104 m2.
c np is number of distinct hydrologic drought periods ( = 3), ncrop is number of crops (5 in current crop pattern and 8 in proposed crop pattern), ns is number of

crop growth stages (4 for wheat, maize, tomato, canola, and sorghum, and 1 for sugar beet, alfalfa, and saffron).
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drought, thus reducing the number of decision variables by a factor of
10 (from 30 years to 3 drought periods).

Total crop acreage directly affects agricultural profit given crop
prices and production costs, and it directly affects water consumption in
Miyandoab Plain and inflow to Urmia Lake. Treating total crop acreage
as a decision variable permits flexibility in dealing with hydrologic
drought conditions and agricultural demand. In strategy I, the lower
bound for total crop acreage was 0 and the upper bound was set as the
total irrigable area, based on studies of the Ministry of Energy of Iran
(2016). Moreover, in strategy I we consider three separate decision
variables for total crop acreage, one for each drought period (HD1,
HD2, and HD3). In strategy II on the other hand, focus is on sustain-
ability of agricultural profits. In that case, the lower bound for total
crop acreage was set equal to the current irrigated area. Moreover, to
avoid large fluctuations in acreage, we use one decision variable for
total crop acreage for all drought periods.

Total crop acreage is distributed over agricultural zones by as-
suming that each agricultural zone has the same crop pattern:

=A A MaxA
MaxAy u cr y

u

u u
cr, ,

(14)

where Ay,u,cr is the area of crop cr in agricultural zone u in year y, Ay is
total crop acreage in year y, MaxAu is the irrigable area of agricultural
zone u, and cr is contribution of crop cr in the crop pattern (see Fig. 3).
Our analysis considers both crop patterns in Fig. 3. The advantage of
using Eq. (14) is that it ensures spatial equity among agricultural zones
in terms of crop production and opportunity for agricultural profit.
Another advantage is that it further reduces the number of decision
variables (Schoups et al., 2006).

Irrigation demand is a function of relative soil water content so that
irrigation begins when relative soil water content drops below a spe-
cified threshold or intervention value, zint, and irrigation continues until
soil water content reaches a specified target value, ztar. Therefore, ir-
rigation demand, namely the sum of SW and GW withdrawal (QIsw
+QIgw), is calculated as follows:

+ =Q Q nZ A z z( )Isw Igw r tar int (15)

where n is porosity and Zr is rooting depth (Table 2). Since basin irri-
gation is used in the Miyandoab Plain, the value of ztar is set equal to 1.
Threshold or intervention point zint is treated as a decision variable; it
directly affects the level of deficit irrigation and thus agricultural water
use, water diversion, and profit. For instance, lower values for zint re-
duce crop yield and water demand (via Eqs. 2 and 4), and make more
water available for environmental flows. As shown in Fig. S1, the FAO
considers four values of yield response factor (ky) for four growth stages

of wheat, maize, tomato, sugar beet, canola, and sorghum, and one
value of ky for the entire growing season of sugar beet, alfalfa, and
saffron. Therefore, we consider four distinct intervention points each
for wheat, maize, tomato, sugar beet, canola, and sorghum, and one
intervention point each for sugar beet, alfalfa, and saffron. The ad-
vantage of using these growth-stage specific decision variables is that it
permits flexibility in deficit irrigation for dealing with water shortage
and changes in the timing of irrigation according to the growth stage of
each crop. The upper bound of each zint decision variable was set equal
to 60 %, which for the loamy soils in the area corresponds to field ca-
pacity (Schroeder et al., 1994), while the lower bound of each zint de-
cision variable was set to 30 %, which is between wilting point (22 %)
and field capacity (60 %).

The final decision variable relates to environmental flow releases to
Urmia Lake from Bukan reservoir located on the Zarrineh Rood river.
Specifically, we use the fractionMFR of inflow into Bukan reservoir that
is released as environmental flow as a decision variable:

=MFR
LD
Q
( )
( )

zar y m

in zar y m

,

, , (16)

where LD( )zar y m, is the minimum environmental flow requirement for
Urmia lake from Zarrineh Rood river in year y in month m, and
Q( )in zar y m, , is the upstream flow of Zarrineh Rood river into Bukan re-
servoir in year y and month m. Lower and upper bounds of MFR are
taken as 0.2 and 0.85, respectively (Yasi and Ashori, 2017).

In strategy I, we consider one single decision variable for MFR that
is constant over the entire period; this choice is expected to reduce large
fluctuations in environmental flow to Urmia Lake, and thus result in a
temporally stable environmental index. As mentioned above, three
decision variables are considered for total crop acreage in strategy I.
This degree of freedom allows total crop acreage to be modified to meet
minimum environmental flow requirements. In contrast, in strategy II,
we consider three decision variables for MFR for each drought period
(HD1, HD2, and HD3), but one single decision variable for total crop
acreage for the entire period. This promotes temporal stability in
agricultural profits, with additional flexibility in MFR to meet agri-
cultural and environmental water demand.

Finally, an important constraint relates to the monthly timing of
agricultural and environmental water demand. Fig. 6 shows monthly
time-averaged inflow to Bukan reservoir (upstream flow of Zarrineh
Rood river) together with monthly potential evapotranspiration (ETp).
Following Eq. 16, environmental flow is allocated proportional to in-
flow into Bukan reservoir, which mostly occurs from early winter to
mid-spring. Therefore, the value of MFR has the most significant effect
on water storage in Bukan reservoir from early winter to mid-spring,
because by increasing MFR, more water will be allocated to the lake in
this period and less water storage will remain in the reservoir to meet
agricultural demand in the spring and summer. On the other hand, the
total crop acreage and deficit irrigation (intervention point) decision
variables have the most significant effect on water storage in Bukan
reservoir from early spring to end of summer, since these variables play
a crucial role in agricultural water consumption.

3.6. Variable constraints

Three sets of variable constraints are used to ensure realism of the
optimization results. The first set of constraints limits GW pumping in
each agriculture zone to the monthly GW pumping capacity of the zone:

Pump PumpCapm,u u (17)

where Pumpm,u is GW extraction in agricultural zone u in month m [L3/
T], and PumpCapm,u is GW pumping capacity in agricultural zone u [L3/
T]. In this study, the sum of the historically measured maximum
monthly pumping rate of wells in each agricultural zone was considered
as the monthly pumping capacity for each agriculture zone. This con-
straint ensures that the optimal solution reflects realistic maximum

Fig. 6. Monthly time-averaged inflow to Bukan reservoir (i.e, upstream dis-
charge of Zarrineh Rood river) (MCM) and potential evapotranspiration (ETp)
(mm) in Miyandoab Plain.
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pumping rates.
SW diversions from the Zarrineh Rood river are conveyed to the

primary irrigation canals. Each irrigation canal has a diversion capacity
based on its dimensions.

Q MaxQm,c c (18)

where Qm,c is SW diversion to canal c in month m [L3/T], and MaxQm,c
is diversion capacity of canal c [L3/T]. This constraint ensures that total
monthly SW diversions do not exceed canal conveyance capacities.

Finally, constraints are placed on monthly water storage Sy,t in
Bukan reservoir:

S S Sdead y t, max (19)

where Sdead is dead storage volume of the reservoir and Smax is max-
imum volume of the reservoir. These constraints prevent water releases
from dead storage, and allow for releases larger than total water de-
mand (sum of agricultural, urban, and environmental water demand)
when the reservoir is full and overtopping occurs.

4. Results and discussion

4.1. Water management scenarios for current and proposed crop patterns in
strategy I

The Pareto fronts for current and proposed crop patterns in strategy
I, i.e., the set of non-dominated simulations that were obtained with the
integrated SO water management model, are presented in Fig. 7a. In
Fig. 7a, objective function 2 (Environmental index) is plotted against
objective function 1 (Economic agricultural index), and dark and blue
nodes indicate the Pareto fronts for current and proposed crop patterns,
respectively. The Pareto front consists of many solutions and presents
potential compromises between contradicting objectives. In this study,
six scenarios that indicate specific optimal solutions on the Pareto
fronts for strategy I were selected for detailed analysis. These scenarios
include scenarios 1–6, as shown by the yellow nodes in Fig. 7a. Fur-
thermore, the orange node represents values for the objective functions
corresponding to historical water management, which serves as a
benchmark.

Scenarios 1 and 4 represent environmental scenarios characterized
by an increase in Environmental index without a change in Economic
agricultural index compared to historical conditions. Likewise, sce-
narios 3 and 6 are economic scenarios with an increase in the Economic
agricultural index without a change in Environmental index compared
to historical conditions. Finally, scenarios 2 and 5 represent win-win
situations where both Environmental and Economic agricultural indices
are increased compared to historical conditions.

In scenario 1, changes in water management (deficit irrigation,
changes in crop acreage, and environmental flow requirement) with the
current crop pattern make it possible to increase the Environmental
index by 9 % without decreasing the Economic agricultural index.
However, increasing the Environmental index by more than 9 % leads
to significant reductions in Economic agricultural index. Likewise,
changes in water management with the current crop pattern in scenario
3 increase the Economic agricultural index by 14 % without decreasing
the Environmental index, with further increases in Economic agri-
cultural index requiring significant reductions in the Environmental
index.

Similar trade-offs are present in the Pareto front for the proposed
crop pattern (Fig. 7a), but at larger values for both objective functions,
thereby clearly demonstrating benefits of the proposed crop pattern on
both the agricultural economy and the environment. For example,
scenario 4 increases the Environmental index by 16 % (up from 9 % in
scenario 1), while scenario 6 increases the Economic agricultural index
by 24 % (up from 14 % in scenario 3).

Fig. 8 provides more detailed insight into how optimal water
management changes as one moves along each of the Pareto fronts in
Fig. 7. Moving from left to right along each Pareto front changes the
focus from the environment to agriculture. In strategy I (columns a and
b in Fig. 8), the resulting increase in Economic agricultural index (row i
in Fig. 8) is achieved by increasing crop acreage (row ii), decreasing
environmental flow requirement (row iii), and decreasing deficit irri-
gation (row iv).

When moving along the Pareto front, crop acreage in non-drought
years (HD1) increases first, followed by an increase in crop acreage in
mild-drought years (HD2). Significantly, crop acreage in moderate-
drought years (HD3) remains near zero along most of the Pareto front,

Fig. 7. Pareto fronts for the multi-objective optimization after 5000 model simulations with the MOPSO algorithm for strategy I and II: (a) Environmental index vs
Economic agricultural index, and (b) Environmental index vs Sustainable agricultural index. Black and blue nodes indicate Pareto fronts for current and proposed
crop patterns in strategy I (Section 4.1), while gray nodes indicate the Pareto front for the proposed crop pattern in strategy II (Section 4.3). The orange node
represents historical conditions and is used as reference. Selected points on the trade-off curves (“scenarios”) are indicated by yellow and red nodes and are discussed
in more detail in the text. The green nodes are simulation scenarios showing the effect of increased GW capacity (S4 moves to S7, S5 moves to S8, S6 moves to S9) as
discussed in Section 4.2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Changes in values for the objective functions and decision variables when moving along the Pareto fronts from left (focus on environment) to right (focus on
agriculture). Each column shows a different Pareto front: (a) strategy I with current crop pattern, (b) strategy I with proposed crop pattern, and (c) strategy II with
proposed crop pattern. Each row shows a different variable: (i) objective functions, (ii) crop acreage, (iii) minimum environmental flow requirement MFR, and (iv)
ratio of actual to potential crop ET (a measure of deficit irrigation). HD1, HD2, HD3 are hydrologic drought conditions defined in Table 1.
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and only starts to increase on the far-right end of the strategy I Pareto
curves, when the environment is all but ignored. This increase is more
pronounced with the proposed than with the current crop pattern
(compare Fig. 8a.ii and 8.b.ii), because of the lower water requirements
of the proposed crop pattern (Tables S4 and S5). These results indicate
that, even though strategy I results in better water management with
benefits for both the environment and agriculture, it does not protect
agriculture against short-term effects of moderate to severe droughts.
This is also clear in Fig. 7b, where the strategy I Pareto scenarios
do not score that well on the Sustainable agricultural index. More
sustainable management strategies may therefore be required (see
Sections 4.2 and 4.3).

Once crop acreages are at their maximum level, further increases in
the Economic agricultural index are achieved by reducing environ-
mental flow requirement (Fig. 8.a.iii and 8.b.iii), which reallocates
water to agriculture, and reducing deficit irrigation (Figs. 8a.iv, 8.b.iv,
and S3). These effects are visible when moving from scenario 1 to
scenario 3 (column a in Fig. 8), and similarly when moving from sce-
nario 4 to scenario 6 (column b in Fig. 8).

The dynamics of annual agricultural profit (relative to historical) for
six Pareto scenarios are shown in Fig. 9a. In non-drought (HD1) years

and pre-2008 mild-drought (HD2) years (1984, 1986, 1989, 1990,
1991, 1997, 2002, 2006, 2007), agricultural profits for all scenarios are
equal or higher than historical profits (Fig. 9a), because of the larger
total crop acreages for those years compared to historical
(Ahistorical= 54,200 ha).

In post-2008 HD2 years (2009–2013), agricultural profit is less than
historical in the environmental scenarios (scenarios 1 and 4) and the
win-win scenarios (scenarios 2 and 5). The reason for this is greater
water allocation to the environment (larger MFR) in those years com-
pared to historical, resulting in deficit irrigation and crop water stress.
Finally, in the moderate-drought (HD3) years (1999–2001, and 2008),
all scenarios, with the exception of scenario 6, exhibit a sharp decrease
in agricultural profit, due to near-zero crop acreages in those years,
with agricultural production limited to orchards. This confirms the
lower scores of these scenarios on the Sustainable agricultural index, as
already seen in Fig. 7b.

Fig. 9b shows dynamics of annual inflow to Lake Urmia relative to
historical conditions. As mentioned before, theMFR and crop acreage of
the six scenarios in HD1 and HD2 years are higher than historical
(MFRhistorical= 0.2 and Ahistorical= 54,200 ha), which increases en-
vironmental flow requirement and agricultural demand compared to
historical conditions. In HD3 years, inflow to Lake Urmia is more stable
in the six Pareto scenarios compared to historical. This is in line with
lower crop acreages in those years (Fig. 9a), less irrigation water
withdrawals, and thus relatively more water available for the en-
vironment.

Next, Fig. 10 shows dynamics of water storage in Bukan reservoir.
More water is stored in scenarios that focus on irrigation (e.g. S6), due
to the delay between reservoir inflow and crop water demand, as shown
in Fig. 6. In 2008, dam height and storage capacity of Bukan reservoir
was increased from 650 to 808 MCM, as clearly visible in Fig. 10. The
purpose of this increase was to ensure sufficient water supply to nearby
cities in extreme droughts. Historically, the increased capacity has led
to more water being stored in the reservoir after 2008 (Fig. 10), re-
sulting in relatively less water allocation to agriculture and Lake Urmia.
All scenarios in Fig. 10 show that storing less and releasing more water
leads to greater benefits.

Finally, the water management model also provides insights into the
effects of water management on the root-zone water balance in the
region (Tables S4 and S5). As expected, GW pumping, SW withdrawal,
and actual crop ET all increase from scenario 1 to 3 (and from scenario
4 to 6), which correspond to increasing Economic agricultural index
and decreasing Environmental index. Increases in actual crop ET reflect

Fig. 9. Time series of (a) annual agricultural profit and (b) inflow to Lake Urmia expressed as POI in Eq. 12 (both relative to average historical conditions) for six
Pareto scenarios of strategy I (S1-S3 use the current crop pattern, S4-S6 use the proposed crop pattern).

Fig. 10. Time series of monthly Bukan reservoir storage for three Pareto sce-
narios of strategy I with the proposed crop pattern.
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decreases in deficit irrigation, i.e. more water available for irrigation
and less for environmental flow to the lake.

Note that SW withdrawal, GW pumping, and actual crop ET in the
proposed-crop-pattern scenarios (4, 5, and 6) are lower than the cor-
responding current-crop-pattern scenarios (1, 2, and 3), due to the
lower water requirements for the proposed crop pattern.

4.2. Increasing GW pumping capacity: a simulation analysis of strategy I
scenarios

The previous section illustrated that water management based on
strategy I scenarios results in sharp decreases in agricultural profit
during droughts (Fig. 9). Even though groundwater is in principle
available to deal with such shocks, current pumping capacity limits
greater reliance on groundwater during droughts. This section in-
vestigates to what extent an increase in GW pumping capacity can
improve agricultural sustainability during droughts without compro-
mising GW level stability. To this end, scenarios S4–S6 (proposed crop
pattern) are taken as starting point, and are modified into three new
scenarios (S7–S9). The modifications are detailed in Table S6, and ba-
sically correspond to changing crop acreage and GW pumping capacity

in the model during the dry HD3 years: crop acreage is set equal to the
historical acreage (about 75 % of the maximum area), while GW
pumping capacity is doubled.

The model is then run with these new inputs (i.e., a simulation is
done, not an optimization), and the resulting values of the objective
functions are shown in Fig. 7. We see that scenarios 7, 8, and 9 result in
greater values for the Economic agricultural index, but smaller values
for the Environmental index, compared to the corresponding scenarios
4, 5, and 6 (Fig. 7a). Furthermore, the effect on the Sustainable agri-
cultural index is significant (Fig. 7b), suggesting greater agricultural
sustainability of these new scenarios that use an increased GW pumping
capacity. These observations are confirmed by the time-series in Fig. 11,
which show increased agricultural profits during droughts, but also
decreases in environmental flows to the lake. This indicates that the
doubled GW pumping capacity used in these new scenarios is not suf-
ficient to support the targeted crop acreages without reallocating ad-
ditional surface water from the environment to agriculture.

The effects of increased GW pumping on the water balance and on
groundwater levels are shown in Figs. S4 and 12. Drops in groundwater
level are most pronounced in scenario 7 (Fig. 12), which, out of the
three new scenarios, is characterized by the largest SW allocation to the
lake, the smallest SW extraction for irrigation, largest fraction of GW
use for irrigation, and the smallest GW recharge (Fig. S4).

4.3. Water management scenarios for proposed crop pattern in strategy II

In addition to simulation as used in Section 4.2, sustainable water
management options can also be explored by directly optimizing the
Sustainable agricultural index. These strategy II results are presented in
this section. The resulting Pareto front for proposed crop pattern in
strategy II is shown in Fig. 7 with gray nodes. We focus on three specific
Pareto scenarios A, B, and C shown in red in Fig. 7. These scenarios
show that it is possible to, compared to historical conditions, (1) in-
crease the Environmental index without any decrease in the Sustainable
agricultural index (scenario A), (2) increase the Sustainable agricultural
index without a change in the Environmental index (scenario C), and
(3) increase both the Environmental and Sustainable agricultural index
at the same time (scenario B).

The third column in Fig. 8 shows how optimal water management
changes along the Pareto front of strategy II. The value of the Sus-
tainable agricultural index increases when moving across the Pareto
front from left to right. In the first half of the Pareto front, this increase
is achieved, not by increasing crop acreage, which remains constant

Fig. 11. Time series of (a) annual agricultural profit, and (b) inflow into lake Urmia expressed as POI in Eq. 12, for scenario 5 (original GW pumping capacity) and
scenario 8 (doubled GW pumping capacity).

Fig. 12. Time-series of monthly GW level for increased GW pumping capacity
scenarios 7 to 9.
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initially, but by decreasing the environmental flow requirement (MFR)
during moderate droughts (HD3), which has the effect of reallocating
SW from the environment to agriculture. It is only in the second half of
the Pareto front that further increases in the Sustainable agricultural
index are achieved by increasing crop acreage and decreasing deficit
irrigation (Figs. 8c.iv and S5).

As shown in Fig. 8c.iii, the environmental flow requirement (MFR)
in the HD1 years is constant and close to the maximum level, whileMFR
in the HD2 years decreases only slightly. This indicates that the en-
vironmental flow requirement of the lake is met in the HD1 and HD2
years (non- and mild-droughts). Hence, the trade-off in water allocation
between the environment and agriculture only really comes into play
during moderate droughts (HD3 years), as shown by the decrease in
MFR during HD3 years in Fig. 8c.iii: temporarily reducing water allo-
cations to the environment during moderate-droughts benefits agri-
cultural production and sustainability. Such a strategy is illustrated by
scenario SB in Fig. 13: sharp decreases in agricultural profit during
droughts are prevented at the expense of temporary decreases in en-
vironmental flow to the lake. Such a strategy could make sense as long
as it results in short-term decreases in lake water level that fully recover
during the next non-drought period, thereby avoiding any long-term
downward trend in lake water level.

In terms of agricultural profit, there is also a trade-off between
maximizing net agricultural profit, as done in strategy I, and preventing
significant decreases in profit during droughts. This becomes clear by
plotting the Pareto front of strategy II in Fig. 7a next to the Pareto front
of strategy I: the Economic agricultural index for scenarios A and B is
less than for scenarios 4 and 5, due to lower crop acreages in the
former. However, crop acreage of scenario C is equal (HD1, HD2) or
larger (HD3) than crop acreage of scenario 6, making scenario C su-
perior for both Economic and Sustainable agricultural indices. On the
other hand, scenario C does not score well on the Environmental index.

Fig. S6 shows the monthly time series of the Bukan storage reservoir
for scenarios A, B, and C of strategy II. The maximum storage volumes
for all scenarios are less than 650 MCM. As mentioned before, this re-
sult indicates that increasing the storage capacity of the reservoir after
2008 does not contribute to higher values for the objective functions.
Finally, Fig. S7 shows time series of monthly GW levels, which are si-
milar to historical conditions.

In this study, we tried to reduce uncertainty in the development of
the simulation-optimization model. For instance, all input data come
from government agencies in Iran that have established data quality
control procedures. Furthermore, we used multi-objective calibration

for the hydrologic module. The advantage of multi-objective calibration
with both river discharge data and groundwater level data (two in-
dependent datasets) is that we can identify any inconsistencies in the
model and/or the data. The absence of significant trade-offs in fitting
these two observation datasets in the multi-objective calibration of the
hydrologic model provides some confidence in the outputs of the hy-
drological model for the water balance component (Dehghanipour
et al., 2019). However, we believe that more research is required to
quantify and consider uncertainty in the development of the simulation-
optimization model. For example, future climate change, will lead to
changes in climatic variables, e.g., temperature, precipitation, snow,
and evapotranspiration, that in turn result in changes in river runoff
and surface water availability. Therefore, climate change is causing
uncertainty in the inflow to reservoirs and related planning (Hakami-
Kermani et al., 2020). Consequently, future work will focus on assessing
the effects of climate change uncertainty on the planning and man-
agement of water resources to meet agricultural water demand in
Miyandoab plain and environmental flow requirements of Urmia Lake.

5. Conclusions

The paper has presented and applied a simulation-optimization (SO)
approach for identifying water management strategies in irrigated en-
dorheic river basins that ensure sustainability of irrigated agriculture
while meeting downstream environmental flow requirements. Our
analysis contributes both novel methodology and novel insights into
water management in the application case study.

In terms of methodology; first, the issue of estimating minimum
environmental flow requirements is tackled by including it as a decision
variable in the optimization model, which adds more flexibility com-
pared to existing approaches that either include it as a precomputed
constraint or as an objective to be maximized. Second, the hydrologic
simulation model in our SO approach includes both SW and GW com-
ponents in the form of dynamically coupled WEAP and MODFLOW
models. As such, the optimization model searches a larger solution
space that includes conjunctive use as a potential long-term strategy.
Finally, multi-objective optimization is used to yield an entire Pareto set
of water management strategies that quantify the trade-off between
meeting environmental water demand, quantified by an environmental
flow objective function, and meeting agricultural water demand,
quantified by either a maximum or sustainable profit objective func-
tion.

The methodology was applied to the irrigated Miyandoab Plain, a

Fig. 13. Time series of (a) annual agricultural profit and, (b) annual inflow to lake Urmia expressed as POI in Eq. 12, for the win-win Pareto scenarios of strategy I
(S5) and strategy II (SB).
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strategic agricultural region in the semi-arid and endorheic Lake Urmia
basin, located in the northwest of Iran. There is direct competition
between environmental flow requirements to sustain water levels of
Lake Urmia and upstream irrigation withdrawals in the Miyandoab
Plain. A recent drought in the region has further increased this com-
petition and led to decreased flow into and continued shrinking of the
lake. Results show that a specific combination of minimum environ-
mental flow requirements, deficit irrigation, and cropping patterns can
increase environmental flow to Lake Urmia by up to ∼16 % compared
to historical conditions, without decreasing agricultural profits. An al-
ternative combination of these decision variables increases agricultural
profits by up to 24 % compared to historical conditions, without de-
creasing environmental flows to the lake. Multiple trade-off options also
exist in between these two extremes that simultaneously increase the
environmental and agricultural objectives compared to historical con-
ditions. A disadvantage of strategies that maximize long-term agri-
cultural profit is that they result in significant drops in agricultural
profit during droughts. An alternative multi-objective optimization was
therefore considered which replaced the agricultural profit-maximizing
objective with an objective function that emphasizes sustainability of
agricultural profits. This analysis revealed that drops in agricultural
profit during droughts can be avoided by increasing agricultural GW
pumping capacity and temporarily reducing the lake’s minimum en-
vironmental flow requirements. This may be an attractive strategy
during droughts that are neither too long or too severe, so that resulting
declines in groundwater and lake water levels are temporary and fully
recover after the drought. Overall, the application highlights the fea-
sibility and flexibility of the proposed approach in identifying a range of
potential water management strategies in a complex agricultural en-
dorheic basin like the Lake Urmia basin.
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