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Abstract
This paper presents a multipurpose optimization algorithm (MOA) to optimize crop pat-
terns under climate change, minimizing water use and maximizing crop revenue while 
enforcing food security and regional water security constraints. An application of the MOA 
yields a total of 12 Pareto fronts for 20-year horizons centered on 2030, 2050, 2070, and 
2090 under representative concentration pathways (RCPs) 2.6, 4.5, and 8.5, each of which 
is associated with specific land use conditions. The results show that crop production must 
increase due to population growth. However, climate projections for the study region in 
eastern Iran indicate unsuitable conditions to support the incremental production. This 
paper’s optimization results show that 89%, 73%, and 48% of optimal crop production are 
achievable considering food-safety constraints in 20-year periods centered on 2050, 2070, 
and 2090, respectively. This paper’s results indicate that revenue would increase, water use 
would decline, and environmental sustainability would be reached in the study area under 
the optimized cropping patterns.

Keywords Virtual water · Climate change · Statistical downscaling model · Water 
security · Food security · Optimization

1 Introduction

Climate change caused by human activity causes environmental degradation, reduction 
in agricultural production, and food insecurity in developing countries. Billions of peo-
ple might face severe water shortages and food insecurity. Therefore, appropriate solutions 
must be adopted by countries at risk to ensure food security, prevent water security from 
being compromised, and optimize the use of water resources to meet the multifaceted goals 
of water users and policy makers while securing a sustainable environment (FAO 2015).

Water scarcity is a widespread concern in arid and semi-arid countries (Misra 2014). 
Improper water management in some areas would expose two-thirds of the world’s 
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population into a state of water stress by 2025 (FAO 2018). Water shortages and water 
stress in the Middle East are projected to increase by 2050 (FAO 2017). In total, 70% of 
the total freshwater existing on the earth is used in the agricultural sector (World Bank 
Group 2016, USGS 2016), which poses challenges concerning water supply for agriculture 
in many parts of the world, especially under climate change (USGCRP 2017) and popula-
tion growth. Climate change significantly impacts agricultural water resources (Parry and 
Rosenzweig 1990; Arnell 2004; Piao et al. 2010). Therefore, determining and assessing the 
impacts of climate change on agricultural water use is a timely priority to devise manage-
ment strategies.

Optimization models have proven to effectively manage water resources and agricultural 
land use. Numerous models have been developed to allocate water resources and agricul-
tural land with optimization techniques such as linear programming, nonlinear program-
ming, dynamic programming, and evolutionary and meta-heuristic algorithms (Bozorg-
Haddad et al. 2009; Singh 2012; Su et al. 2014; Akbari-Alashti et al. 2014; Davijani et al. 
2016; Ye et al. 2018; Oliazadeh et al. 2021).

Previous studies have often focused on managing water resources and agricultural land 
with optimization models that maximize revenue under historic-climate conditions (Adams 
et al. 1990; Parry and Rosenzweig 1990; Fischer et al. 2005; Howden et al. 2007); how-
ever, they neglect water security, food security, the role of virtual water in the context of 
food security, and climate change. Virtual water is the amount of that substance used in the 
production of a good, for instance, in the production of crops. In this case it is expressed as 
a volume of water per unit weight of produce, say, in cubic meters per kilogram of produce. 
The concept of virtual water content (VWC) is currently considered one of the components 
of water efficiency in the water industry (Arefinia et al. 2021). The VWC concept is a help-
ful tool in evaluating water use and achieving water and food security, especially under 
climate change conditions.

To the knowledge of these authors a comprehensive model for designing a cultiva-
tion or cropping pattern considering the concepts of food security, water security, and the 
VWC under climate change conditions has not been provided yet. This paper addresses this 
knowledge gap by presenting an approach to choosing cropping patterns considering the 
impacts of climate change on water and food security, and considering the concept of vir-
tual water under climate change conditions. This paper’s methodology is applied to a study 
area in eastern Iran.

2  Methods

The methodology presented in this paper includes two phases: (1) preparing datasets for 
four time horizons (2020–2039 or 2030s, 2040–2059 or 2050s, 2060–2079 or 2070s, and 
2080–2099 or 2090s) under three representative concentration pathways (RCPs) and (2) 
land use planning with multiobjective optimization addressing water and food security. The 
employed methodology is graphically depicted in Fig. 1.

2.1  Preparing the datasets for climate change conditions

2.1.1  Virtual water content (VWC) and yield datasets

Virtual water and product yield data under climate change were obtained in three stages:
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1. The virtual water content of the studied crops in a baseline period (1986–2005) is cal-
culated relying on meteorological and crop yield data in a study area as follows (Allen 
et al. 1998).

where VWC = virtual water content  (m3/kg), CWR = crop water requirement of crops 
 (m3/ha), and Y = average annual product yield (kg/ha).

2. Meteorological data under climate change conditions were forecasted in three steps. 
The first step is selecting a scenario to predict the field condition. In the second stage, 
the earth’s climate is simulated with climate models according to the baseline scenario 

(1)VWC =
CWR

Y

Fig. 1  Flowchart of methodology
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corresponding to state 1 (period 1986–2005). These climate predictions are made with 
general circulation models (GCMs) featuring relatively coarse spatial resolution. The 
third step is to downscale the GCM climate predictions to regional scales. Daily mean 
surface air temperature and precipitation parameters under climate change were obtained 
with the CanESM2 model and downscaled with a statistical downscaling model (SDSM, 
Wilby et al. 2002) for RCPs 2.6, 4.5, and 8.5.

3. The results obtained in the preceding stages are applied to calculate the virtual water use 
and crop yields under climate change conditions by applying the support vector machine 
(SVM) data mining tool reported by Arefinia et al. (2021), whose approach to calculate 
the VWC and yield data under climate change conditions is depicted in Fig. 2.

2.1.2  Available water datasets for water security

One of the key indicators in assessing the status of water resources was introduced by the 
United Nations’ Commission on Sustainable Development (UN) (Lawrence 2002). The 
United Nations Commission on Sustainable Development uses the rate of harvesting of 
its renewable water resources in each country as an index of its water conditions. A coun-
try faces a severe water crisis whenever it harvests more than 40% of its renewable water 
resources. The crisis is moderate if the index is between 20 and 40%. There is a balance 

Fig. 2  Schematic of the methods used to calculate the VWC and crop yield data under climate change con-
ditions (data from Arefinia et al. 2021)
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between water use and water availability when the index ranges between 10 and 20%. 
There is no water crisis but, rather, a water surplus if the harvesting index is less than 10%.

About 70% of the annual precipitation is converted to evaporation on a global scale. 
This study uses the current rainfall rate for evaporation of the investigated region to calcu-
late the available water volume. Evaporation projections under future climate change con-
ditions are not available; therefore, this study assumes that the future evaporation rate is 
close to the current condition in the investigated region, and this assumption underlies our 
technical approach.

2.1.3  Product datasets for food security

Various factors affect food security, and assessing a region’s food security must include all 
factors. Food security is defined as: "A situation in which everyone has access to adequate, 
safe and nutritious food, at all times, in terms of physical and economic health to meet their 
nutritional needs and preferences for an active and healthy life" (WFS: World Food Sum-
mit 1996). FAO statistics indicate that the daily per capita income varies widely worldwide 
(FAO 2015). Some countries, such as Iran, do not exhibit food insecurity measured by their 
food production and supply capacity, but, instead, by inadequate food distribution, mone-
tary inflation, unemployment, and low purchasing power. This study assesses food security 
in terms of four primary crops, namely, wheat, barley, alfalfa, and maize, in four eastern 
provinces of Iran, considering the increasing population and climate change in 2030, 2050, 
2070, and 2090.

2.2  Land use planning

Comprehensive planning of crop pattern preparation in this study was conducted in two 
stages. In the first stage, issues related to the optimization model and objective functions 
are resolved. Water and food security constraints are applied to the optimization in stage 
two.

2.2.1  Optimization model

The use of evolutionary optimization algorithms today in solving water resource optimiza-
tion problems is widespread. The NSGA-II is an evolutionary algorithm that solves multi-
objective optimization problems (Deb 1999). The optimization process of the NSGA-II has 
five steps: (1) a random population of chromosomes (i.e., possible solutions) is generated 
in the first iteration, (2) objective performance values of all the chromosomes are calcu-
lated and evaluated, and (3) the best chromosomes (parent solutions) are selected using a 
selection operator based on two criteria: (a) rank and (b) crowding distance (Fallah-Mehdi 
Pour et  al. 2012; Sarzaeim et  al. 2017). Chromosomes that dominate others are passed 
on to the next generation as parents. Otherwise, the chromosomes that are more crowded 
become parent solutions in the new generation of possible solutions. (4) Employ a crosso-
ver operator (Deb and Agrawal 1995), and (5) employ a mutation operator (Deb and Goyal 
1996). Steps (4) and (5) generate offspring (new solutions) that are added to parent solu-
tions in step (3) to form the next generation of possible solutions in each algorithmic itera-
tion. The possible solutions are improved from one generation to the next until a stopping 
criterion is satisfied in the algorithmic search for an optimal solution.
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Two general-purpose objective functions are considered in this study’s optimization prob-
lem. Firstly, the amount of virtual water consumed in the study region is minimized, and, sec-
ondly, the sum of the area farms’ income is maximized. The objective functions and applied 
constraints are listed in Eqs. (2–5):

Minimize virtual water use:

Maximizing the sum of the farm areas’ income:

Subjected to:

where f1 = total amount of virtual water used to produce the crops under study  (m3); 
f2 = total sum of income of farm areas (Iranian Rials),  VWCij = amount of virtual water 
in crop j in farm area i  (m3/kg),  Aij = area of crop j in farming area i (ha), i = farming area 
index; I = the number of farming areas (56 in this study), j = crop index, J = number of 
crops (4 in this study);  ati = area available for cultivation of all crops in the farming area i 
under current climatic conditions (ha), Yij = j yield of crop j in the farming area i (kg/ha), 
k = upper limit coefficient of cultivated area (a fraction specified by expert opinion), and 
Tij = average annual revenue from of crop j in farm area i (Iranian Rial).

2.2.2  Water and food security

The amount of available water in each farming area is calculated. The magnitude of the UN 
severe water crisis index (i.e., using more than 40% of the total available water constitutes a 
severe crisis) is imposed as a constraint according to Eq. (6).

where  VWCij = amount of virtual water of crop j in farm area i  (m3/kg), Aij = area of crop 
j in the farm area i(ha), Yij = yield of crop j in farm area i under climate change in (kg/ha), 
and  WTi = usable water based on the water safety index  (m3).

Food security considerations are expressed for wheat, barley, alfalfa, and maize. Food 
supply for four eastern provinces of Iran featuring population growth is a particular concern. 
Accordingly, the sum of these provinces’ cereals productions in the horizons of the 2030s, 
2050s, 2070s, and 2090s is imposed as food security constraints:

(2)min f1 =

I
∑

i=1

J
∑

j=1

VWCij.Yij.Aij

(3)min f2 =

I
∑

i=1

[

J
∑

j=1

(

Tij.Yij.Aij

)

]

(4)
J
∑

j=1

Aij ≤ k ⋅ atifor all i = 1, 2,… , I and j = 1, 2,… , J

(5)Aij ≥ 0for all i = 1, 2,… , I and j = 1, 2,… , J

(6)
∑J

j=1
VWCij ∙ Yij ∙ Aij ≤ WTi for all i = 1, 2,… , I and j = 1, 2,… , J

(7)
∑I

i=1
Yij ∙ Aij ≤ Wj for all i = 1, 2,… , I and j = 1, 2,… , J
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where Aij = area under crop j in farm area i(ha), Yij = yield of crop j in farm area i under cli-
mate change (kg/ha), and Wj = minimum production of crop j with regard to food security 
(kg).

3  Case study

The study area consists of 4 eastern provinces (North Khorasan, Khorasan Razavi, South 
Khorasan, and Sistan-Baluchestan), encompassing 56 farm areas. The study region has an 
area of about 424,455 square kilometers, located between 55° 42′ and 63°28′ east longi-
tude, and between 25°6′ and 38° 33′ north latitude (Fig. 4). The average elevation of the 
study region is 1200 m above sea level. The elevations of the study region include the east-
ern part of the Alborz mountain chain and the highlands of eastern Iran.

The mean annual temperature increases from north to south within the study area. The 
average annual temperature varies from 12 °C in the mountainous areas of North Khorasan 
Province to 29 °C in the coastal areas of Sistan-Baluchestan province. The mean long-term 
annual precipitation varies from more than 400 mm in the northern latitudes to less than 
100 mm in the southern latitudes and the Oman sea coast. The average surface air tempera-
ture and mean precipitation projections under climate change are shown in Table 1.

The areas of wheat, barley, alfalfa, and maize under cultivation are 16%, 25%, 9%, and 
17% of the total area under cultivation in Iran, respectively, and their yields represent, 
respectively, 11%, 18%, 13%, and 17% of Iran’s total cereal production. The crop yields 
and virtual water contents of the crops under climate change are shown in Fig. 3, reported 
by Arefinia et al. (2021) (Fig. 4).

4  Results and discussion

A 40% available water usage (this is the United Nations threshold for severe water crisis) in 
each farm area was imposed as a constraint to maintain water security, while the total cere-
als production in the region to preserve the food security of the whole country considering 
population growth was imposed as a food security constraint. The optimization problem 
results in the 2030s, 2050s, 2070s, and 2090s under RCPs 2.6, 4.5, and 8.5 are displayed in 
Fig. 5.

Figure 5 depicts 12 Pareto fronts are plotted for the three RCPs over four study periods. 
Each Pareto front represents the combination of optimal values for the objective functions, 
which imply an optimal cropping pattern for its corresponding conditions. The range of 
values of the first objective function is 3.7 to 7.3 (×  106) cubic meters. The range of values 

Table 1  Change in temperature 
(ΔT) and precipitation (ΔP) 
under climate change relative to 
a baseline period (1986–2005) in 
eastern Iran (data from Arefinia 
et al. 2021)

Period ΔT (oC) ΔP (mm)

RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5

2030s 1.11 1.21 1.50 19.56 12.03 26.29
2050s 1.45 1.81 2.30 17.00 − 0.51 30.65
2070s 1.39 1.91 3.31 16.54 23.61 4.98
2090s 1.39 2.26 4.31 19.01 0.68 − 1.14
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Fig. 3  Schematic of the results for the VWC and yield data under climate change conditions (data from Are-
finia et al. 2021)

Fig. 4  Map of the study area
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of the second objective function is 1.73 to 2.32 billion Iranian Rials, which represents the 
range of virtual water content considering factors inherent to quality of life, employment, 
food production, available water levels, and population growth.

Figure 5 displays a comparison of RCPs 2.4, 4.5, and 8.5 shows that the maximum val-
ues of f1 and f2 have an increasing and decreasing trend (deterioration of the maximum 
response value), respectively. Increasing greenhouse gas emissions based on RCPs 2.4, 4.5, 
and 8.5 would raise the average temperature (Table 1), with a concomitant rise of the total 
virtual water use (based on Arefinia et  al. 2021). Therefore, the maximum f1 increases. 
On the other hand, reducing the total amount of crop yield (based on Arefinia et al. 2021) 
reduces the maximum value of f2.

It is seen in Fig. 5 that the temporal trend of the objective functions from 2030 to 2090 
based on the RCPs 2.6, 4.5, and 8.5 shows that, firstly, increasing population demand crop 
production (Table 2) means that the minimum values of f1 and f2 would increase. Second, 
given the downward trend in overall crop yield (based on Arefinia et al. 2021), the maxi-
mum value of f2 based on all RCPs has a downward trend. However, the lack of trends in 

Fig. 5  Pareto fronts a 2030s, b 2050s, c 2070s, and d 2090s while considering water and food security con-
straints
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average rainfall (Table 1) means that changes in the maximum f1 values from the beginning 
of the 2030s to the end of the 2090s are constant with respect to all the RCPs.

The increase in population leads to a significant increase in demand for cereals as one 
approaches the end of the 2030s; it would be more than double the current amount by the 
end of the twenty-first century. Table 2 lists the estimated minimum production require-
ments for the products understudy in the 20-year 2030s, 2050s, 2070s, and 2090s intervals. 
It is seen in Table  2 that as the population grows, the need for crops increases. Never-
theless, the climatic projections in the study area indicate unsuitable conditions to meet 
the more significant level of production. Our results demonstrate that the achievable pro-
duction in the 2050s, 2070s, and 2090s intervals equal 89%, 73%, and 48% of the crop 
demands, respectively.

5  Concluding remarks

Water and food shortages are a calamity affecting many arid and semi-arid countries, espe-
cially in middle-eastern countries. This study presents an approach to choosing cropping 
patterns considering the impacts of climate change on different water resources sectors, 
such as water and food security, using the concept of virtual water. The results demonstrate 
that the optimization model produces optimal cropping patterns under climate change con-
ditions, summarized in 12 Pareto fronts for three RCPs in the future periods.

This work’s results indicate that with the increase of greenhouse gas emissions based on 
the RCPS 2.6, 4.5, 8.5 the virtual water content would increase and the maximum farmers’ 
income would decrease, auguring a deterioration of conditions over time. The warming 
surface temperature coupled with population growth was identified as a critical factor in 
this regard.

Population growth calls for larger future cereals production. However, future climatic 
projections in the study area indicate unsuitable conditions to support the more signifi-
cant level of cereals production. Our analysis indicates that the achievable levels of crop 
production in the 2050s, 2070s, and 2090s, respectively, equal 89%, 73%, and 48% of the 
actual needs. Additional adaptive measures must be adapted to ensure food and water secu-
rity in the study region.
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