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Design of optimal environmental flow regime at downstream of reservoirs using wetted 1 

perimeter-optimization method  2 

Abstract 3 

Conflicts between water demand and environmental flow requirements is a challenging aspect in the reservoir 4 
management. Hence, optimizing environmental flow regime is one of the most important tasks at downstream of 5 
the large dams. The present study proposes a coupled simulation-optimization method based on the wetted 6 
perimeter method as an assessment method of the environmental flow and optimization of the reservoir operation 7 
to minimize difference between habitat loss and water demand loss using different metaheuristic algorithms. Then, 8 
the fuzzy TOPSIS as the decision-making system was applied for ranking the optimization algorithms. Indices 9 
including reliability index, vulnerability index, root mean square error and mean absolute error were utilized as 10 
criteria to measure the system performance and to select the best algorithm. Based on the results, gravity search 11 
algorithm (GSA) was the best method to optimize environmental flow regime at downstream of the reservoir in 12 
the case study. The proposed method is able to optimize environmental flow to minimize conflicts between 13 
human’s needs and aquatic’s needs considering storage constraints in the reservoir management. The proposed 14 
method might minimize negotiations between environmental managers and stakeholders. Furthermore, it should 15 
be noted that original wetted perimeter method is not able to provide optimal environmental flow regime based 16 
on a balance between users and constraints in the reservoir management such as storage constraints. The proposed 17 
method converts wetted perimeter method from an assessment method to a simulation-optimization method for 18 
optimizing environmental flow at downstream of the reservoirs.  19 

Keywords: Instream flow optimization, Wetted perimeter method, Non-animal inspired meta-heuristic 20 
algorithms, fuzzy TOPSIS 21 

1-Introduction 22 

Impacts of large hydraulic structures such as dams on the river ecosystem have been highlighted in recent decades. 23 
The most important impact is reduction of flow at downstream of dams which was the main reason for definition 24 
of environmental flow regime concept (Gillespie et.al, 2015). Offstream flow would be increased in the future 25 
years due to raising population (Postel, 1998). Different methods have been developed to assess environmental 26 
flow regime in rivers which could be categorized in three groups including historic flow record, hydraulic rating 27 
and habitat methods (Jowett,1997;Tharme,2003). Some methods for assessing minimum environmental flow 28 
regime have been discussed in the previous studies (Nikghalb et.al, 2016). It should be noted that some methods 29 
are economic and simple for using in the assessment of the environmental flow. Hence, their improvement might 30 
be advantageous for utilizing in the water resource management. Hydraulic rating methods are one of the most 31 
important methods to assess minimum environmental flow in rivers. The most known method in this group is 32 
wetted perimeter method (WP) (Shokoohi and Amini, 2014). It is possible to determine variation of wetted 33 
perimeter by its measurement in different flows in field studies (Gippel and Stewardson, 1998). It may be possible 34 
by calculation of water surface profile as well. It should be noted that WP method is a simple habitat hydraulic 35 
method that is an inexpensive tool to assess minimum environmental flow in rivers. In contrast, complex habitat 36 
hydraulic models such as PHABSIM is available that needs extensive ecological and geometric field studies 37 
combined with historic flow records and hydrological analysis (Waddle, 2001). Practical considerations might 38 
confine extensive ecological field studies. Hence, simple habitat hydraulic methods such as WP method are still 39 
applicable and important methods in the environmental flow assessment studies.   40 

WP method generates a relationship between river flow and wetter perimeter. Regression model can be used as 41 
WP function to assess environmental flow. Break point of WP function has been proposed as minimum 42 
environmental flow that could provide sufficient environmental flow to protect aquatic habitats in the rivers. 43 
Identifying break point by observation method is impossible. Hence, two methods have been proposed to calculate 44 
break point in WP method. The first method is slope method (SP) which presents dWP/dQ=1 as the break point. 45 
Another method is curvature method (CM) which proposes maximum point of curvature function as the break 46 
point (Gippel and Stewardson, 1998). Shang, 2008 also proposed ideal point method (IPM). Its main advantage 47 
is simplicity of computation. Furthermore, it is applicable in a wider range of wetted perimeter-discharge 48 
relationship. However, it is not a known method to estimate break point. 49 

It is required to review the ecological concept of the break point. Generally, minimum flow for mesohabitats 50 
including pool, riffle and run should cover a reasonable proportion of the bed area of riffles. The wetted perimeter 51 
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– discharge breakpoint has been used to determine minimum required flow for fish rearing (food production) in 52 
the US (Nelson, 1980), and Australia (Richardson, 1986; Gippel and Stewardson, 1998). According to these 53 
studies, when the instream flow is less than the lowest breakpoint in the curve, habitat conditions for aquatic 54 
organisms rapidly become unfavourable. In fact, small reduction of lower flow than flow of the breakpoint 55 
decreases wetted perimeter significantly that is not favourite for the organisms due to reducing available habitat 56 
area especially in the riffle habitats. Hence, the flow of the break point has been defined as the minimum 57 
environmental flow (Gippel and Stewardson, 1998). 58 

Main challenge of the environmental flow assessment by WP method or similar methods is how to implement the 59 
method in practice. In fact, this method proposed a specific flow as the environmental requirement, which must 60 
be available in the river for all of the times. On the one hand, river flow might change during different seasons or 61 
dry and wet years. On the other hand, offstream flow might be changed due to increasing population. Moreover, 62 
technical issues are effective on available instream flow in rivers. For instance, dams are the most important 63 
structures to supply water demands in rivers. They might be useable as multipurpose reservoir for hydropower 64 
production, water supply, flood control and etc. Thus, we need an optimal operation in the reservoir in which 65 
benefits of the reservoir, environmental flow and constraints in the reservoir management should be considered 66 
simultaneously.   67 

Many studies have been carried out to optimize release for supply of hydropower or water demands. Initial form 68 
of loss function has been proposed by Hashimito et.al, 1982 which defined difference between target and release 69 
as the loss for the system. This initial form has been improved considering practical constraints in the storage 70 
management to optimize reservoir operation (Datta and Houck, 1984). This form of loss function has been utilized 71 
in recent studies as well (e.g Ehteram et.al, 2017). Previous studies used evolutionary algorithms as and efficient 72 
method to optimize reservoir operation (eg. Karami et.al, 2018; Yaseen et.al, 2019). A long list of meta-heuristic 73 
algorithms has been used to optimize operation of the reservoirs. As a general classification, they can be classified 74 
into two classes including animal-inspired and non-animal inspired algorithms (Jahandideh et.al, 2019). 75 
Considering reservoir management constraints in the structure of the evolutionary algorithms might be possible 76 
using computational methods such as penalty function method (Yeniay, Ö., 2005). In fact, penalty functions 77 
increase the penalty of the reservoir operation. For example, when storage is less than minimum operational 78 
storage, penalty function increases the penalty of the system when storage is less than minimum operational level. 79 
Measurement the performance of the optimization system is necessary as well. Hashimoto et.al, 1982 developed 80 
two indices including vulnerability index and reliability index that could be used in each reservoir operation 81 
system. Reliability index measures how release from the reservoir is reliable to supply defined needs that might 82 
be described based on the summation of the target and release in the simulated period. Moreover, vulnerability 83 
index measures how the optimal solution is vulnerable in each time step. Generally, maximum difference between 84 
target and release could be considered as the vulnerability index.    85 

Reservoir operation optimization with a focus on water demand has extensively been highlighted in the previous 86 
studies. However, optimization of the environmental flow at downstream of the reservoirs has rarely been 87 
addressed (Yin et.al, 2012; Cai et.al , 2013; Horne et.al , 2017). It should be noted that wetted perimeter method 88 
as one of the most important methods to assess environmental flow regime has not been utilized in a simulation-89 
optimization framework to optimize environmental flow at downstream of the reservoirs. The focus of the present 90 
study is the environmental flow modelling. Hence, it might be useful to review some relevant concepts and recent 91 
studies in this regard. Using one dimensional hydraulic simulation is one of the applicable tools in the 92 
environmental flow modelling (Lamouroux et.al, 2017). One-dimensional hydraulic models are the applicable 93 
tools to develop hydrodynamic numerical models in rivers that utilize one-dimensional simulation along the centre 94 
line of river channel. These models generally solve one-dimensional Saint-Venant equation (Bazarov et.al, 2019). 95 
Moreover, two-dimensional hydraulic modelling might be applicable for simulating environmental flow regime 96 
in some cases (e.g Sedighkia et.al, 2021a). Mapping river depth and quantify hydraulic habitats at the catchment 97 
scale using high-resolution imagery is one of the recent advances that might be useful for assessing environmental 98 
flow in the river basin scale (O’Sullivan et.al, 2020). Investigation of changes in vegetation cover along the river 99 
might be needed in the environmental modelling as well that has been reviewed in the literature (Nallaperuma and 100 
Asaeda, 2019; Benjankar et.al, 2020). The seasonal pattern and the composition of downstream drift of fish eggs 101 
and larvae are important in the environmental management of the dams as well. The previous studies investigated 102 
their patterns through the fish ladder that could be applicable in dams (da Silva et.al, 2020). Moreover, recent 103 
studies highlighted the application of artificial intelligence methods for environmental flow modelling (e.g 104 
Sedighkia et.al, 2021b)  105 



3 
 

Main contribution of the present study is to propose a flexible framework to use wetted perimeter method as an 106 
applicable environmental flow assessment method to assess optimal environmental flow regime considering water 107 
supply and storage constraints in the reservoir. Moreover, system performance has been measured by different 108 
indices. Due to using different optimization algorithms in the present study, a decision-making system was applied 109 
to rank optimization methods. Proposed simulation-optimization method was utilized in a case study to test 110 
robustness of the method. This method might be useable to optimize environmental flow regime at downstream 111 
of reservoirs for reducing conflict between water demand and environmental requirements that is able to consider 112 
storage constraints as well.   113 

2-Methods 114 

2-1-Overview on the methodology 115 

Due to complexities of the proposed method, it might be useful to have an overview on the method. 116 
Figure 1 displays the flowchart of the proposed method that should be described. At the first step, we 117 
collected recorded historic flow and wetted perimeter in the representative reach at downstream of the 118 
river before construction of dam. It was needed to complete data for developing wetted perimeter (WP) 119 
curve. Thus, 1D hydraulic simulation was utilized to simulate wetted perimeter in different flows. Total 120 
available data was applied to develop wetted perimeter curve. In the next step, habitat loss function was 121 
generated based on the WP curve. Moreover, water demand loss function was developed as well. Then, 122 
these loss functions were applied in the structure of the reservoir operation model to optimize 123 
environmental flow. Due to using different evolutionary algorithms in the optimization process, the 124 
decision-making system was applied to select the best algorithm and finalize the environmental flow in 125 
the case study. 126 

2-2-Study Area and problem definition 127 

Latian Dam is one of the important constructed dams in Tehran province, Iran. This dam is responsible to supply 128 
water demand that has been constructed on the Jajrood River. This river originates from Alborz mountains toward 129 
the  salt lake with the length of 40 Km. Location of Jarood basin at the upstream of Latian dam has been displayed 130 
in Figure 2. 131 

Due to increasing population, water supply in Tehran province is a challenging issue that means optimal 132 
management of water supply is a sensitive task for regional water authority. Moreover, environmental values of 133 
the Jajrood River is not negligible. Hence, supply of environmental flow should be highlighted as well. It is 134 
required to optimize release for environment and water supply simultaneously. Hence, environmental flow 135 
assessment methods should be converted to the simulation-optimization method. WP was selected as an 136 
acceptable method to assess environmental flow due to the following considerations. First, WP is a simple and 137 
inexpensive method. It is a proper method in many cases. Hence, development of a simulation optimization 138 
method based on the WP method might advantageous for our case study and other similar case studies. Secondly 139 
Available instream flow at downstream of the reservoir in the current condition is very low. Hence, ecological 140 
field studies were not possible that means habitat based methods are not implementable. 141 

It is needed to explain the effectiveness of the present method in the case study. There is no diversion project at 142 
upstream river of the dam that means sufficient flow is available at the upstream river. Before construction of 143 
dam, the fishes were able to immigrate from the downstream of the Jajrood River to the upstream for reproduction. 144 
However, construction of dam disconnected the habitats at upstream and downstream. In fact, the fishes at 145 
downstream must utilize downstream river of the dam for reproduction in the current condition. Dam considerably 146 
changed hydraulic condition of the river. Due to high water demand from the dam, no flow or very low flow is 147 
considered as the environmental flow that means the biological activities of the aquatics have been stopped in the 148 
current condition. In other words, very low depth, velocity and habitat area at downstream river of the Latian dam 149 
is drastically destructive for river ecosystem in terms of several aspects. First, depth is not sufficient for hatching. 150 
Secondly, inappropriate depth and velocity reduces food sources for the fishes. Thirdly, due to low velocity, 151 
deposition of fine particles fills voids between the gravel particles that are necessary for reproduction process of 152 
the fishes. Thus, the presented method is an effective method that is able to provide proper hydraulic and 153 
geomorphological condition at downstream river habitats and optimal reservoir operation simultaneously.   154 



4 
 

 155 

2-3-Wetted perimeter method 156 

Surveyed cross sections and recorded data before construction of dam was utilized to develop 1D hydraulic model. 157 
It should be noted that results of 1D hydraulic model was used to enhance used data for developing wetted 158 
perimeter (WP) curve. In fact, three cross sections were selected in the representative reach at downstream of the 159 
reservoir with length of 5000 meters in which hydrometric stations were available to measure flow and wetted 160 
perimeter. Recorded data before the construction of dam in these points was utilized to develop WP curve. Based 161 
on surveying at downstream cross sections, their shape was relatively close to rectangular. Results of hydraulic 162 
simulation demonstrated that logarithmic relationship between wetted perimeter and discharge is the best possible 163 
relationship which corroborated proposed relationship by Gippel et.al, 1998. Equation 1 shows proposed average 164 
wetted perimeter-discharge relationship at studied downstream reach. 165 

𝑁𝑊𝑃 = 10.4𝐿𝑛(𝑀𝐹) + 58.9                                                                                                                              (1) 166 

where NWP is  normalized wetted perimeter(%) and MF is average monthly flow in million cubic meters. NWP 167 
considers maximum possible wetted perimeter 100% which approximately occurred in 52 mcm. In fact, WP was 168 
normalized based on the maximum wetted perimeter in the main channel. Based on the recorded data before 169 
construction of dam, it had been occurred in the 20.06 m3/s. This value is equal to average monthly flow of 52 170 
mcm. According to this equation, slope method and curvature method would define break point at 10.4 and 7.3 171 
mcm respectively.  These values considered as the best possible value for environmental flow requirement at 172 
downstream which would minimize habitat loss of downstream reach. Both of values have been used in 173 
optimization process and relevant analysis. It is necessary to clarify definition of the break point in the WP method. 174 
It is necessary to clarify definition of the break point in the WP method. Break point indicates required instream 175 
flow to minimize physical habitat loss in the river. In other words, basic study for developing WP method 176 
demonstrated when wetted perimeter is equal to break point; physical habitat loss is acceptable that might be 177 
considered as the optimum point in the assessment of environmental flow. The following equations indicate how 178 
break points by slope method and curvature method were computed respectively. 179 

𝑑𝑃

𝑑𝑄
=

10.4

𝑄
= 1 → 𝑄 = 10.4 𝑚𝑐𝑚          (2) 180 

𝑘 =
|
−10.4

𝑄2 |

[1+(
10.4

𝑄
)2]

1.5 →
𝑑𝑘

𝑑𝑄
= 0 → 𝑄 = 7.4 𝑚𝑐𝑚        (3) 181 

 182 

It is essential to explain regarding ecological evaluation of WP method. This method is a simplified method of 183 
physical habitat simulation that has been evaluated ecologically in the previous studies. In fact, it has been 184 
demonstrated that if instream flow is more than required flow equal to break point of the WP curve, suitable 185 
physical habitat is provided or physical habitat loss is acceptable that might be an optimum point in the 186 
environmental flow assessment. It might not be a perfect ecological assumption for all of the cases. However, it 187 
is a reliable assumption in the cases in which ecological field studies is not possible due to lack of instream flow 188 
for fish observations. In fact, WP method has originally been developed to assess environmental flow in cases 189 
that fish observations are not possible to apply physical habitat simulation (More details by Sedighkia et.al, 2017 190 
and Gippel and Stewardson, 1998). 191 

Figure 3 displays how equation 1 was developed. In the first step, relationship between daily flow and wetted 192 
perimeter was developed based on the recorded wetter perimeter in different flows before construction of the dam 193 
in the main channel of the river. Then, daily flow was converted to the monthly flow to develop proper relationship 194 
for applying in the reservoir operation optimization. Finally, WP was normalized based on the maximum wetted 195 
perimeter in the main channel of the river reported by regional water authority.  196 

 197 

2-4-Objective function 198 

Main component of optimization model was objective function. Hence, definition of favorite objective function 199 
was the most important step in optimization model. The main purpose of proposed methodology was to minimize 200 
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conflict between water demands and environmental flow requirement by considering technical constraints. Hence 201 
defining loss function of habitats and water demand was necessary. Equation 1 considered as habitat loss function. 202 
Because based on wetted perimeter method, occurring maximum possible wetted perimeter in river would provide 203 
best habitat suitability in river (Shang, 2008). However, break point was considered as minimum requirement in 204 
initial form of this method. Equation 2 displays final defined habitat loss function 205 

{𝐻𝐿 = −10.4𝐿𝑛(𝑀𝐹) + 41.0             𝑀𝐹 < 52
𝐻𝐿 = 0                                                   𝑀𝐹 ≥ 52

 206 

(2) 207 

where HL is habitat loss(%). This function demonstrated that when monthly flow is more than 52 mcm habitat 208 
loss would be zero. It is required to describe how threshold of 52 mcm was selected in the habitat loss function. 209 
In fact, maximum wetted perimeter method in the main channel is equivalent with 52 mcm as the average monthly 210 
flow in the river. The main assumption of the WP method is that relationship between biomass and the flow in the 211 
main channel might be direct and linear that means 52 mcm might provide zero habitat loss. It is the highest 212 
possible flow in the main channel of the river. It seems that this threshold is robust to define habitat loss function 213 
in the main channel of the river. It should be noted that break point might provide optimal habitat loss that is 214 
acceptable to assess environmental flow based on the literature. 215 

The next loss function which is needed would be water demand loss function. According to available demands, 216 
maximum estimated water demand predicted 30 mcm monthly. Less possible values would reduce maximum 217 
possible covered population which means increase in water demand losses. Based on stated definition on water 218 
demand, loss function of water demand has been displayed in equation 3 219 

    220 

{ 𝐷𝐿 = −3.26(𝑀𝐹) + 100            𝑀𝐹 < 30
𝐷𝐿 = 0                                                   𝑀𝐹 ≥ 30

                                                                                     (3) 221 

Objective function was defined to minimize distance between habitat loss and demand loss which is displayed in 222 
Equation 4 in which HL is habitat loss and DL is water demand loss. 223 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒(𝑂𝐹) = ∑ (𝐻𝐿𝑡 − 𝐷𝐿𝑡)2𝑇
𝑡=1                                                                                                   (4) 224 

 225 

It is also essential to explain how the optimal value of an environmental flow is assessed in the optimization 226 
model. Equations 2 and 3 were directly utilized in the optimization model. This model tries to minimize habitat 227 
loss and water demand loss simultaneously in each time step. The best value for the environmental flow is 52 228 
mcm that could not be supplied due to constraints in the reservoir management in terms of storage and water 229 
demand supply. However, optimal value of the environmental flow in the WP method is rate of flow in the break 230 
point in which physical habitat loss is acceptable. In the present study, physical habitat loss in the break point is 231 
20% approximately that seems acceptable ecologically (Figure 4). It should be noted that supply of rate of flow 232 
in the break point might not be possible due to constraints in the reservoir management and importance of 233 
maximum supply of water demand. Hence, the developed optimization model is able to provide a fair balance 234 
between demand and environmental flow. In fact, optimal environmental flow proposed by the optimization model 235 
was compared with the break point as the acceptable value for environmental flow. In fact, if optimized 236 
environmental flow is able to supply break point of the WP curve in each time step, the performance of the 237 
optimization model in that time step is perfect. In other words, break point was considered as the ideal 238 
environmental flow in the measurement of the optimization system.  239 

The optimization model is able to provide a fair balance between human’s needs and aquatic needs. However, it 240 
is not able to supply needs perfectly. In fact, losses are not zero in different time steps. If inflow is high (especially 241 
in the wet seasons), it might be possible to reduce losses close to zero. However, in the average inflow or dry 242 
seasons, it is not possible to supply ideal environmental flow or total water demand. Thus, losses might not be 243 
zero in many simulated period expect highly wet seasons. The optimization model is able to minimize conflicts 244 
by minimizing losses for human’s needs and aquatic needs. 245 

Some points should be noted regarding the definition of the objective function. Minimizing habitat loss and water 246 
demand loss is the ideal condition that might not be possible for study areas in arid and semi-arid regions such as 247 
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our case study. In fact, low inflow and lack of sufficient storage capacity might escalate conflict of interests. This 248 
new form of the objective function might balance habitat loss and water demand loss fairly. Moreover, if we 249 
consider simultaneous minimization of losses by a multiobjective model, we will need a multiobjective 250 
optimization algorithm that might not be able to provide optimal solution for defined optimization model. More 251 
details are presented in the discussion regarding advantages of the proposed optimization model. Reservoir storage 252 
in each step was calculated based on equation 5 where S is storage, I is inflow to reservoir, RF is released 253 
environmental flow, D is water demand, SP is overflow, E is evaporation and A is  surface area of reservoir 254 

𝑆𝑖+1 = 𝑆𝑡 + 𝐼𝑡 − 𝑅𝐹𝑡 − 𝐷𝑡 − 𝑆𝑃𝑡 − (
𝐸𝑡×𝐴𝑡

1000
) , 𝑡 = 1,2, … , 𝑇                                                                          (5) 255 

It should be noted that total of released environmental flow and over flow could define as total environmental 256 
flow to downstream reach of river. Overflow would be estimated based on maximum storage of reservoir by 257 
equation 6 258 

 259 

{
𝑖𝑓 (𝑆𝑖 + 𝑄𝑖𝑛(𝑖) − (

𝐸𝑖×𝐴𝑖

1000
)) ≥ 𝑆𝑚𝑎𝑥 → 𝑄𝑆𝑃(𝑖) = 𝑆𝑖 + 𝑄𝑖𝑛(𝑖) − (

𝐸𝑖×𝐴𝑖

1000
) − 𝑆𝑚𝑎𝑥

𝑖𝑓 (𝑆𝑖 + 𝑄𝑖𝑛(𝑖) − (
𝐸𝑖×𝐴𝑖

1000
)) < 𝑆𝑚𝑎𝑥 → 𝑄𝑆𝑃(𝑖) = 0

                                     (6) 260 

Storage has to be between minimum and maximum limitations as the constraint of defined objective function. 261 
To convert constrained optimization problem to unconstrained one which could be solved by disparate heuristic 262 
algorithms, penalty function method was used (Yeniay, 2005). Two main penalty functions were added to main 263 
objective function which are shown in equation 7 where c1 and c2 are coefficients which have be determined 264 
based on sensitive analysis (Ehteram et.al, 2017). 265 

{
𝑖𝑓𝑆𝑖 > 𝑆𝑚𝑎𝑥 → 𝑃1 = 𝑐1(

𝑆𝑖−𝑆𝑚𝑎𝑥

𝑆𝑚𝑎𝑥
)2

𝑖𝑓𝑆𝑖 < 𝑆𝑚𝑖𝑛 → 𝑃2 = 𝑐2(
𝑆𝑖−𝑆𝑚𝑖𝑛

𝑆𝑚𝑖𝑛
)2

                                                                                                   (7) 266 

2-5-Metaheuristic algorithms 267 

Four evolutionary algorithms have been used to solve objective function. The first algorithm was a recently 268 
developed called as atom search optimization (ASO) which has not been used in reservoir operation optimization 269 
(Zhao et.al,2019). Second algorithm was gravity search algorithm (GSA) which has been developed based on 270 
gravity law (Rashedi et.al, 2009). Its ability to optimize reservoir issues have been corroborated (Bozorg-271 
Haddadet.al, 2016). It has not however been used in optimizing environmental flow regime. Third algorihtm was 272 
teaching learning-based optimization (TLBO) which has originally been developed by Rao and Kalyankar, 2011 273 
and it has successfully been used in operating reservoir (Kumar and Yadav, 2018). Besides, genetic algorithm 274 
(GA) was also selected due its previous broad application in optimization of water resources system in order to 275 
compare outputs. Figures 5 to 8 display flowchart of disparate used algorithms respectively 276 

2-6-Measurement of system performance 277 

Some indices were selected to measure system performance of proposed optimized environmental flow regime at 278 
downstream of dam. The first index was reliability index which has originally been developed by Hashimito et.al, 279 
1982.  This index has been applied in reservoir optimization for water demand by Ehtream et.al, 2017. Equation 280 
8 proposes designated form of this index for environmental flow regime optimization where AE is actual 281 
environmental flow and IE is ideal environmental flow by wetted perimeter method which would be evaluated 282 
based on SM and CM methods.  283 

𝛼𝐸 =
∑ 𝐴𝐸𝑡

𝑇
𝑡=1

∑ 𝐼𝐸𝑡
𝑇
𝑡=1

                                                                                                                                          (8) 284 

Second index which has been used to measure system performance is vulnerability index. It has also originally 285 
been developed and used by mentioned studies for previous index. Equation 9 proposes designated form of this 286 
index for environmental flow regime optimization  287 

𝛾𝐸 = 𝑀𝑎𝑥𝑡=1
𝑇 (

𝐼𝐸𝑡−𝐴𝐸𝑡

𝐼𝐸𝑡
)                                                                                                                           (9) 288 
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Root mean square (RMSE) is another index as system performance in the present study which is displayed in 289 
equation 10. Another useful and applicable index to measure system performance was mean absolute error (MAE) 290 
which is displayed in equation 11(Chai and Draxler, 2014) 291 

 292 

𝑅𝑀𝑆𝐸 = √∑
(𝐼𝐸𝑡−𝐴𝐸𝑡)2

𝑇

𝑇
𝑡=1                                                                                                                                 (10) 293 

𝑀𝐴𝐸 =
∑ |𝐼𝐸𝑡−𝐴𝐸𝑡|𝑇

𝑡=1

𝑇
                                                                                                                                            (11) 294 

2-7-Decision Making System 295 

Due to utilizing different evolutionary algorithms, one of the important purposes of the present study is to rank 296 
used methods for optimizing environmental flow regime at downstream of the reservoir which would be helpful 297 
for further studies on optimization of environmental flow regime. Fuzzy technique for order preference by 298 
similarity to ideal solution (F-TOPSIS) which has been used as applicable decision making systems in many 299 
branches of science was selected to prioritize of proposed solutions. Chen, 2000 has developed this method, which 300 
its flow chart is displayed in Figure 9 for an expert as decision maker. 301 

3-Results and Discussion 302 

Figure 10 displays optimal environmental flow regime by different heuristic algorithms. The first characteristic 303 
of the proposed environmental flow regimes is considerable different between some algorithms. As an illustration, 304 
GA proposes a wide range of environmental flow at different months where changes between relatively close to 305 
zero to 25 mcm. TLBO however proposes 20 mcm as maximum environmental flow; meanwhile ASO provides 306 
environmental flow between 1 to 10 mcm in different months. Moreover, GSA is minimally varied in proposed 307 
environmental flow regime at downstream of dam where can be seen that the minimum value of proposed 308 
environmental flow is 4 mcm and its maximum is 7 mcm. 309 

Figure 11 presents supplied water demand regarding either GA or other non-animal inspired algorithms. 310 
Seemingly, performance of algorithms is different in supply of water demand. TLBO has the weakest performance 311 
in water demand, meanwhile either GSA or ASO is relatively similar in proposed supplied water demand. 312 
Different performance of algorithms in proposed environmental flow regime and water demand makes it necessary 313 
to measure system performance and selecting the best algorithm to optimize environmental flow regime. Figure 314 
12 displays changes of the storage in the reservoir in the simulated period. GSA and ASO are the best methods 315 
due to less alteration of storage level in the simulated period. However, measuring the performance of the 316 
optimization system is to investigate the performance of the optimization system in terms of environmental flow 317 
supply as well. Figure 13 shows the reliability index of environmental flow supply. GA is the best method in terms 318 
of reliability of environmental flow supply. As presented, using other indices for measuring the performance of 319 
the optimization system in terms of environmental flow supply is essential.  According to the figure 14, GSA is 320 
the best method for optimization of environmental flow in terms of vulnerability index. However, the performance 321 
of GA or TLBO is weak in this regard. Figures 15 and 16 displays RMSE and MAE of environmental flow supply. 322 
The better performance of GSA in terms of MAE and RMSE is observable. It seems that the performance of GA 323 
or TLBO is not robust in terms of RMSE and MAE as well as vulnerability index. 324 

The difference between slope method and curvature method in measurement of performance should be discussed 325 
as well. According to the results, due to higher proposed environmental flow by slope method, all of the indices 326 
considerably have weaker performance. It should be noted that SM and CM are proposed computational methods 327 
to estimate the most favorable point of environmental flow by WP method; hence, there is no ecological evidence 328 
to identify premier computational method of break point. Results demonstrate that there is significant difference 329 
between these two methods in optimization of environmental flow especially in some indices. As an illustration, 330 
RI is considerably higher for CM in all of the used algorithms, which indicates using the SM would reduce 331 
reliability of environmental water requirement. It seems that it would be essential to investigate necessities of 332 
using slope method in assessment of environmental flow ecologically. As a general guideline of using WP method, 333 
the CM would assess ideal environmental flow lower than SM and it would be demonstrated in optimization 334 
process that CM provides more reliability in supply of environmental flow. 335 
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Vulnerability would be another story using CM and SM. Because it could be seen that there is not significant 336 
difference between two methods which needs to be interpreted. It is required to have focus on definition of 337 
vulnerability index to discern similarities on two methods. Hashimito et.al, 1982 proposed a precise definition on 338 
vulnerability index. According to this definition, it assesses possible magnitude of failure, which means maximum 339 
difference between ideal environmental flow and defined environmental flow by optimization process. Difference 340 
between two methods in assessment of favorite or ideal environmental flow is considerable. Given that technical 341 
issues in reservoir management and high volume of water demand, vulnerability index is not however significantly 342 
different. It would be an important point in reservoir management, because it demonstrates that methods that may 343 
have overestimation on environmental flow would not be pragmatically implementable in reservoir management 344 
and lack of directorial considerations in reservoir may make results of environmental flow assessment methods 345 
useless. It would deteriorate in river basin with populated users and water scarcities due to regular droughts. 346 

Evaluation of habitat loss and water demand loss is another important technical issue in environmental flow 347 
optimization. Because the purpose of developed objective function, is minimization of habitat and water demand 348 
loss. In other words, best solution should be able to reduce loss of habitat and water demand, which minimally 349 
makes conflicts between water demand between community and environment. Figure 17 displays habitat loss due 350 
to applying different algorithms. According to results, GA experienced the worst performance among all of the 351 
used algorithms. Although its habitat loss is very low in some months such as January and August but its habitat 352 
loss in some month such as May is very high which means habitat may experience large losses. Some methods 353 
such as GSA and ASO experience an average habitat loss which is approximately 20% to 25%. It should be noted 354 
that TLBO has a close performance to GA in habitat loss evaluation.  Changes of demand loss has been shown in 355 
Figure 18 that demonstrates that performance of GA is not at all acceptable among all of the used algorithms. It 356 
seems that TLBO has the second rank of performance, which is better considerably than GA. Unequivocally, 357 
performance of GSA and ASO is relatively similar, and it could not be judged which methods would have the best 358 
performance by observation. 359 

Not only performance of used algorithms is quantitatively different, but it could also be observed that different 360 
indices would disparately prioritize methods. Hence, using a decision-making system of globally prioritization is 361 
indispensable. As discussed, fuzzy TOPSIS is an intellectual quantitative tool to prioritize possible alternatives 362 
for making the best decision. According to developed methodology of fuzzy TOPSIS, Figure 19 displays structure 363 
of fuzzy TOPSIS in the present study. Second row shows criteria to make decisions for prioritization. Furthermore, 364 
third row shows different possible alternatives which are included used algorithms in optimization or 365 
environmental flow. All of the indices have been utilized to maximize accuracy of selection process.   366 

Given that using one expert has been considered for application of fuzzy TOPSIS in the present study, hence, 367 
proposed weight for each criterion has been displayed in Table 1. As can be seen, vulnerability index has the 368 
highest weight which is very high (VH), because aquatic habitats at downstream of dam would be sensitive to 369 
short-term damages and an immediate damage in a short-term period could destroy many inhabited aquatics and 370 
cease their biological activities such as reproduction. RMSE and MAE have similar weight, because their role is 371 
relatively the same in assessment of environmental flow. These indices focus on total difference between ideal 372 
environmental flow and actual environmental flow. Hence their weights have been considered as high(H). 373 
Reliability index has the lowest weight between indices. Because, it defines ratio of total actual environmental 374 
flow and ideal environmental flow annually without considering differences between instream flow in each month. 375 
As a result, it would have the lowest importance among indices. 376 

Determining rating of candidates or alternatives for each criterion is another step to implement fuzzy TOPSIS 377 
method.   Kind means how increasing or decreasing criteria would affect on appropriateness of each alternative. 378 
For example based on Table 2, reliability index should be considered as benefit, because its reduction would 379 
diminish suitability of candidates. According to this definition, relatively good (RG), very good (VG) and good 380 
(G) rating mean increasing benefit for system performance. It could however be observed that other criteria are 381 
cost for the system. For example VG rating means related candidate would have the lowest suitability pertaining 382 
to its relevant criterion. Rating values have been considered based on comparison of developed indices for each 383 
alternative.     384 

Table 3 to 5 display integrated, normalized and weighted normalized matrices respectively. D+ and D- as final 385 
factors to calculate close coefficient have been displayed in Table 6. In addition to close coefficient method, 386 
modified TOPSIS method (Ren et.al, 2007) has been used to prioritize algorithms. According to Table 7 which is 387 
final result of prioritization by application of fuzzy TOPSIS method, it is demonstrated that outputs of TOPSIS 388 
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and M-TOPSIS are similar. GSA is the best method to optimize environmental flow regime by using WP as 389 
simulation method. 390 

Figure 20 shows proposed optimal environmental flow regime compared by ideal environmental flow regime. To 391 
complete discussion, it is needed to review and compare results of present study by previous studies on WP 392 
method. Shon ,2008 suggested that CM method is not a good method to assess environmental flow by WP method, 393 
meanwhile Sedighkia et.al, 2017 demonstrated that SM would have unacceptable results due to natural regime of 394 
studied river and CM was more close to natural regime of river and more implementable. It seems that choosing 395 
best method to estimate break point by WP method would be depended on natural regime of studied river. 396 
Moreover, when the goal of study is to assess environmental flow regime at downstream of large reservoirs, it is 397 
important to consider technical issues on reservoir management and water demands to finalize environmental flow 398 
regime. Optimization of environmental flow corroborated that CM is the better method to reduce conflicts between 399 
environmental requirements and water demands by stakeholders. Due to importance of the natural flow regime, 400 
Figure 21 displays monthly natural flow regime. Results corroborate that SM is not an appropriate method to 401 
assess environmental flow and it could not be supplied even in the natural flow regime without considering 402 
offstream flow. 403 

Some points should be discussed regarding the proposed optimization framework. According to the results, wave-404 
like fluctuations occur in the calculated environmental flow regime by some algorithms such as GA and TLBO. 405 
It should be noted that the main problem for using evolutionary algorithms in the optimization process for complex 406 
objective function such as defined function in the present study is lack of ability to guarantee the global 407 
optimization. Hence, some algorithms might provide unnatural responses for the complex optimization problems 408 
such as TLBO and GA in the present study. Interestingly, weaknesses of GA and TLBO are reflected in the RMSE 409 
and MAE. In fact, high RMSE for these algorithms demonstrates that they are not appropriate for the optimization 410 
process in the present study. Moreover, decision-making system indicates that these two algorithms are not 411 
appropriate for optimizing environmental flow in the proposed method.  412 

 413 

Another solution for defined optimization problem is to apply a multiobjective optimization algorithm. In fact, 414 
minimization of habitat loss and water demand loss could be considered as two objective function in the system. 415 
At the first glance, it seems logical to utilize this type of the optimization. However, some points might weaken 416 
the applicability of the multiobjective model for the case study. From the technical view, Simultaneous 417 
minimization of losses in the case study is not possible due to lack of stream flow and storage capacity in the 418 
reservoir. In other words, multiobjective model might not be able to balance losses fairly. From the computational 419 
view, some drawbacks should be noted regarding the multiobjective model. First, evolutionary algorithms are not 420 
able to guarantee the global optimization that means using different algorithms is necessary in the optimization 421 
process. Unfortunately, limited number of multiobjective optimization algorithms have been developed that 422 
decreases efficiency of these algorithms. Higher computational complexities is another problem of the 423 
multiobjective models. It should be noted that low computational complexities are one of the main requirements 424 
for utilizing the optimization models in practical projects. Numerous simulations and covering long-term periods 425 
are the main requirements in projects that increase computational complexities. In contrast, many single objective 426 
optimization algorithms have been developed in the literature. Hence, the developed single objective optimization 427 
model is advantageous in terms of technical and computational considerations.   428 

Two important issues should be discussed as well. First, how four algorithms are different in terms of 429 
environmental flow or ecological impact at downstream of the reservoir. Utilized measurement indices are useful 430 
to discuss on this question. RMSE and MAE indicate how optimization algorithm might mitigate ecological 431 
impacts averagely. In fact, high RMSE or MAE demonstrates that optimal environmental flow is considerably 432 
different from the ideal environmental flow. Hence, two algorithms including GA and TLBO are not reliable in 433 
this regard, because they are not able to provide a sustainable ecological status in the case study. In fact, ideal 434 
environmental flow might guarantee the sustainable ecological status in the river. Hence, high RMSE and MAE 435 
corroborate inability of the optimization method for providing sustainable ecological status in the river. 436 

Another question is whether GSA as the best method could be considered as the best method for other case studies 437 
or addressing other methods of the environmental flow assessment. It should be noted that GSA was selected 438 
based on the defined criteria in the case study in the decision-making system. We determined weights of 439 
importance based on technical considerations in the case study. However, other cases might have other priorities 440 



10 
 

in the management of the environmental flow. Thus, we do not claim that GSA is the best method for all the case 441 
studies or other methods of the environmental flow assessment. We tried to consider criteria and weight of 442 
importance perfectly in the case study that might appropriate for many cases. However, we recommend using the 443 
proposed method of optimization and decision-making system in each case study to select the best algorithm and 444 
finalizing the environmental flow regime.     445 

 446 

4-Conclusions 447 

The present study proposed a novel method to optimize environmental flow regime at downstream of large dams 448 
with focus on wetted perimeter (WP) as one of the principal methods to assess environmental flow. In other words, 449 
proposed method converts WP as inflexible method to assess environmental flow to a flexible method to optimize 450 
environmental flow regime with technical consideration in reservoir management with focus on minimization of 451 
difference between habitat loss and water demand loss. According to results, CM is a suitable method to assess 452 
ideal environmental flow at downstream of river. Although this could not provide sufficient water demand and 453 
technical limitations in reservoir management. Optimization method by utilizing different non-animal 454 
evolutionary algorithms could propose optimized environmental flow regime. Used algorithms were included 455 
genetic algorithm (GA), gravity search algorithm (GSA), atom search algorithm (ASO), and teaching-learning 456 
based optimization. What is more, a decision-making system based on fuzzy TOPSIS method has been used to 457 
select the best algorithm for optimizing environmental flow. As a result, gravity search algorithm (GSA) was 458 
selected as the best algorithm to optimize environmental flow regime by considering different criteria include 459 
reliability index, vulnerability index, root means square error and mean absolute error. Main innovation of present 460 
study is to present a coupled simulation-optimization method to optimize environmental flow regime at 461 
downstream of large dams which reduces controversial negotiations between environmental managers and 462 
stakeholders. Proposed regime could be a basic accurate estimation for further negotiations and finalizing 463 
environmental flow regime.  464 

 465 
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 549 
 550 
 551 
 552 
 553 

Table 1- Defined weights for different criteria 554 

Criterion Reliability index Vulnerability 

index 

RMSE MAE 

Weight M VH H H 

 555 

 556 

 557 

Table 2- Rating values for alternatives in disparate criteria (VG, RG, G, F and RP mean very good, relatively 558 
good, good, fair and relatively poor respectively) 559 

Criteria Kind Candidates Rating 

Reliability 

index 
Benefit 

ASO RG 

GA VG 

GSA RG 

TLBO G 

Vulnerability 
index 

Cost 

ASO RG 

GA VG 

GSA F 

TLBO VG 

RSME Cost 

ASO RP 

GA G 

GSA RP 

TLBO RG 

MAE Cost 

ASO RP 

GA G 

GSA RP 

TLBO RG 

 560 

 561 

Table 3- Integrated decision matrix 562 

  

W1 W2 W3 W4 

0.3 0.5 0.7 0.9 1 1 0.7 0.9 1 0.7 0.9 1 

RI VI RMSE MAE 

ASO 5 7 9 5 7 9 1 3 5 1 3 5 

GA 9 10 10 9 10 10 7 9 10 7 9 10 

GSA 5 7 9 3 5 7 1 3 5 1 3 5 

TLBO 7 9 10 9 10 10 5 7 9 5 7 9 

 563 

Table 4- Normalized decision matrix 564 

  

W1 W2 W3 W4 

0.3 0.5 0.7 0.9 1 1 0.7 0.9 1 0.7 0.9 1 
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RI VI RMSE MAE 

ASO 0.50 0.70 0.90 0.33 0.43 0.60 0.20 0.33 1.00 0.20 0.33 1.00 

GA 0.90 1.00 1.00 0.30 0.30 0.33 0.10 0.11 0.14 0.10 0.11 0.14 

GSA 0.50 0.70 0.90 0.43 0.60 1.00 0.20 0.33 1.00 0.20 0.33 1.00 

TLBO 0.70 0.90 1.00 0.30 0.30 0.33 0.11 0.14 0.20 0.11 0.14 0.20 

 565 

 566 

 567 

 568 

 569 

Table 5- Weighted normalized decision matrix 570 

  

W1 W2 W3 W4 

0.3 0.5 0.7 0.9 1 1 0.7 0.9 1 0.7 0.9 1 

RI VI RMSE MAE 

ASO 0.15 0.35 0.63 0.30 0.43 0.60 0.14 0.30 1.00 0.14 0.30 1.00 

GA 0.27 0.50 0.70 0.27 0.30 0.33 0.07 0.10 0.14 0.07 0.10 0.14 

GSA 0.15 0.35 0.63 0.39 0.60 1.00 0.14 0.30 1.00 0.14 0.30 1.00 

TLBO 0.21 0.45 0.70 0.27 0.30 0.33 0.08 0.13 0.20 0.08 0.13 0.20 

 571 

Table 6- D+ and D- of candidates (D+ and D- mean distance of alternative from fuzzy positive ideal solution 572 
and distance of alternative from fuzzy negative ideal solution respectively) 573 

Alternatives D+ D- 

ASO 2.50 2.10 

GA 3.03 1.04 

GSA 2.36 2.35 

TLBO 3.01 1.09 

 574 

 575 

 576 

Table 7- Finalized prioritization by fuzzy TOPSIS method 577 

Alternatives 
CC/R Ranking 

TOPSIS M-TOPSIS TOPSIS M-TOPSIS 

ASO 0.456 2.517 2 2 

GA 0.255 3.302 4 4 

GSA 0.499 2.357 1 1 

TLBO 0.265 3.268 3 3 

 578 

 579 
 580 
 581 
 582 
 583 
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 584 
 585 
 586 
 587 
 588 
 589 

 590 

Figure 1- Flowchart of the proposed methodology 591 

 592 
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 593 

Figure 2-Jajrood river basin map 594 

 595 
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 597 
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   600 

 601 

 602 

Figure 3- Methodology of developing normalized wetted perimeter equation 603 

 604 

   605 

 606 

Figure 4- Development of habitat loss function in the optimization model 607 

 608 
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 609 

Figure 5-Flowchart of Genetic Algorithm (Whitley, 1994) 610 

 611 

Figure 6-Flowchart of Gravity Search Algorithm (Rashedi et.al, 2009) 612 

 613 

Figure 7-Flowchart of TLBO (Rao and Kalyankar, 2011) 614 
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 615 

 616 

Figure 8-Flowchart of atom search optimization (Zhao et.al,2019) 617 

 618 

 619 

Figure 9-Flowchart of fuzzy TOPSIS (Chen,2000) 620 

 621 
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Figure 10-Proposed environmental flow regime by different algorithms 622 

 623 

Figure 11-proposed water supply by different algorithms 624 

.     625 

 626 

 627 

Figure 12-changes of reservoir volume by different algorithms 628 

.      629 

 630 

 631 

Figure 13-Reliability index (RI) for different algorithms 632 
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 633 

 634 

 635 

Figure 14-Vulnerability index (VI) for different algorithms 636 

 637 

 638 

 639 

Figure 15-RMSE index for different algorithms 640 

 641 

 642 
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Figure 16-MAE index for different algorithms 643 

 644 

 645 

Figure 17-Habitat loss time series for different algorithms 646 

 647 

 648 

Figure 18-Water supply loss time series of different algorithms 649 

 650 

Figure 19-Developed hierarchical structure of fuzzy TOPSIS method 651 

 652 
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 653 

Figure 20-Finalized optimal environmental flow regime 654 

 655 

Figure 21-Natural flow regime at downstream of studied dam 656 


