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ABSTRACT 
Water resource management in multi-reservoir systems is critical for 

meeting diverse demands while ensuring sustainability. In this study, 

we delve into optimizing the operating rule curve for such systems 

by integrating the Particle Swarm Optimization algorithm. Our 

overarching goal is to minimize relative deficiencies in water supply, 

considering both standard operating policies (SOP) and discrete two-

level hedging policies. Our case study focuses on the Great Karun 

basin, a real-world scenario where water scarcity poses significant 

challenges. By coupling the PSO algorithm with a system simulation 

model, we search for optimal hedging levels across all reservoirs and 

months. Additionally, we rigorously compare the output results of our 

combined simulation-optimization model with those obtained from a 

SOP-based simulator. Furthermore, we analyze the flow drought 

index at key points throughout the basin under both rationing and 

SOP policies. Notably, while rationing generally reduces average 

drought severity, it may inadvertently exacerbate conditions in 

severely water-stressed areas like the Dez basin. The novelty of this 

study lies in coupling PSO-based optimization with detailed system 

simulation to develop dynamic hedging policies for multi-reservoir 

drought management. Our research contributes valuable insights into 

multi-reservoir system operation, shedding light on effective 

strategies for meeting water demands while mitigating the impact of 

droughts. 
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1. Introduction  
The water resources crisis necessitates efficient utilization of 

water for various purposes, including municipal, drinking, 

agriculture, and industry. Structural facilities, such as large 

dam reservoirs, can play a crucial role in mitigating the effects 

of drought through their operational strategies [1, 2]. Reservoir 

operating policies directly impact the severity and duration of 

drought periods in watersheds that include storage reservoirs. 

While the Standard Operating Policy (SOP) ensures demand 

fulfillment, it requires adaptation during droughts [3, 4]. In this 

regard, hedging policy based on the optimum rationing strategy 

is recommended to minimize shortages and enhance reservoir 

system efficiency [5]. Although various optimization 

techniques have been proposed to achieve optimal operating 

rule curves [6], developing suitable operational strategies 

becomes more challenging when multiple purposes must be 

met across the entire basin. Real-world problems involving 

conflicting objectives—such as supplying agricultural 

demands, hydropower energy production,  
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and flood protection pose significant 

challenges [7, 8]. Meanwhile, effective 

drought mitigation measures have been 

proposed and investigated [9], extending 

beyond structural facilities. Given that 

drought, unlike other natural disasters, 

evolves over an extended period, effective 

cost reduction can be achieved by 

developing appropriate mitigation strategies, 

which should be planned meticulously, 

based on the suitable drought monitoring 

[10, 11, 12]. 

López‐Moreno et al. [13] conducted 

research focusing on the impact of reservoirs 

on hydrological droughts downstream. Their 

study evaluated how a large reservoir affects 

hydrological droughts in a border river 

shared by two countries. Li et al. [14] 

quantitatively assessed the effects of 

reservoir outlets on hydrological droughts at 

downstream stations. Guo et al. [15] 

proposed an operation rule that combines 

parametric and rationing approaches to 

mitigate severe shortages during drought 

periods in multi-reservoir water 

management. Chang et al. [16] introduced a 

specialized reservoir policy based on 

rationing to minimize losses caused by water 

scarcity during droughts. To assess flow 

dynamics, calculating Indicators of 

Hydrologic Alteration (IHA) is common 

practice. Al-Faraj et al. [17] used these 

indicators to analyze temporal changes and 

the mutual influence of upstream human 

development on consecutive basin droughts. 

In a related study, Al-Faraj et al. [18] 

investigated the effects of successive 

droughts and human activities in the 

upstream region on a semi-arid border basin. 

Wu et al. [19] proposed a valuable method 

for assessing the impact of reservoir 

operating rules during droughts on 

multiscale correlations between hydrological 

and meteorological droughts at the basin 

level. 
Men et al. [20] have made significant 

advancements in reservoir management by 

introducing the joint hedging rule as an 

improvement over the traditional rationing 

approach. They applied this novel rule to the 

Yuqiao Reservoir in Tianjin, China, and 

compared it with conventional hedging and 

standard operating policies. Meanwhile, Wu 

et al. [21] investigated the impact of 

anthropogenic regulations on hydrological 

drought development and recovery 

processes. Their findings highlight the 

reservoir operation’s influence on short-term 

drought severity reduction and duration. 

Additionally, Ahmadianfar and Zamani [22] 

explored the effects of future climate change 

on agricultural reservoir utilization. Floods 

and droughts, as natural hazards linked to 

water resources, have caused significant 

harm to human societies. Proper 

management is crucial to prevent further 

disasters related to climate change risks [23, 

24]. Meanwhile, evaluating the effects of 

climate change requires specialized methods 

to address related uncertainties [25, 26]. 

Obtaining a reliable projection of future 

runoff and streamflow across a watershed 

enables system managers to mitigate 

uncertainties and make informed decisions 

based on more accurate forecasts [27]. In a 

separate study, Ren et al. [28] emphasized 

that water and soil resource protection 

projects significantly alter river flow 

variability. These changes result from 

intricate interactions between natural 

processes and human activities, which 

remain incompletely understood. They 

investigated these interactions in a large river 

basin with multiple reservoirs to identify 

exploitation scenarios aimed at mitigating 

drought and flood effects [28]. 
In recent years, several studies have 

investigated the impact of regulating 

uncontrolled surface flows on hydrological 

drought occurrence [29, 30]. The primary 

objective of this research is to assess the 

influence of operating policies on 

hydrological drought characteristics within a 

regulated watershed. To achieve this, we 

employ hedging policies and standard 

operating policy models. Additionally, we 

extract optimal policies using the Particle 

Swarm Optimization (PSO) algorithm as an 

optimizer. The calculation of the surface 

flow drought index relies on reservoir 
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outputs from a multi-reservoir system, and 

we evaluate how operating policies affect 

this index. Given the significance of the 

Great Karun watershed’s water resources 

system in the country [3], we conduct a case 

study within this system.  
2. Case study:  

In pursuit of our research objectives, we have 

selected the Great Karun multi-reservoir 

system, consists of the Karun and Dez rivers 

in Khuzestan province, as our study area. 

The Great Karun watershed covers an 

extensive area of 67,257 square kilometers in 

the southwest of Iran and ranks among the 

most significant watersheds of the Persian 

Gulf. Approximately 67% of this basin 

comprises mountainous terrain, while the 

remaining 33% consists of high plains. Our 

investigation centers around a water 

resources system that includes six reservoir 

dams and their associated power plants, 

strategically positioned along the Dez and  
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Figure 1. Schematic diagram of the investigated system 
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Karun rivers. Additionally, tributary rivers 

such as Khersan, Cesar, and Bakhtiari 

contribute to the flow into these two main 

rivers. The system serves various purposes, 

including drinking-urban supply, 

agriculture-industry, aquaculture, 

environmental conservation, and water 

transfer [3]. The average annual water 

discharge in the Great Karun basin amounts 

to 20.4 billion cubic meters, representing 

approximately 20% of Iran’s total surface 

water resources. However, the current 

annual water demand in the region exceeds 

this, reaching 24.9 billion cubic meters. The 

vast irrigated agricultural area—spanning 

more than 755,500 hectares—makes the 

Great Karun basin a crucial food producer 

for Iran. Presently, the multi-reservoir 

system has a total storage capacity of 18.5 

billion cubic meters. Figure 1, shows the 

investigated Schematic diagram of the Great 

Karun water resources system in our study. 

3. The proposed methodology  
In this research, we utilize the Particle 

Swarm Optimization (PSO) algorithm to 

optimize the operating rule curves in a multi-

reservoir system. PSO algorithm and the 

simulation models were implemented in the 

Visual Basic for Applications (VBA) 

programming environment. Leveraging 

various operating strategies can lead to 

mitigating drought effects based on basin 

characteristics [31]. Our objective is to 

minimize the square of relative deficiencies. 

In this context, various indices have been 

recently proposed and evaluated [32]. While 

more complex indices offer greater 

capabilities, they require additional 

information for accurate calculation and 

introduce increased uncertainty, especially 

when data is scarce. In our research, we have 

chosen a well-known water shortage index, 

WSI [33, 34], as the objective function to 

determine the optimal rule curves. To 

achieve the optimum performance of the 

system, we connect the PSO algorithm to a 

system simulator based on standard 

operating policies (SOP) and discrete two-

level hedging policies. Under the discrete 

hedging policy, the reservoir volume is 

divided into three regions using two different 

rule curves [35]. When the reservoir volume 

is in the first area (above the two hedging 

levels), all demands are met. In the second 

area (between the two levels), mild hedging 

begins for lower-priority demands. For 

instance, upstream reservoirs (such as Karun 

4, Karun 3, Karun 1, and Masjed Soleyman) 

experience slight shortages in meeting 

hydropower generation demand. 

Downstream of Gotvand Dam, agriculture, 

industry, aquaculture, and transfer to 

Karkheh are also hedged. Finally, when the 

reservoir volume plus inflow falls below the 

two rationing levels (the lowest area), severe 

rationing is applied. All demands except 

Drinking demand, are significantly limited, 

and four fixed rationing coefficients (two for 

hydropower generation and two for 

downstream demands) are defined.  

The combined simulation-optimization 

model searches for optimal hedging levels 

across all reservoirs and months. We 

separately code a simulation model based on 

standard operating policies (SOP). By 

comparing the output results of this 

simulator with those of the combined 

simulation-optimization model, we assess 

the impact of the hedging policy. Within the 

hedging model, three constraints elucidate 

the operational rules of the model: 

 

 

Here, 𝑅𝑡 represents the reservoir outflow in 

time step t, 𝐼𝑛𝑡 denotes the reservoir inflow 

in period t, (S_t) represents the storage 

volume at the beginning of period t, 𝐷𝑡 

corresponds to the demand amount in period 

t, and 𝑆𝑚𝑎𝑥  represents the maximum 

𝑅𝑡 = 𝑆𝑡 + 𝐼𝑛𝑡                     if                     𝑆𝑡 + 𝐼𝑛𝑡 ≤ 𝐷𝑡    (1) 

𝑅𝑡 = 𝐷𝑡                               if                𝐷𝑡 ≤ 𝑆𝑡 + 𝐼𝑛𝑡 ≤ 𝐷𝑡 + 𝑆𝑚𝑎𝑥 (2) 

𝑅𝑡 = 𝑆𝑡 + 𝐼𝑛𝑡 − 𝑆𝑚𝑎𝑥        if                  𝑆𝑡 + 𝐼𝑛𝑡 ≥ 𝐷𝑡 + 𝑆𝑚𝑎𝑥 (3) 

https://jhs.scu.ac.ir/


S. Banitamim et. al. 

 

Journal of Hydraulic Structures  

38 

capacity of the reservoir storage volume. 

Under the standard operation policy, the 

frequency of water shortages in the water 

resources system is typically lower during 

this period. However, this approach does not 

provide control over the severity of the 

shortages. This method is approximately 

optimal whenever there is sufficient water to 

meet the planned demands [36].  

The objective function in this research is 

accounted for by the following equation. In 

fact, the optimization model seeks the 

minimum of the sum-of-squares values of 

relative deficiencies of all system demands: 

(4) 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = ∑ ∑ ∑ (
𝑅𝑗,𝑖,𝑡 − 𝐷𝑗,𝑖,𝑡

𝐷𝑗,𝑖,𝑡
)

2𝑇

𝑡=1

𝐽

𝑗=1

𝑁

𝑖=1

 

Where, 𝐷𝑗,𝑖,𝑡 represents the amount of the jth 

demand downstream of the ith reservoir 

during the period t, 𝑅𝑗,𝑖,𝑡 denotes the released 

flow for supplying the jth demand from the 

ith reservoir during the period t, The indices 

T, J, and N correspond, respectively, to the 

total number of demand sites downstream of 

each reservoir, the total length of the time 

steps, and the number of reservoirs 

throughout the multi-reservoir system. The 

decision variables in this research are the 

threshold volumes in all reservoirs and the 

different phases of rationing for each month.  

The constraints in the reservoir operation 

problem are divided into primary and 

secondary constraints [7]. The primary 

constraints must be applied in all models, 

while the secondary constraints are defined 

according to the type of problem and the 

handling of the system. The first and most 

important constraint in reservoir operation is 

the mass balance equation. Other primary 

constraints include the upper and lower 

limits for the variables of reservoir storage 

volume and release. The secondary 

constraints, which depend on the type of 

problem, can include factors such as the 

average long-term shortage and the 

maximum and minimum values of 

production in hydropower plants. The main 

equations for reservoir simulation models 

are as follows: 

     (5) 𝑆𝑖 ,𝑡+1  = 𝑆𝑖,𝑡 + 𝑄𝑖,𝑡 − 𝑅𝑖,𝑡 − 𝑆𝑝𝑖𝑙𝑙𝑖,𝑡 − 𝑙𝑜𝑠𝑠𝑖,𝑡  

 (6) 𝑆𝑖 ,𝑚𝑖𝑛 ≤  𝑆𝑖 ,𝑡+1 ≤  𝑆𝑖 ,𝑚𝑎𝑥 
   (7) 𝑆1 = 𝑆𝑇+1 

(8) 𝑅𝑖 ,𝑚𝑖𝑛 ≤  𝑅𝑖 ,𝑡 ≤  𝑅𝑖 ,𝑚𝑎𝑥 
(9) 𝑆𝑖,𝑡  , 𝑄𝑖,𝑡 , 𝑅𝑖,𝑡  , 𝑆𝑝𝑖𝑙𝑙𝑖,𝑡 ≥ 0 

In the above equations, 𝑆𝑖,𝑡  represents the 

storage volume of the ith reservoir in month 

t, 𝑄𝑖,𝑡 is the volume of water entering the ith 

reservoir in month t, 𝑅𝑖,𝑡 is the release flow 

from the ith reservoir in month t, 𝑆𝑝𝑖𝑙𝑙𝑖,𝑡 is 

the amount of spilled water from the ith 

reservoir in month t, and 𝑙𝑜𝑠𝑠𝑖,𝑡 includes 

evaporation, drainage, and leakage from the 

ith reservoir in month t. In this study, to 

reduce the volume of calculations and accept 

a certain error margin, evaporation and other 

reservoir losses are omitted. Additionally, 

𝑆𝑖 ,𝑚𝑖𝑛 is the minimum storage volume of the 

ith reservoir, 𝑆𝑖 ,𝑚𝑎𝑥 is the maximum storage 

volume of the ith reservoir, 𝑆1 is the storage 

volume of the reservoir at the beginning of 

the simulation period, and 𝑆𝑇+1 is the 

storage volume of the reservoir at the end of 

the simulation period (where T being the 

length of the simulation period). For the 

reservoir release, limits must be set to ensure 

the minimum amount of water entering the 

downstream area to control water quality, 

maintain the survival of living organisms and 

fish, and protect the downstream area from 

flooding risks [7]. Here, 𝑅𝑖 ,𝑚𝑎𝑥 is the 

maximum release flow from the ith reservoir, 

and 𝑆𝑖 ,𝑚𝑖𝑛 is the minimum release flow from 

the ith reservoir. The upper and lower limits 

of the reservoir storage volume must ensure 

the maximum volume for flood control and 

the minimum level for dead storage and 

power plant operation. Additionally, the 
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reservoir's storage volume at the beginning 

and end of the operation period should be the 

same. To ensure feasible solutions, the 

values of the reservoir storage volume, 

release flow, inlet, and overflow should 

always be greater than or equal to zero. 

In this research, a simulation model has 

been coded separately based on the Standard 

Operating Policy (SOP) in the VBA (Visual 

Basic for Applications) environment. The 

studied system is simulated using this policy 

as a baseline to investigate the performance 

of other policies. The results of the combined 

simulation-hedging optimization model are 

compared with the output of this SOP policy 

simulator as a baseline. According to the 

SOP, the release from the reservoir is based 

solely on the demand of the same period. If 

there is enough water to meet the demand, 

the reservoir output is adjusted to satisfy the 

total demand. If there is insufficient water to 

meet the demand, the entire available water 

is released. Additionally, if the available 

water exceeds the demand, the reservoir 

starts to fill, and if necessary, the excess 

water is overflowed [37]. The mathematical 

representation of this operating policy is as 

follows:  

𝑅𝑡 = 𝑆𝑡 + 𝐼𝑛𝑡                     if                     𝑆𝑡 + 𝐼𝑛𝑡 ≤ 𝐷𝑡 (10) 

𝑅𝑡 = 𝐷𝑡                              if                𝐷𝑡 ≤ 𝑆𝑡 + 𝐼𝑛𝑡 ≤ 𝐷𝑡 + 𝑆𝑚𝑎𝑥 (11) 

𝑅𝑡 = 𝑆𝑡 + 𝐼𝑛𝑡 − 𝑆𝑚𝑎𝑥        if                  𝑆𝑡 + 𝐼𝑛𝑡 ≥ 𝐷𝑡 + 𝑆𝑚𝑎𝑥 (12) 

Finally, the flow series passing through 

key points throughout the basin, based on 

both hedging and Standard Operating 

Policies (SOP), is introduced into the 

drought model. The model calculates the 

flow drought index for each of these points. 

Subsequently, we investigate the impact of 

the operation policy under each of these two 

policies on the index results at different key 

points.  

The research methodology of this study is 

outlined in a general flowchart, as depicted 

in Figure 2. 
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Figure 2. Flowchart of the proposed methodology 
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Many drought indices have been 

developed to describe and evaluate drought 

characteristics such as severity, duration, and 

temporal extent for each type of drought 

[19]. Based on the desired drought criteria, 

the intensity and duration of drought are 

expressed with an index. An index 

consolidates various meteorological and 

hydrological parameters, such as rainfall, 

temperature, evapotranspiration, runoff, and 

other indicators of water supply, into a single 

format or formula, providing a 

comprehensive tool for decision-making. 

These indicators are usually expressed as a 

single number to maximize the use of raw 

data, enhance comprehensibility, and 

empower designers and planners in their 

decision-making processes [38]. 

Hydrological drought indices such as the 

Palmer PHDSI index [39], SWSI surface 

water storage index [40], SDI surface flow 

drought index [41, 42], SRI standard runoff 

index [43], and SSI standard surface flow 

index [44] are among the most common tools 

for determining the characteristics of 

hydrological drought. The Palmer index and 

surface water storage index have received 

less attention due to their complexity and the 

extensive calculations they require. 

Therefore, an index similar to the SPI 

standardized precipitation index, called the 

SDI surface flow drought index, can be used. 

This index, based on the average monthly 

flow, was first proposed by Benzoy [41]. The 

calculation principles of the SDI index are 

the same as those of the SPI index. In this 

research, the SDI index has been used to 

investigate hydrological drought. The 

drought control points are specified in Figure 

1 as the control points for drought 

monitoring. The predetermined Control 

points, such as KP05, were chosen based on 

their strategic locations downstream of key 

reservoirs and major river confluences, 

allowing for effective monitoring of 

cumulative hydrological impacts and 

drought propagation throughout the basin. 

These points represent critical nodes for 

water allocation, operational decision-

making, and assessing downstream drought 

severity, ensuring the results directly inform 

practical management and policy 

interventions. 

To calculate the drought index of the 

streamflow, the drought index calculation 

software such as DrinC can be applied, but 

due to the impossibility of connecting this 

software to the programming code and also 

the slowing down of the simulation and 

optimization process, the calculations related 

to the SDI index was coded in the VBA 

programming environment as a drought 

model. After simulating and optimizing the 

system, the output results are given to the 

drought model to calculate the drought index 

according to these flow outputs. After 

extracting the outflow data on a monthly 

scale during a statistical period (preferably 

30 years or more), it is necessary to form a 

time series on a desired scale. Then a suitable 

statistical distribution is fitted to the time 

series of flow values. Log normal 

distribution is considered to fit the time 

series.  

If the monthly time series of flow volumes 

𝑄𝑖,𝑗  are available, the cumulative flow 

volume 𝑉𝑖,k  can be obtained. Here, i and j 

stands for the water year and month 

respectively.  

𝑉𝑖,k = ∑ 𝑄𝑖,𝑗

3𝑘

𝑗=1

   𝑖 = 1,2, …     𝑗 = 1,2, … ,12       𝑘 = 1,2,3,4 (13) 

The SDI data for analysis should ideally 

follow a normal or log-normal distribution. 

In small watersheds, flows may exhibit a 

probability distribution with skewness, 

similar to the gamma distribution. To 

address this, the distribution is transformed 

to a normal distribution [42]. Consequently, 

the surface flow drought index is calculated 

for the reference period k of the ith year, 

based on the log-normal distribution.  

In the following formulas, the two-

parameter lognormal distribution is utilized 
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for transformation. The natural logarithms of 

the cumulative flow data, with mean yK and 

standard deviation Sy,k , are taken into 

account.

SDI𝑖,𝑘 =
yi,k − yK

Sy,k
                     𝑖 = 1,2, …         𝑘 = 1,2,3,4 (14) 

yi,k = ln(Vi,k)                            𝑖 = 1,2, …         𝑘 = 1,2,3,4  (15) 

The drought status of a region is determined 

by comparing the calculated value of this 

index with the classification presented in 

Table 1.
Table 1. Drought classification according to the SDI values [45] 

SDI value Drought status  

𝑆𝐷𝐼 > 0 Non-drought 

−1 < 𝑆𝐷𝐼 < 0 Mild drought 

−1.5 < 𝑆𝐷𝐼 < −1 Moderate drought 

−2 < 𝑆𝐷𝐼 ≤ −1.5 Severe drought 

𝑆𝐷𝐼 ≤ −2 Extreme drought 

 

4. Results  
In the optimization process, the monthly 

hedging levels in the reservoirs serve as 

decision variables for the problem. Modeling 

occurs on a monthly basis, considering two 

levels of rationing in each reservoir. All 

simulation and optimization codes were 

developed and executed in VBA within the 

Microsoft Excel environment. In this study, 

rationing coefficients, based on the common 

operational standards, are fixed for meeting 

demands at each level. Consequently, the 

total number of decision variables equals 

144—representing the thresholds for 

monthly rationing across all system 

reservoirs. Repeated model executions 

revealed that achieving better results 

requires a particle count in the algorithm at 

least twice the number of decision variables. 

In this study, the model employed 576 

particles. Initially, a larger population 

significantly improved convergence speed. 

Given the problem’s complexity and 

variable count, the algorithm was iterated 

5000 times to reach convergence. Optimal 

levels are determined as upper (target level) 

and lower limits (firm level) based on the 

maximum and minimum volumes of Dez, 

Gotvand, Karun 4, Karun 3, Karun 1, and 

Masjed Soleyman reservoirs.  

4.1. System simulation results 

based on SOP and optimal hedging 

policies 
In order to evaluate the system’s 

performance under the two policies of 

optimal hedging and SOP policies, we use 

the objective function of the relative shortage 

index and performance criteria such as 

reliability, quantitative reliability, maximum 

vulnerability, and average vulnerability. 

These results demonstrate the long-term 

system performance from 1955-56 to 2014-

15, as well as its behavior during the last 10-

year drought period from 2005-06 to 2014-

15. 
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Figure 3. Comparison of reservoir performance under different exploitation policies: Left Side: Dez 

Reservoir, Right Side: Gotvand Reservoir, First Row: 

Figure 3, represents the comparative chart 

bars for performance criteria of SOP, and 

optimum HOP. The analysis of the Dez and 

Gotvand reservoirs reveals critical insights 

into the impact of multi-reservoir rationing 

on downstream water management. Gotvand 

exhibited high reliability across all sectors, 

consistently achieving near or full 

satisfaction of water demands under both 

HOP and SOP scenarios. Conversely, Dez 

experienced lower reliability, particularly in 

agriculture and aquaculture, where demand 

satisfaction rates fell below 70%. 

Quantitative reliability reinforced these 

trends, with Gotvand maintaining strong 

performance across sectors, while Dez 

struggled, especially in agriculture and 

aquaculture. Vulnerability analysis 

highlighted significant challenges for Dez, 

with maximum and average vulnerabilities 

in agricultural and aquaculture sectors 

exceeding 91% in both scenarios, 

underscoring the high risk of unmet 

demands. In contrast, Gotvand showed 

relatively low vulnerabilities, particularly in 

urban and drinking water supplies, which 

remained stable and minimally impacted. 

Overall, the findings emphasize the 

differential performance of these reservoirs 

under rationing scenarios, highlighting the 

need for targeted strategies to address 

vulnerabilities, especially for the more 

affected sectors like agriculture and 

aquaculture in the Dez system. As illustrated 

in Figure 3, the Gotvand Reservoir 

consistently achieves high reliability in 

meeting water demands across all sectors 

under both SOP and hedging policies, 

whereas the Dez Reservoir struggles 

particularly in agricultural and aquaculture 

sectors, with demand satisfaction rates 

falling below 70%. This underscores the 

greater vulnerability of Dez to shortages 

even under optimized operation. 

Comparative results for all reservoirs 

within the system are presented, with a focus 

on the Dez and Gotvand reservoirs (see 

Figure 4). Notably, both hedging and SOP 

models exhibit similar effects on the storage 

volume of the Dez reservoir. However, in 

specific months, the hedging policy leads to 

higher storage volumes than SOP. This 

difference is particularly evident in 1988 and 

1990. Interestingly, the hydropower 

production remains nearly the same between 

the two models. The output flow from the 

Dez reservoir also reflects similar behavior 

under optimum hedging and SOP policies. In 

the Gotvand Reservoir, except for the early 

years of the last 10-year period, where both 

policies yield similar storage volumes, the 

years 2007 to 2014 reveal a clear difference. 
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The hedging policy conserves more water 

during these years, resulting in increased 

hydropower generation compared to SOP. 

Furthermore, when comparing the output 

flow from the Gotvand reservoir, the 

hedging policy consistently outperforms 

SOP in meeting water demands. This 

performance disparity extends to other 

reservoirs within the Karun cascade. 

  

  

  
Figure 4. Comparison of reservoir performance under different exploitation policies: Left Side: Dez 

Reservoir, Right Side: Gotvand Reservoir, First Row: Storage volume of reservoirs, Second Row: 

Produced hydropower energy, Third Row: Output flow to meet demands 

 

Figure 4 reveals that while storage 

volumes and outflows for the Dez Reservoir 

remain similar under both policies, the 

hedging policy occasionally maintains 

higher storage in critical months. For 

Gotvand, the hedging approach provides 

notably improved storage and outflows 

during drought years, resulting in increased 

hydropower production relative to SOP. 

4.2. Results of drought assessment 

model  
A comprehensive comparative study was 

conducted for all control points within the 

system. To succinctly summarize the results, 

we focus on the last control point in the 

system (KP05, in figure 1). We calculated 

the SDI (Streamflow Drought Index) series 

for the monthly flow passing through the 

KP05 control point. Subsequently, we 

investigated the impact of reservoir 

management under both SOP policies and 

optimal hedging policy on the drought index 

series. The statistical characteristics of 

hydrological droughts at KP05 over a 60-

year period (1955-2015) were extracted and 

are presented in details in Table 2. 
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Table 2. Drought status for KP05, based on SOP and hedging policies  

 SOP (months) Hedging Policy (months) 

Mild drought 196 123 

Moderate drought 34 31 

Severe drought 39 90 

Extreme drought 34 22 

 

Table 2 demonstrates that the number of 

extreme and severe drought months at KP05 

is reduced under the hedging policy, even 

though the duration of severe droughts may 

be longer, indicating a trade-off between 

drought intensity and frequency. Based on 

the results from Table 2, we observe that 

under the SOP policy, a very severe drought 

persisted for 34 months. However, this 

duration decreased to 22 months when 

implementing the optimal hedging policy. 

Specifically, the SOP policy resulted in more 

months falling within the severe drought 

category compared to the optimal hedging 

policy. Additionally, when considering mild 

droughts, there were 196 months classified 

as mild droughts under the SOP policy, 

whereas the optimal rationing policy had 123 

months falling into this category. Table 3, 

summarizes the drought characteristics for 

KP05 control point, under both SOP and 

hedging (HOP) policies.  

Table 3. Calculated drought characteristics for KP05, based on SOP and hedging policies 

Policy ND NE Max DD Mean DD P Save SMax 

SOP 303 39 34 7 5.13 0.9 46.92 

Hedging 266 27 39 9 3.64 1.08 56.52 

 

As summarized in Table 3, the total number 

of drought months and the number of 

drought events decrease when the hedging 

policy is applied, but the average duration 

and severity of individual drought events 

increase slightly. This suggests that the 

hedging policy consolidates drought 

occurrences, resulting in fewer yet longer 

events. In this table ND is the number of total 

months of drought, DE is the number of 

observed drought events, Max DD is the 

maximum duration of the observed drought 

events (months), Mean DD is the average of 

the observed drought events (months). The 

peak of drought (P) is another studied 

characteristic that is considered to be the 

maximum absolute value of the SDI below 

the threshold level for the occurrence of 

drought. Another characteristic estimated in 

this study for drought is the drought severity 

(S), which is by definition the cumulative 

absolute value of the dimensionless SDI 

during a continuous drought event. The 

average value (Save) and the maximum value 

(SMax) of this parameter have been reported 

under two compared operating strategies. 

Based on the characteristics’ values, the 

average intensity of drought periods at this 

point is nearly 20% higher under the optimal 

hedging policy compared to the SOP policy. 

When comparing drought intensities across 

the entire period and both policies, we find 

that the peak intensity occurs in the SOP 

policy. Rationing has extended the 

maximum duration of droughts to 39 

months, whereas the SOP policy had a 

criterion of 34 months. The application of the 

hedging policy has led to greater intensity 

between drought periods than the SOP policy 

due to the increased duration of droughts. 

During the statistical period, there were 303 

months of drought based on the SOP policy 

and 266 months based on the optimal 

rationing. These findings align with similar 

research conducted by Guo et al. [15]. Their 

findings indicated that implementing an 

optimal rule of operation for a multi-

reservoir system in North China can 

effectively prevent severe shortages during 

drought periods. In contrast, another study 

conducted by Li et al. [14] concluded that the 

way reservoirs are utilized has minimal 

impact on exacerbating droughts 

downstream. Instead, the general trend of 
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hydrological droughts in downstream 

stations is primarily influenced by water 

conditions and natural weather changes, 

which are determined by variations in 

precipitation. The discrepancies in results 

may arise from differences in climatical and 

hydrological conditions across the studied 

areas. Additionally, Li et al. [14] 

investigated the impact of the presence or 

absence of a large single-reservoir system in 

the region but did not derive an optimal 

operating policy.  

 

 
Figure 5. The impacts of operating policies on the SDI drought index downstream of the reservoirs 

across 6-, and 12-month scales 

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

O
ct

 2
0

0
0

- 
M

ar
 2

0
0

1

A
p

r 
2

0
0

1
- 

Se
p

 2
0

0
1

O
ct

 2
0

0
1

- 
M

ar
 2

0
0

2

A
p

r 
2

0
0

2
- 

Se
p

 2
0

0
2

O
ct

 2
0

0
2

- 
M

ar
 2

0
0

3

A
p

r 
2

0
0

3
- 

Se
p

 2
0

0
3

O
ct

 2
0

0
3

- 
M

ar
 2

0
0

4

A
p

r 
2

0
0

4
- 

Se
p

 2
0

0
4

O
ct

 2
0

0
4

- 
M

ar
 2

0
0

5

A
p

r 
2

0
0

5
- 

Se
p

 2
0

0
5

O
ct

 2
0

0
5

- 
M

ar
 2

0
0

6

A
p

r 
2

0
0

6
- 

Se
p

 2
0

0
6

O
ct

 2
0

0
6

- 
M

ar
 2

0
0

7

A
p

r 
2

0
0

7
- 

Se
p

 2
0

0
7

O
ct

 2
0

0
7

- 
M

ar
 2

0
0

8

A
p

r 
2

0
0

8
- 

Se
p

 2
0

0
8

O
ct

 2
0

0
8

- 
M

ar
 2

0
0

9

A
p

r 
2

0
0

9
- 

Se
p

 2
0

0
9

O
ct

 2
0

0
9

- 
M

ar
 2

0
1

0

A
p

r 
2

0
1

0
- 

Se
p

 2
0

1
0

O
ct

 2
0

1
0

- 
M

ar
 2

0
1

1

A
p

r 
2

0
1

1
- 

Se
p

 2
0

1
1

O
ct

 2
0

1
1

- 
M

ar
 2

0
1

2

A
p

r 
2

0
1

2
- 

Se
p

 2
0

1
2

O
ct

 2
0

1
2

- 
M

ar
 2

0
1

3

A
p

r 
2

0
1

3
- 

Se
p

 2
0

1
3

O
ct

 2
0

1
3

- 
M

ar
 2

0
1

4

A
p

r 
2

0
1

4
- 

Se
p

 2
0

1
4

O
ct

 2
0

1
4

- 
M

ar
 2

0
1

5

A
p

r 
2

0
1

5
- 

Se
p

 2
0

1
5

6
 m

 S
D

I

6 month SDI index at point KP05

 SDI_SOP rule  SDI_HOP rule

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

O
ct

 2
0

0
0

- 
Se

p
 2

0
0

1

O
ct

 2
0

0
1

- 
Se

p
 2

0
0

2

O
ct

 2
0

0
2

- 
Se

p
 2

0
0

3

O
ct

 2
0

0
3

- 
Se

p
 2

0
0

4

O
ct

 2
0

0
4

- 
Se

p
 2

0
0

5

O
ct

 2
0

0
5

- 
Se

p
 2

0
0

6

O
ct

 2
0

0
6

- 
Se

p
 2

0
0

7

O
ct

 2
0

0
7

- 
Se

p
 2

0
0

8

O
ct

 2
0

0
8

- 
Se

p
 2

0
0

9

O
ct

 2
0

0
9

- 
Se

p
 2

0
1

0

O
ct

 2
0

1
0

- 
Se

p
 2

0
1

1

O
ct

 2
0

1
1

- 
Se

p
 2

0
1

2

O
ct

 2
0

1
2

- 
Se

p
 2

0
1

3

O
ct

 2
0

1
3

- 
Se

p
 2

0
1

4

O
ct

 2
0

1
4

- 
Se

p
 2

0
1

5

1
2

 m
 S

D
I

12 month SDI index at point KP05

SDI_SOP rule SDI_HOP rule

https://jhs.scu.ac.ir/


S. Banitamim et. al. 

 

Journal of Hydraulic Structures  

46 

 

The graphs in Figure 5 illustrate the 

differences in the impacts of two policies—

SOP and optimal rationing—on the SDI 

drought index at point KP05 (downstream of 

the reservoirs) across 6-, and 12-month 

scales. This distinction is particularly 

pronounced during the 2001-2015 period. 

The KP05, located downstream of Karun-e-

Bozorg and after major tributary 

confluences, was chosen as it reflects the 

integrated effect of all upstream reservoir 

operations and basin inflows, making it an 

ideal reference for evaluating overall system 

performance under different management 

policies. The varying scales of the SDI time 

series at control point KP05 reveal that, in 

wet years, the SOP policy lacked foresight 

for impending droughts. Consequently, the 

index under this policy often reflected 

normal conditions even in the years leading 

up to a drought. In contrast, during drought 

years, the index values under the SOP policy 

would abruptly turn negative, plunging the 

basin into a severe drought. On the other 

hand, the optimal rationing policy mitigated 

this effect by transitioning into the drought 

phase more gradually, thereby preventing 

acute shortages in the basin and averting 

severe drought conditions. Figure 5 clearly 

shows that SOP policy results in abrupt 

transitions to severe drought phases, as 

indicated by sharp drops in the SDI index, 

while the hedging policy cushions these 

impacts by enabling a more gradual entry 

into drought conditions, thus reducing the 

frequency of extreme events. 

By comparing the results across all 

control points, it becomes clear that during 

severe water shortages in the basin, the 

application of the rationing policy not only 

fails to improve the system's condition but 

may even exacerbate the basin's challenges. 

This is particularly evident at KP05, located 

downstream of Karun-e-Bozorg. At this 

location, a comparison of the impacts of the 

two policies on drought conditions and an 

analysis of the calculated drought criteria 

indicate that, for most metrics, rationing has 

not alleviated drought conditions in the 

basin. In fact, it has worsened the situation 

during certain months. Conversely, at KP04, 

downstream of Gotvand, the differences in 

the effects of applying the two policies—

rationing and SOP—on the system are 

striking. The impact of rationing on 

alleviating drought conditions downstream 

of Gotvand is particularly noteworthy.  

Based on the series of SDI indices at 

different scales, the large fluctuations in this 

index values at shorter-term scales (1, 3, and 

6 months) suggest that the impact of 

reservoir operations is limited. These 

fluctuations appear to be more strongly 

influenced by intra-annual rainfall. Although 

in certain months the differences between the 

two policies' effects on the basin are 

marginal, it can be inferred that, likely due to 

rainfall variability and its impact on 

streamflow, the basin exited the drought 

phase in some months, while experiencing 

very severe droughts in others. 

Consequently, the indices at these scales 

exhibit significant month-to-month 

variability. However, when considering the 

12-month SDI scale, the influence of 

reservoir operations on hydrological drought 

becomes more evident. 

The results of this study are generally 

consistent with recent research on multi-

reservoir drought management. For example, 

Guo et al. [15] and Chang et al. [16] 

demonstrated the effectiveness of optimized 

hedging policies in reducing the risk of 

severe shortages during droughts in complex 

reservoir systems. Similarly, Khorshidi et al. 

[8] and Ahmadianfar & Zamani [22] found 

that employing advanced optimization and 

risk-based approaches can enhance the 

performance and resilience of water systems 

under drought conditions. However, some 

studies, such as Li et al. [14] and Wu et al. 

[21], emphasize that while reservoir 

operation policies can mitigate certain 

impacts, the underlying hydrological regime 

and precipitation variability remain 

dominant factors influencing downstream 

drought (see also [28, 33]). Notably, our 

finding that hedging policies can sometimes 

increase drought severity or duration at 

specific downstream locations—such as the 
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Dez basin—aligns with these broader 

insights, highlighting the need for context-

specific strategies. Overall, this study adds 

nuance to the literature by demonstrating 

both the potential benefits and trade-offs 

associated with optimized reservoir 

operations in semi-arid basins.  

It is worth noting that the presented 

modeling approach is subject to several 

limitations. First, the simulation and 

optimization framework assume perfect 

knowledge of reservoir inflows and does not 

explicitly incorporate hydrological or 

demand forecast uncertainties, which may 

affect real-world applicability. In addition, 

secondary processes such as evaporation 

losses and operational constraints related to 

water quality and ecosystem needs were 

simplified or omitted. The use of a two-level 

hedging policy, while practical, might not 

capture all the flexibility required for 

complex, multi-purpose water systems. 

Calibration of the PSO algorithm and choice 

of control points may also influence the 

generalizability of results across different 

basin configurations. 

Future research could address these 

issues by integrating stochastic inflow 

forecasting, expanding the model to account 

for evaporation and ecological constraints, 

exploring multi-objective optimization with 

additional system performance metrics, and 

applying advanced or adaptive hedging 

strategies. Furthermore, extending the 

analysis to include socio-economic impacts 

or stakeholder-driven scenarios would 

enhance the practical value of reservoir 

operation policies in real-world water 

management contexts. 

 

5. Summary and conclusion 
In our research, the operating rule curves for 

a multi-reservoir system is optimized using 

the PSO algorithm. The primary objective is 

to minimize relative deficiencies in water 

supply. Two strategies are compared: SOP 

and discrete two-level hedging policy. The 

proposed approach is applied to a real-world 

case study, focusing on the Great Karun 

basin. By integrating the PSO algorithm with 

a system simulator, optimal hedging levels 

are searched across all reservoirs and 

months. Additionally, the impact of the 

hedging policy is assessed by comparing the 

output results of our combined simulation-

optimization model with those of a SOP-

based simulation. Furthermore, the flow 

drought index at key points throughout the 

basin is analyzed under both rationing and 

SOP policies. The results indicate that 

applying the hedging policy improves the 

system’s ability to meet demands compared 

to the SOP policy. By accepting more 

shortage periods and storing water in 

reservoirs, the rationing policy reduces 

vulnerabilities and prevents severe shortages 

and system failures during water scarcity. 

Investigating the impact of SOP policies and 

rationing at downstream points of Dez and 

Gotvand reservoirs on the flow drought 

index reveals that hedging prevents high-

intensity drought periods by increasing less 

severe drought occurrences. Moreover, 

while rationing reduces the average severity 

of droughts compared to the SOP policy, the 

SDI index results for the downstream of Dez 

reveal no improvement under the rationing 

policy. Considering the severe water 

shortage in the Dez basin, applying the 

rationing policy actually exacerbates drought 

conditions rather than improving them. This 

insight is crucial for system managers. These 

findings offer practical guidance for water 

resource managers and policymakers in 

semi-arid regions, highlighting the value of 

optimization-based reservoir operation 

strategies to enhance drought resilience and 

support more informed, adaptive decision-

making for sustainable water allocation. 

 

Funding Statement 
This research was funded by Shahid 

Chamran University of Ahvaz, under the 

grant number SCU.C1402.31254. The 

authors are grateful for the financial support 

provided. 

Conflict of Interest declaration 
The authors declare that they have no 

conflict of interest. 

https://jhs.scu.ac.ir/


S. Banitamim et. al. 

 

Journal of Hydraulic Structures  

48 

AI using declaration 
During the preparation of this manuscript the 

authors used Chat GPT for paraphrasing 

some sentences and enhancing the 

readability of the text. After using this 

tool/service, the authors reviewed and edited 

the content as needed and take full 

responsibility for the content of the 

publication. 

Author contributions declaration: 
The first idea of the research was proposed 

and polished by Seyed Mohammad Ashrafi, 

and Arash Adib. Data collection was done by 

Sama Banitamim, and Seyed Mohammad 

Ashrafi. Material preparation, model 

development, and result analysis were 

performed by Sama Banitamim under the 

supervision of Seyed Mohammad Ashrafi. 

The first draft of the manuscript was written 

by Sama Banitamim and has been edited by 

Seyed Mohammad Ashrafi, and Arash Adib, 

and all authors commented on previous 

versions of the manuscript. All authors read 

and approved the final manuscript.  

 

References 
1. Takeshima H. Distributional effects of 

agricultural infrastructure in developing 

countries: Large irrigation dams and drought 

mitigation in Nigeria. The Journal of 

Developing Areas. 2018; 52(3): 1-3. 

https://doi.org/10.1353/jda.2018.0032 

2. Adib A, Mirsalari SB, Ashrafi SM. Prediction 

of meteorological and hydrological 

phenomena in different climatic scenarios in 

the Karkheh watershed (southwest of Iran). 

Scientia Iranica. 2020 Aug 1;27(4):1814-25. 

https://doi.org/10.24200/sci.2018.50953.193

4 

3. Mohammad Ashrafi S. Two-stage 

metaheuristic mixed integer nonlinear 

programming approach to extract optimum 

hedging rules for multireservoir systems. 

Journal of Water Resources Planning and 

Management. 2021 Oct 1;147(10):04021070. 

https://doi.org/10.1061/(ASCE)WR.1943-

5452.0001460 

4. Beshavard M, Adib A, Ashrafi SM, Kisi O. 

Establishing effective warning storage to 

derive optimal reservoir operation policy 

based on the drought condition. Agricultural 

Water Management. 2022 Dec 1;274:107948. 

https://doi.org/10.1016/j.agwat.2022.107948 

5. Shih JS, ReVelle C. Water-supply operations 

during drought: Continuous hedging rule. 

Journal of Water Resources Planning and 

Management. 1994 Sep;120(5):613-29. 

https://doi.org/10.1061/(ASCE)0733-

9496(1994)120:5(613) 

6. Kangrang A, Prasanchum H, Sriworamas K, 

Ashrafi SM, Hormwichian R, 

Techarungruengsakul R, Ngamsert R. 

Application of optimization techniques for 

searching optimal reservoir rule curves: A 

Review. Water. 2023 Apr 25;15(9):1669. 

https://doi.org/10.3390/w15091669 

7. Ashrafi SM. Investigating pareto front 

extreme policies using semi-distributed 

simulation model for Great Karun River 

Basin. Journal of Hydraulic Structures. 2019 

Jun 1;5(1):75-88. 

https://doi.org/10.22055/jhs.2019.14701 

8. Khorshidi MS, Nikoo MR, Sadegh M, 

Nematollahi B. A multi-objective risk-based 

game theoretic approach to reservoir 

operation policy in potential future drought 

condition. Water Resources Management. 

2019 Apr 15;33:1999-2014. 

https://doi.org/10.1007/s11269-019-02223-w 

9. Rossi G. Drought mitigation measures: a 

comprehensive framework. InDrought and 

drought mitigation in Europe 2000 (pp. 233-

246). Dordrecht: Springer Netherlands. 

https://doi.org/10.1007/978-94-015-9472-

1_18 

10. Rossi G, Castiglione L, Bonaccorso B. 

Guidelines for planning and implementing 

drought mitigation measures. Methods and 

tools for drought analysis and management. 

2007:325-47. https://doi.org/10.1007/978-1-

4020-5924-7_16 

11. Adib A, Kashani A, Ashrafi SM. Merge L-

moment method, regional frequency analysis 

and SDI for monitoring and zoning map of 

short-term and long-term hydrologic droughts 

in the Khuzestan Province of Iran. Iranian 

Journal of Science and Technology, 

Transactions of Civil Engineering. 2021 

Dec;45(4):2681-94. 

https://doi.org/10.1007/s40996-020-00447-0 

12. Saki Malehi E, Ashrafi SM, Ghafouri HR. 

Performance evaluation of using Shannon’s 

entropy crossing time to monitor drought: A 

case study of the Karkheh. Hydrological 

Sciences Journal. 2022 Oct 3;67(13):1971-

87. 

https://doi.org/10.1080/02626667.2022.2116

981 

13. López‐Moreno JI, Vicente‐Serrano SM, 

https://jhs.scu.ac.ir/


 Assessing the Impact of Multi-Reservoir Rationing on Downstream … 

Journal of Hydraulic Structures  

49 

Beguería S, García‐Ruiz JM, Portela MM, 

Almeida AB. Dam effects on droughts 

magnitude and duration in a transboundary 

basin: The Lower River Tagus, Spain and 

Portugal. Water Resources Research. 2009 

Feb;45(2). 

https://doi.org/10.1029/2008WR007198 

14. Li S, Xiong L, Dong L, Zhang J. Effects of 

the Three Gorges Reservoir on the 

hydrological droughts at the downstream 

Yichang station during 2003–2011. 

Hydrological Processes. 2013 Dec 

30;27(26):3981-93. 

https://doi.org/10.1002/hyp.9541 

15. Guo X, Hu T, Wu C, Zhang T, Lv Y. Multi-

objective optimization of the proposed multi-

reservoir operating policy using improved 

NSPSO. Water resources management. 2013 

May;27:2137-53. 

https://doi.org/10.1007/s11269-013-0280-9 

16. Chang J, Guo A, Wang Y, Ha Y, Zhang R, 

Xue L, Tu Z. Reservoir operations to mitigate 

drought effects with a hedging policy 

triggered by the drought prevention limiting 

water level. Water Resources Research. 2019 

Feb;55(2):904-22. 

https://doi.org/10.1029/2017WR022090 

17. Al-Faraj FA, Al-Dabbagh BN. Assessment of 

collective impact of upstream watershed 

development and basin-wide successive 

droughts on downstream flow regime: The 

Lesser Zab transboundary basin. Journal of 

Hydrology. 2015 Nov 1;530:419-30. 

https://doi.org/10.1016/j.jhydrol.2015.08.019 

18. Al-Faraj FA, Tigkas D. Impacts of multi-year 

droughts and upstream human-induced 

activities on the development of a semi-arid 

transboundary basin. Water Resources 

Management. 2016 Nov;30:5131-43. 

https://doi.org/10.1007/s11269-016-1473-9  

19. Wu J, Liu Z, Yao H, Chen X, Chen X, Zheng 

Y, He Y. Impacts of reservoir operations on 

multi-scale correlations between hydrological 

drought and meteorological drought. Journal 

of Hydrology. 2018 Aug 1;563:726-36. 

https://doi.org/10.1016/j.jhydrol.2018.07.025 

20. Men B, Wu Z, Li Y, Liu H. Reservoir 

operation policy based on joint hedging rules. 

Water. 2019 Feb 26;11(3):419. 

https://doi.org/10.3390/w11030419 

21. Wu J, Chen X, Yu Z, Yao H, Li W, Zhang D. 

Assessing the impact of human regulations on 

hydrological drought development and 

recovery based on a ‘simulated-observed’ 

comparison of the SWAT model. Journal of 

Hydrology. 2019 Oct 1;577:123990. 

https://doi.org/10.1016/j.jhydrol.2019.12424

2 

22. Ahmadianfar I, Zamani R. Assessment of the 

hedging policy on reservoir operation for 

future drought conditions under climate 

change. Climatic Change. 2020 

Mar;159(2):253-68. 

https://doi.org/10.1007/s10584-020-02672-y 

23. Fasihi S, Lim WZ, Wu W, Proverbs D. 

Systematic review of flood and drought 

literature based on science mapping and 

content analysis. Water. 2021 Oct 

8;13(19):2788. 

https://doi.org/10.3390/w13192788 

24. Moazami S, Abdollahipour A, Zakeri Niri M, 

Ashrafi SM. Hydrological assessment of 

daily satellite precipitation products over a 

basin in Iran. Journal of Hydraulic Structures. 

2016 Dec 1;2(2):35-45. 

https://doi.org/10.22055/jhs.2016.12850 

25. Cai X, Zeng R, Kang WH, Song J, Valocchi 

AJ. Strategic planning for drought mitigation 

under climate change. Journal of Water 

Resources Planning and Management. 2015 

Sep 1;141(9):04015004. 

https://doi.org/10.1061/(ASCE)WR.1943-

5452.0000510 

26. Seidenfaden IK, Jensen KH, Sonnenborg TO. 

Climate change impacts and uncertainty on 

spatiotemporal variations of drought indices 

for an irrigated catchment. Journal of 

Hydrology. 2021 Oct 1;601:126814. 

https://doi.org/10.1016/j.jhydrol.2021.12681

4 

27. Sheikhi Y, Ashrafi SM, Nikoo MR, Haghighi 

A. Enhancing daily rainfall prediction in 

urban areas: a comparative study of hybrid 

artificial intelligence models with 

optimization algorithms. Applied Water 

Science. 2023 Dec;13(12):232. 

https://doi.org/10.1007/s13201-023-02036-8 

28. Ren K, Huang Q, Huang S, Ming B, Leng G. 

Identifying complex networks and operating 

scenarios for cascade water reservoirs for 

mitigating drought and flood impacts. Journal 

of Hydrology. 2021 Mar 1;594:125946. 

https://doi.org/10.1016/j.jhydrol.2020.12594

6 

29. Xing Z, Ma M, Zhang X, Leng G, Su Z, Lv J, 

Yu Z, Yi P. Altered drought propagation 

under the influence of reservoir regulation. 

Journal of Hydrology. 2021 Dec 

1;603:127049. 

https://doi.org/10.1016/j.jhydrol.2021.12704

9 

30. Zolfagharpour F, Saghafian B, Delavar M. 

https://jhs.scu.ac.ir/


S. Banitamim et. al. 

 

Journal of Hydraulic Structures  

50 

Adapting reservoir operation rules to 

hydrological drought state and environmental 

flow requirements. Journal of Hydrology. 

2021 Sep 1;600:126581. https://doi.org/ 

10.1016/j.jhydrol.2021.126581 

31. Bandyopadhyay N, Bhuiyan C, Saha AK. 

Drought mitigation: Critical analysis and 

proposal for a new drought policy with 

special reference to Gujarat (India). Progress 

in Disaster Science. 2020 Jan 1;5:100049. 

https://doi.org/10.1016/j.pdisas.2019.100049 

32. Liao R. Water scarcity assessment index from 

the realistic perspective of human basic water 

requirements. Environmental and 

Sustainability Indicators. 2024 Jun 

1;22:100404. https://doi.org/ 

10.1016/j.indic.2024.100404 

33. Zeng X, Lund JR, Cai X. Linear versus 

nonlinear (convex and concave) hedging rules 

for reservoir optimization operation. Water 

Resources Research. 2021 

Dec;57(12):e2020WR029160. 

https://doi.org/ 10.1029/2020WR029160 

34. Shiau JT. Analytical optimal hedging with 

explicit incorporation of reservoir release and 

carryover storage targets. Water resources 

research. 2011 Jan;47(1). https://doi.org/ 

10.1029/2010WR009166 

35. Taghian M, Rosbjerg D, Haghighi A, Madsen 

H. Optimization of conventional rule curves 

coupled with hedging rules for reservoir 

operation. Journal of Water Resources 

Planning and Management. 2014 May 

1;140(5):693-8. https://doi.org/ 

10.1061/(ASCE)WR.1943-5452.0000355 

36. Alimohammadi H, Massah Bavani AR, 

Roozbahani A. Mitigating the impacts of 

climate change on the performance of multi-

purpose reservoirs by changing the operation 

policy from SOP to MLDR. Water Resources 

Management. 2020 Mar;34:1495-516. 

https://doi.org/ 10.1007/s11269-020-02516-5 

37. Oliveira R, Loucks DP. Operating rules for 

multireservoir systems. Water resources 

research. 1997 Apr;33(4):839-52. 

https://doi.org/ 10.1029/96WR03745 

38. Smakhtin VU, Hughes DA. Review, 

automated estimation and analyses of drought 

indices in South Asia.  

39. Alley WM. The Palmer drought severity 

index: limitations and assumptions. Journal of 

Applied Meteorology and Climatology. 1984 

Jul;23(7):1100-9. https://doi.org/ 

10.1175/1520-0450 

40. Shafer BA. Developemnet of a surface water 

supply index (SWSI) to assess the severity of 

drought conditions in snowpack runoff areas. 

InProceedings of the 50th Annual Western 

Snow Conference, Colorado State University, 

Fort Collins, 1982. https://doi.org/ 

10.1175/1520-0442 

41. Ben-Zvi A. Indices of hydrological drought in 

Israel. Journal of hydrology. 1987 Jun 

30;92(1-2):179-91. 

https://doi.org/10.1016/0022-

1694(87)90095-3 

42. Nalbantis I, Tsakiris G. Assessment of 

hydrological drought revisited. Water 

resources management. 2009 Mar;23:881-97. 

https://doi.org/10.1007/s11269-008-9305-1 

43. Shukla S, Wood AW. Use of a standardized 

runoff index for characterizing hydrologic 

drought. Geophysical research letters. 2008 

Jan;35(2). 

https://doi.org/10.1029/2007GL032487 

44. Vicente-Serrano SM, López-Moreno JI, 

Beguería S, Lorenzo-Lacruz J, Azorin-

Molina C, Morán-Tejeda E. Accurate 

computation of a streamflow drought index. 

Journal of Hydrologic Engineering. 2012 Feb 

1;17(2):318-32. https://doi.org/ 

10.1061/(ASCE)HE.1943-5584.0000433 

45. Tigkas D, Vangelis H, Tsakiris G. DrinC: a 

software for drought analysis based on 

drought indices. Earth Science Informatics. 

2015 Sep;8:697-709. https://doi.org/ 

10.1007/s12145-014-0178-y  

 

 
© 2025 by the authors. Licensee SCU, Ahvaz, Iran. This article is an open access article distributed 

under the terms and conditions of the Creative Commons Attribution 4.0 International (CC BY 4.0 

license) (http://creativecommons.org/licenses/by/4.0/). 
 

https://jhs.scu.ac.ir/

