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Abstract
Confronting climate change is a daunting challenge that requires policies for climate
adaptation in the field of water resources management. This paper proposes a method
for reservoir operation associated with climate-change projections aimed at ensuring the
sustainability of agricultural water supply. The method is applied to the Aidoghmoush
reservoir in East Azerbaijan province (Iran) employing climate-change projections for
2040–2069, and compares the future-period results with those calculated for the base-
line period (1971–2000). The water-supply system depending on the Aidoghmoush
reservoir is simulated using the climate-change projections. The water-supply system
simulations are ranked with two multi-criteria decision-making (MCDM) methods
according to their suitability for satisfying agricultural water demands and sustain
cropping patterns. These are the multi-criteria optimization and compromise resolution
(VIKOR) and the Fuzzy Order Weighted Average (FOWA) MCDM methods. The
MCDM methods identify the best water-supply management alternatives for climate-
change adaptation.

Keywords Water evaluation and planning (WEAP) . Climate change adaptation strategies .

Decision-making criteria . Multi-criteria decisionmaking . VIKORmethod . FOWAmethod

Water Resources Management (2019) 33:2867–2884
https://doi.org/10.1007/s11269-019-02274-z

* Parisa-Sadat Ashofteh
ps.ashofteh@qom.ac.ir

Parvin Golfam
P.Golfam@stu.qom.ac.ir; golfam.parvin@gmail.com

Hugo A. Loáiciga
hloaiciga@ucsb.edu

1 Department of Civil Engineering, University of Qom, Qom, Iran
2 Department of Geography, University of California, Santa Barbara, CA 93016-4060, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11269-019-02274-z&domain=pdf
http://orcid.org/0000-0003-2561-0510
mailto:ps.ashofteh@qom.ac.ir


1 Introduction

The topic of adaptation of water resources management to population growth and climate
change has garnered widespread attention. Varanou et al. (2002) reported the regional impact
of climate change on water quantity and quality issues in the Ali Efenti Basin in central Greece
relying on the soil and water assessment tool (SWAT) model. Kundzewicz et al. (2006)
analyzed future changes in precipitation and the duration of dry spells over the European
continent. Krol et al. (2011) assessed the impacts of climate-change on the water availability in
reservoirs of northeastern Brazil. Several studies have proposed water-resources adaptation
strategies to climate change. Raskin et al. (1992) implemented the Water Evaluation and
Planning (WEAP) model for simulating current water balances and evaluating water
management strategies in the Aral Sea region. Farajzadeh et al. (2014) evaluated the impacts
of climate change on water supply reliability and allocation in the Karkheh river basin, Iran.
Choosing among alternative adaptation strategies is aided by multi-criteria decision-making
(MCDM) methods. Tecle (1988) identified more than 70 decision-making methods. Denpontin
et al. (1983) provided a list of decision-making methods and stated that creating a compre-
hensive framework for implementing these methods is challenging because decision making
studies have broad diversity in terms of quality, quantity, and accuracy.

The use of MCDM methods for choosing optimal water management strategies has
received in-depth attention in the field of water resources systems. Jaber and Mohsen (2001)
proposed strategies and measures to alleviate and overcome water scarcity in Jordan. The latter
authors implemented the Analytic Hierarchy Process (AHP) to conclude that water desalina-
tion was the most promising water resource, followed by water harvesting. Abrishamchi et al.
(2005) managed the urban water system of the City of Zahidan, Iran, employing compromise
programming. Their results revealed compromise programming identified suitable and
comprehensive urban water management plans. Kim and Chung (2014) introduced an
index-based robust decision-making framework for watershed management under climate
change. Their framework considered the uncertainty inherent in climate models and climate
change scenarios employing the minimax regret strategy. The latter authors applied their
framework to an urban watershed in Korea. Studies show that so far, other research has not
been conducted using two methods of decision making of VIKOR and FOWA in water
resources management in order to prioritize and choose the best adaptation strategy for climate
change. However, the VIKOR multi-criteria decision-making method has been used in other
management fields, such as selection of material (Jahan et al. 2011), improving the quality of
airline services in Taiwan (Liou et al. 2011), choosing the best fiber concentration in food
systems (Ansarifar et al. 2019), selection of materials for the repair of concrete structures
(Kiani et al. 2018), prioritizing strategic environmental assessment (SEA) alternatives in the
long-term plan for building a dam in Korea (Kim et al. 2015), selection of renewable energy
project (Cristóbal 2011), prioritization of land use conservation strategies in the reservoir basin
(Chang and Hsu 2009).

In the present study, the aim is to find the best strategy to adapt to the phenomenon of
climate change in the Aidoghmoush basin in East Azerbaijan province in Iran. Because the
agricultural sector is the largest water user in the basin, climate change adaptation scenarios
have been developed for this area. In order to rank and select the best strategy to adapt to the
phenomenon of climate change, a powerful multi-criteria decision tool was used. In this study,
two methods of decision making, VIKOR and FOWAwere applied. This work introduces an
approach for selecting sustainable cropping pattern under climate change conditions. The
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approach is applied to the agricultural regions downstream of Aidoghmoush reservoir in East
Azerbaijan province, Iran. Climate-change projections are made for the period 2040–2069.
Cropping patterns are vetted using the WEAP model leading to the calculation of decision-
making indexes. The VIKOR and FOWA MCDM methods are implemented to select the
optimal agricultural management strategy under climate-change conditions.

2 Methodology

This paper presents a methodology for selecting the water-resources management policies in
semi-arid regions to cope with climate change. Five climate-change adaptation scenarios are
defined, and the WEAP model is implemented to simulate the scenarios in 2040–2069 and to
calculate the values of seven decision-making criteria. The VIKOR and FOWA decision-
making methods were implemented to vet the adaptation scenarios (the management alterna-
tives) and the decision-making criteria. This paper’s methodology is depicted in Fig. 1.

2.1 Climate Projections and Impacts on Water Resources and Agricultural Water
Consumption

Projections of surface air temperature and precipitation in the study area were made with
the HadCM3 climatic model employing the A2 scenario of greenhouse gases emissions
(International Panel on Climate Change, IPCC 2007). The temperature and precipitation
projections were downscaled to the basin scale with the method of temperature
differences and precipitation ratios of Wilby and Harris (2006) aided by measurements
of temperature and precipitation made during the baseline interval (1971–2000) (see also,
IPCC-TGCIA 1999). The downscaled temperature and precipitation projections were
input to the IHACRES hydrologic model to simulate runoff, and to calculate crops
consumptive use (of water) with the CROPWAT model. The results of the climate
projections and agricultural consumptive use in the study area were reported by Ashofteh
(2015). Those projections indicate the temperature in the Aidoghmoush basin would
increase in the future period (2040–2069) from 1.7 to 3.9 °C in comparison with the
baseline period (See Table 1). Also, the range of rainfall variations in the future period
would be between −39 and 28% relative to the baseline period (Table 1). This means the

Determine the effects of climate change on water  

resources and consumptive use using HadCM3, 

IHACRES, and CROPWAT models
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model
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Fig. 1 The flowchart of the proposed methodology
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average monthly long-term temperature in the future period is about 23% higher than in
the baseline period. The average monthly long-term precipitation in the future period
would be about 12% lower than in the baseline period. The average monthly long-term
inflow into the reservoir during the future period would be reduced by about 25%
relative to the baseline period (See Fig. 2). The average annual volume of water demand
in the future period would increase by about 20% compared to the baseline period (Fig.
2). The increasing future water demand calls for reservoir operation adaptive to a
changing climate.

Table 1 Climate change scenario
for temperature and rainfall from
HadCM3 model under A2

Month ΔT(°C) ΔP (%)

Jan 2.4 13.0
Feb 1.8 −1.3
Mar 1.9 21.2
Apr 2.5 −2.9
May 2.3 −18.3
Jun 3.0 −37.0
Jul 3.6 −21.4
Aug 3.9 −39.4
Sep 3.1 −29.5
Oct 2.9 3.8
Nov 1.7 28.7
Dec 1.8 14.5

Fig. 2 Comparison of inflow and demand for period of a baseline and b futures
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2.2 Integrated Water Resources Management with the WEAP Model

The WEAP simulation model (Sieber et al. 2005) is implemented to assess the performance of
the water supply system under current conditions and in the future period of analysis
influenced by climate change. The WEAP model is an integrated water resources planning
and management tool with which to evaluate water policies. The features of this model are
comprehensiveness, capability to evaluate policies based on cost, benefit, and environmental
indexes, capability for data exchange with other software, and capability to create water plans
tailored to the needs of the user. The WEAP model operates based on the equations of water
balance. The WEAP model is a type of decision support system (DSS) that can implement
standard operating policies (SOPs) to reservoir operation.

2.3 Decision-Making Criteria

The long-term planning results obtained with the WEAP model are quantified in the form of
decision-making criteria. These criteria vary according to the type of problem being solved. The
vulnerability, time reliability, resilience and sustainability of the water-supply system are frequently
used criteria in reservoir operation studies. In addition to the four cited criteria this work quantifies
the volume reliability, index of supply to demand, and availability criteria. The Appendix presents
the equations for the decision-making criteria expressed in terms of quantitative indexes.

2.4 MCDM Models

Decision-making methods are classified as Multi Objective Decision-Making (MODM) and
Multi Attribute Decision-Making (MADM) methods. The MODM methods select Pareto
fronts to satisfy multiple objectives. MADM methods select the best alternative among
proposed alternatives and are commonly used in management studies. There are numerous
MCDM methods. This work implements the VIKOR and FOWA methods to determine the
best alternative for managing water supply systems under climate-change conditions.

2.5 The VIKOR Method

Opricovic (1998) introduced the VIKOR method for solving problems in discrete spaces with
conflicting and sometimes contradictory criteria. VIKOR is the Serbian acronym for multi-
criteria optimization and compromise resolution. This method focuses on grouping and
selecting management alternatives from a set of alternatives, and it finds compromise solutions
for a problem with diverse criteria. The compromise solution is the closest solution to the ideal
solution (see Fig. 3 for depiction of ideal and compromise solutions). The steps of the VIKOR
method are described below.

2.6 Calculation of the Decision Matrix Based on Criteria and Alternatives

A decision matrix is formed taking into account n criteria and mmanagement alternatives. The
decision-making matrix is calculated in normalized form with Eq. (1):

f ij ¼
xij

∑m
i¼1xij

i ¼ 1; 2;⋯;m; j ¼ 1; 2;⋯; n ð1Þ

Evaluation of the VIKOR and FOWA Multi-Criteria Decision Making Methods... 2871



in which, xij = performance of alternative i according to criterion j; and fij = ith, jth element of
the normalized decision matrix.

2.7 Determination of the Best and Worst Criteria Values

The best (worst) value of a criterion that represents a benefit (say, agricultural revenue) is its
largest (smallest) value. The opposite holds true for a criterion that reduces benefit, such as a
production cost, i.e., its best (worst) value is its smallest (largest) value. The best and worst
values of a criterion representing a benefit are calculated with the following equations:

f *j ¼ maximum f ij; i ¼ 1; 2;⋯;m
� �

j ¼ 1; 2;⋯; n ð2Þ

f −j ¼ minimum f ij; i ¼ 1; 2;⋯;m
� �

j ¼ 1; 2;⋯; n ð3Þ

in which, fij = the ith, jth element of the weighted normalized matrix; f *j = the best value of
criterion j; and f −j = the worst value of criterion j.

2.8 Determination of Two Normalized Distances

The VIKOR method defines a normalized (group utility) distance as follows:

Si ¼ ∑
n

j¼1
W j⋅

f *j− f ij
f *j− f

−
j

i ¼ 1; 2;⋯;m ð4Þ

in which Wj =weights of criteria expressing the decision makers’ preferences in terms of the
relative importance of the criteria that can be assigned with the analytic hierarchy process
(AHP) or using Shannon’s entropy. The minimum and maximum values of the normalized

Fig. 3 The difference between the ideal (F*) and the compromise (FC) solutions (VIKOR method)
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distances defined by Eq. (4) are denoted by S∗ and S−, respectively. The minimum Si represents
the maximum utility for the majority of decision makers.

The VIKOR method defines a normalized individual (regret) distance as follows:

Ri ¼ maximum W j⋅
f *j− f ij
f *j− f

−
j

" #
i ¼ 1; 2;⋯;m ð5Þ

The minimum and maximum values of the normalized distance defined by Eq. (5) are denoted
by R∗ and R−, respectively. The minimum Ri expresses the smallest individual regret of an
opponent to the water management alternatives.

2.9 Calculation of the VIKOR Index

The VIKOR index is calculated with the following equation:

Qi ¼ J ⋅
Si−S*

S−−S*

� �
þ 1−Jð Þ⋅ Ri−R*

R−−R*

� �
i ¼ 1; 2;⋯;m ð6Þ

in which J =weight representing maximum group utility (in the range [0, 1]).

2.10 Determination of the Best Management Alternative

Themanagement alternatives are ranked sorting by the values S [group utility given by Eq. (4)],R
[individual regret given by Eq. (5)], and Q [VIKOR index given by Eq. (6)] in ascending order.
These produce three ranking lists. Propose as a compromise solution the alternative A1 which is
the best ranked by the measure Q (minimum) if the following two conditions are satisfied:

(a) Acceptable advantage: If alternatives A1 and A2 are respectively ranked first and second
bests according to the VIKOR index the following equation must hold:

Q A2ð Þ−Q A1ð Þ≥ 1

m−1
ð7Þ

in which Q(A1) and Q(A2) = the VIKOR indexes of alternatives A1 and A2, respectively.

(b) Acceptable stability: alternative A1 must also be the best ranked according to the
measures of utility (S) and regret (Q).Alternatives A1 and A2 are both chosen as best if
one or both of conditions (a) and (b) are not met.

2.11 The Fuzzy Ordered Weighted Averaging (FOWA) Method

This method was introduced by Yager (1993). The FOWA is applied in group decision-making
to reach consensus among expert opinion makers. The FOWA calculates weights for manage-
ment alternatives as follows (Yager 1993):

wj ¼ F⋅
j
n

� �
−F⋅

j−1
n

� �
j ¼ 1; 2;⋯; n ð8Þ
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in which, j = index (decision-making criterion) number; n = number of indexes; wj =weight of
index j; and F = linguistic quantifier. The linguistic quantifier measures fuzzy majority. It is
computed as follows:

F rð Þ ¼
0 r < a
r−a
b−a

a≤r≤b
1 r > a

8><
>: ð9Þ

in which, (a, b) = quantifier domain. The (fuzzy) linguistic quantifierF may be Bat least half^,
Bmaximum^, or Bas far as possible^, which correspond to the ranges (0, 0.5), (0.3, 0.8), and
(0.5, 1), respectively, and indicate respectively decision-makers who are optimistic, have
neutral opinion, or are pessimistic about a management alternative. The argument r is supplied
by decision makers. The weights in Eq. (8) are calculated and they multiply the elements of the
normalized criteria matrix [see Eq. (1)]. The cumulative values are calculated for each
management alternative. The quality of alternatives increases with increasing cumulative
value. This procedure is illustrated in the Section 4.

The FOWA operator is a developed OWA operator that uses fuzzy numbers to consider the
uncertainty of the data. If Ψ is a set of fuzzy numbers the mapping of the FOWA operator with
the dimension n is as follows:

FOWA : ψn→ψ ð10Þ
The weighted vector related to w has dimension n [see Eqs. (11) and (12)]:

wj∈ 0; 1½ �; ∑
n

j¼1
wj ¼ 1 ð11Þ

FOWA ~a1; ~a2; :::; ~an
� �

¼ ∑
n

j¼1
wjb j ð12Þ

in which, ~ai = Fuzzy numbers, and bj = the j-th largest value of the ~ai.

3 Study Area, Creation of Adaptation Scenarios

The section describes the study area and climate scenarios.

3.1 The Study Area

Figure 4 show the study area (the Aidoghmoush basin) in East Azerbaijan province in
northwestern Iran (Ashofteh et al. 2015, 2017). The Aidoghmoush River flows into the
Ghezelozan River. Characteristics of the basin, reservoir, and its downstream irrigation
network are listed in Table 2.

3.2 Adaptation Policies to Climate Change

The agricultural sector is the main water user in the study area. The effects of climate
change on the agricultural sector are not limited to water supply. They impact crops
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Fig. 4 Study area

Table 2 Basin, reservoir, and downstream irrigation network characteristics

Basin characteristic Information

Geographic profile and area Longitude = 46o 52′ to 47o 45′ (east)
Latitude = 36o 43′ to 37o 26′ (north)
Basin area = 1802 km2

Ruggedness index Maximum elevation = 3605 m
Minimum elevation = 1043
Maximum slope = 36.5%
Minimum slope = 0.2%

Aidoghmoush reservoir Normal level = 1341.5 m
Useful volume = 137 (106 m3)
Dead volume = 7.8 (106 m3)
Total Capacity = 145.7 (106 m3)
Annual discharge = 190 (106 m3)

Downstream reservoir network Area under cultivation = 13,500 ha
Number of meteorology stations Rain gauges = 11

Climatology = 1
Synoptic = 1
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under cultivation insofar as growth and yield are concerned. The agricultural sector is
one of the main contributors to economic productivity in the study area. This work
assessed adaptation strategies corresponding to five scenarios of agricultural water use
modification. The first, second, third, fourth, and fifth scenarios correspond to reducing
water use by 4, 9, 13, 18, and 23% relative to the baseline condition, which consider
climate-change adaptation. The five water-reduction scenarios and their corresponding
cropping patterns are displayed in Fig. 5. This study does not address the economic value
of crops. Rather, this paper focuses on matching of irrigation water requirement with
available water resources. The values of the criteria at the baseline time interval (without
climate change) are listed in Table 3.

4 Results and Discussion

4.1 Results of the WEAP Model

The average annual volume of water consumption in the climate change period was
calculated to be 19% larger than in the baseline period downstream of the Aidoghmoush
reservoir. At the same time the water resources under climate change would decrease by
23% compared to the baseline period. This suggests future water resources would be
inadequate, and the basins water system would face water shortages. Adaptation must be
made to confront the impending water scarcity. Figure 6 shows the long-term monthly
water demand in the climate change period corresponding to the five water-use scenarios.
Figure 6 also displays the agricultural water use without applying adaptive strategies.
Figure 5 indicates the volume of agricultural water consumption associated with climate
change without applying adaptation strategies would be the largest. The long-term
average monthly water consumption in the climate change period would be 15.5
(×106 m3) without adaptation. This compares with long-term average monthly water
consumption in the baseline period equal to 13.1 (×106 m3). Declining reservoir inflow

Fig. 5 Water-reduction scenarios and corresponding cropping patterns
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necessitates adaptation by reducing long-term average monthly demand by 14.8, 14.1,
13.3, 12.6 and 11.9 (×106 m3) according to scenarios 1, 2, 3, 4, and 5, respectively. These
volumes of water correspond to 4, 9, 13, 18, and 23% reduction of baseline crop water
consumption, respectively.

4.2 Comparison of Decision-Making Criteria

Values of the decision-making criteria were calculated with the WEAP model and are
listed in Table 3. Figure 7 shows the calculated changes in decision-making criteria
during 2040–2069 without and with adaptation scenarios. Table 3 and Fig. 4 indicate

Table 3 Comparison of calculated decision-making criteria corresponding to water-use scenarios

Scenario Criterion (%)

Time
reliability

Vulnerability Resiliency Sustainability Volume
reliability

Availability Supply to
demand

At the baseline 92 4 43 38 86 89.2 86
Without adaptation

strategy
76 11 29 19 64.6 72.5 64.6

Applying the first
adaptation
scenario

79 10 33 23 65.1 75.8 65.1

Applying the
second adaptation
scenario

80 9 34 25 68 77.5 68

Applying the third
adaptation
scenario

82 8 35 26 71.2 78.6 71.2

Applying the fourth
adaptation
scenario

83 7 35 27 74.4 80.3 74.4

Applying the fifth
adaptation
scenario

86 6 33 28 77.8 84 77.8

Fig. 6 Comparison of the volume of water demand with and without adaptation strategies under five scenarios
under climate change
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the decision-making criteria feature the worst values without adaptation strategy, and
they improve as the amount of water demand decreases with increasing scenario
number. It is evident the decision-making criteria would improve during the climate
change period by applying adaptation scenarios to climate change, which reduce the
agricultural demand. Table 4 lists the change in the values of the decision-making
criteria caused by the adaptation strategies corresponding to the five water-reduction
scenarios. The changes shown in Table 4 reaffirm the gains that would be produced by
the adaptation scenarios relative to the Bdo nothing^ policy.

4.3 Results of the VIKOR Method

Table 5 list the results for the VIKOR method for each adaptation scenario. It is seen in
Table 6 the VIKOR values (group utility, individual regret, and VIKOR index) improve,
that is, become smaller, as the reduction of agricultural water demand increases with
increasing with scenario number. The values of the VIKOR index listed in Table 5 were

Fig. 7 Changes in decision-making criteria with and without adaptation strategy under climate change

Table 4 Criteria change with application of adaptation strategies and without application of adaptation strategies

Scenarios Criterion (%)

Time
reliability

Vulnerability Resiliency Sustainability Volume
reliability

Availability Supply to
demand

First +4 −2 +13 +19 +1 +4 +1
Second +6 −10 +18 +27 +5 +6 +5
Third +8 −19 +19 +32 +10 +8 +10
Fourth +10 −28 +20 +37 +15 +10 +15
Fifth +14 −37 +15 +39 +20 +15 +20

Positive and negative signs indicate an increase and decrease of the decision-making criteria, respectively
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calculated with J = 0.5in Eq. (7). The VIKOR index constitutes the overall ranking of
scenarios. It is seen in Table 5 the fifth scenario (i.e., reduction of water consumption by
23%) has the lowest index Q and it is therefore, the best strategy for climate-change
adaptation.

Figure 8 displays the values of the group utility (S), individual regret (R), and VIKOR
index (Q) corresponding to the five scenarios of water reduction. Figure 8 affirms the findings
listed in Table 5: the quality of the alternatives or scenarios increases with increasing number
of scenario. Scenario 5 being the best alternative in this case with Q = 0.

4.4 Results of the FOWA Method

The weights of the decision-making criteria or indexes were calculated with Eqs. (8) and (9)
and are listed in Table 6. The weights multiplied the elements of the normalized criteria matrix
and the cumulative values for the five scenarios or management alternatives were calculated.
They are listed in Table 7. These results show improving quality of the scenarios with
increasing scenario number.

The results of the FOWA method are displayed in Fig. 9. The cumulative value obtained
corresponding to optimistic (Bat least half^), neutral (Bmaximum^), and pessimistic (Bas far as
possible^) decision makers were obtained. The fifth scenario (23% reduction in water con-
sumption) achieved the highest cumulative value among all scenarios, thus being the best
adaptation strategy to cope with climate change.

5 Concluding Remarks

Adaptation to climate change is essential to sustain agriculture in semiarid countries,
Iran being a case in point. The HadCM3 climatic model was applied with the A2 GHG

Table 5 Regret and utility index value calculated with the VIKOR method

Scenarios Regret index (R) Utility index (S) Combination of indexes of utility and regret (Q)

First 0.66 1.54 1
Second 0.495 1.24 0.77
Third 0.33 0.87 0.52
Fourth 0.165 0.48 0.26
Fifth 0.026 0.026 0

Table 6 Weights of criteria corresponding to linguistic quantifiers

Criteria At least half (0 and 0.5) Maximum (0.3 and 0.8) As far as possible (0.5 and 1)

Sustainability 0.25 0 0
Vulnerability 0.25 0 0
Resiliency 0.25 0.15 0
Time reliability 0.25 0.25 0
Volume reliability 1 0.25 0.25
Availability 0 0.25 0.25
Supply to demand 0 0.1 0.15
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emission scenario to make climate projections of temperature and precipitation in the
(future) period 2040–2069 within the Aidoghmoush basin, Iran. The IHACRES rainfall-
runoff hydrologic model was implemented to calculate the runoff volume in the future
interval (2040–2069) relying on temperature and rainfall projections. The results of
IHACRES model indicate the average monthly reservoir inflow in the future period

Fig. 8 Changes in group utility (S), individual regret (R), and VIKOR index (Q)

Table 7 Cumulative value of scenarios corresponding to linguistic quantifiers

Scenarios At least half (0 and 0.5) Maximum (0.3 and 0.8) As far as possible (0.5 and 1)

First 0.34 0.13 0.09
Second 0.31 0.12 0.07
Third 0.40 0.16 0.14
Fourth 0.42 0.18 0.15
Fifth 0.67 0.28 0.17

The underline entries show improving quality of the fifth scenario

Fig. 9 Results of the FOWA method

2880 Golfam P. et al.



would decrease by 25% relative to the baseline time period. The CROPWAT model was
applied with the climatic projections for the study area to calculate likely crop con-
sumptive use in the future period. The CROPWAT results indicate the average annual
water demand would increase by 20% compared to the baseline period.

Simulations with the WEAP model established the decision-making criteria in the future
period without applying adaptation strategy would lead to substantially inferior performance
compared with strategies for water demand reductions under climate change. Changing the
crop pattern is one of the low-cost and effective adaptation strategies in counteracting the
adverse effects of climate change. Five scenarios of future agricultural water demand reduc-
tions were entertained in this study. Each scenario is associated with a specific crop pattern.
The VIKOR and FOWA decision-making were implemented and both provided similar
rankings for the quality of climate-change management alternatives. The alternatives’ qualities
improve with declining future demand of agricultural water. This means scenario 5, which
prescribes a 23% reduction in agricultural water demand, was found to be the best adaptation
scenario while supporting a viable crop pattern.

The results of these two methods of decision-making show that despite the same conditions
in weighting the criteria, the best alternative is different in two methods, which shows different
approaches in each method; and decision makers according to the problem and characteristic
of decision-making, can choose the most suitable method.

Compliance with Ethical Standards

Conflict of Interest None.

Appendix

Seven indexes, each corresponding to a decision criterion, are employed in this study. Their
equations and intervening variables are presented in this section.

Time Reliability Criteria

This index measures the capacity of a reservoir system to satisfy downstream water demands
(Hashimoto et al. 1982):

α ¼ N
T

ð13Þ

N ¼ ∑
T

t¼1
count Rt ≥Dtð Þ ð14Þ

where: α = time reliability index; N = the number of periods (months) in which the reservoir
release is equal or greater than the downstream water demand (the number of satisfactory states);
count = a counting function (it counts periods when releases are equal to or larger than water
demand during the operational period);Dt = the volume of downstreamwater demand in period t;
Rt = the reservoir release in period t; T = the number of operational periods (number of months).
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Vulnerability Index

This index measures the average volumetric severity of failure to meet downstream water
demands by reservoir system releases (Hashimoto et al. 1982):

ν ¼ ∑ND
t¼1jRt−Dtj
T ⋅Dmax

ð15Þ

in which ν = vulnerability index; Dmax = the maximum water demand among all the monthly
water demands in the operational period; ND = the number of months in which the reservoir
release is less than the downstream water demand, i.e., the summation on the right-hand side of
Eq. (15) applies to reservoir releases and water demands in months such that Rt <Dt.

Resiliency Index

Measures how quickly a reservoir system recovers from a water-supply deficit (water-supply
deficit is an unsatisfactory state whereby the monthly reservoir release is less than the
downstream monthly water demand) to a situation whereby the monthly water release satisfies
the monthly water demand (a satisfactory state) (this is a modified definition of resiliency of
that by Hashimoto et al. 1982):

β ¼ N
0

ND
ð16Þ

where β = resiliency index; N′ = the number of months in which a satisfactory state occurs
immediately after an unsatisfactory state; ND = the number of months in which the reservoir
release is less than the downstream water demand (this is the number of unsatisfactory states).

Sustainability Index

The sustainability index combines the reliability, vulnerability, and resiliency indexes and is
defined by the following equation (Loucks 1997):

γ ¼ αβ 1−νð Þ ð17Þ
in which γ = sustainability index.

Supply to Demand Index

This index is a ratio of the actual water supply to the total water demand and is expressed as
follows (ASCE 1998):

S ¼ ∑T
t¼1Sut
λ

ð18Þ

Sut ¼ Dt if Rt > Dt

Rt−Dtif Rt < Dt

�
ð19Þ

2882 Golfam P. et al.



λ ¼ ∑
T

t¼1
Dt ð20Þ

where S = supply to demand index; Sut = equals the water demand if the reservoir release
exceeds the water demand in period t, otherwise it equals the reservoir release minus the water
demand in period t; λ = the total volume of downstream water demand.

Volumetric Reliability

This index measures the volume of water supplied divided by the total water demand
(McMahon et al. 2006):

RV ¼ 1−
∑T

t¼1 Dt−Rtð Þ
∑T

t¼1Dt
0≤Rv≤1 ð21Þ

where RV = volume reliability index.

Availability Index

This index estimates the probability of a reservoir system supplying the downstream water
demand (Jiménez-Cisneros 1996):

ξ ¼ prob Rt ≥DtjDt > 0½ �≅ N
N0

ð22Þ

in which ξ = availability index; prob = probability of release is more than demand, provided
that demand is greater than zero; N = the number of periods in which the reservoir release
equals or exceeds the water demand, given that the water demand is nonzero; N0 = the number
of months in which the water demand is nonzero.
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