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Design of optimal environmental flow regime at downstream of reservoirs using wetted
perimeter-optimization method

Abstract

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

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

1-Introduction

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

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

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

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

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

Reservoir operation optimization with a focus on water demand has extensively been highlighted in the previous
studies. However, optimization of the environmental flow at downstream of the reservoirs has rarely been
addressed (Yin et.al, 2012; Cai et.al , 2013; Horne et.al , 2017). It should be noted that wetted perimeter method
as one of the most important methods to assess environmental flow regime has not been utilized in a simulation-
optimization framework to optimize environmental flow at downstream of the reservoirs. The focus of the present
study is the environmental flow modelling. Hence, it might be useful to review some relevant concepts and recent
studies in this regard. Using one dimensional hydraulic simulation is one of the applicable tools in the
environmental flow modelling (Lamouroux et.al, 2017). One-dimensional hydraulic models are the applicable
tools to develop hydrodynamic numerical models in rivers that utilize one-dimensional simulation along the centre
line of river channel. These models generally solve one-dimensional Saint-Venant equation (Bazarov et.al, 2019).
Moreover, two-dimensional hydraulic modelling might be applicable for simulating environmental flow regime
in some cases (e.g Sedighkia et.al, 2021a). Mapping river depth and quantify hydraulic habitats at the catchment
scale using high-resolution imagery is one of the recent advances that might be useful for assessing environmental
flow in the river basin scale (O’Sullivan et.al, 2020). Investigation of changes in vegetation cover along the river
might be needed in the environmental modelling as well that has been reviewed in the literature (Nallaperuma and
Asaeda, 2019; Benjankar et.al, 2020). The seasonal pattern and the composition of downstream drift of fish eggs
and larvae are important in the environmental management of the dams as well. The previous studies investigated
their patterns through the fish ladder that could be applicable in dams (da Silva et.al, 2020). Moreover, recent
studies highlighted the application of artificial intelligence methods for environmental flow modelling (e.g
Sedighkia et.al, 2021b)
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Main contribution of the present study is to propose a flexible framework to use wetted perimeter method as an
applicable environmental flow assessment method to assess optimal environmental flow regime considering water
supply and storage constraints in the reservoir. Moreover, system performance has been measured by different
indices. Due to using different optimization algorithms in the present study, a decision-making system was applied
to rank optimization methods. Proposed simulation-optimization method was utilized in a case study to test
robustness of the method. This method might be useable to optimize environmental flow regime at downstream
of reservoirs for reducing conflict between water demand and environmental requirements that is able to consider
storage constraints as well.

2-Methods
2-1-Overview on the methodology

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

2-2-Study Area and problem definition

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

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

It is needed to explain the effectiveness of the present method in the case study. There is no diversion project at
upstream river of the dam that means sufficient flow is available at the upstream river. Before construction of
dam, the fishes were able to immigrate from the downstream of the Jajrood River to the upstream for reproduction.
However, construction of dam disconnected the habitats at upstream and downstream. In fact, the fishes at
downstream must utilize downstream river of the dam for reproduction in the current condition. Dam considerably
changed hydraulic condition of the river. Due to high water demand from the dam, no flow or very low flow is
considered as the environmental flow that means the biological activities of the aquatics have been stopped in the
current condition. In other words, very low depth, velocity and habitat area at downstream river of the Latian dam
is drastically destructive for river ecosystem in terms of several aspects. First, depth is not sufficient for hatching.
Secondly, inappropriate depth and velocity reduces food sources for the fishes. Thirdly, due to low velocity,
deposition of fine particles fills voids between the gravel particles that are necessary for reproduction process of
the fishes. Thus, the presented method is an effective method that is able to provide proper hydraulic and
geomorphological condition at downstream river habitats and optimal reservoir operation simultaneously.
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2-3-Wetted perimeter method

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

NWP = 10.4Ln(MF) + 58.9 1)

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

aP _ 104
0= =1~Q=104mcm (2

-13.4‘
k=_l¢ *_0-5Q=74mem (3

= —[1+(%)2]1.5 - T

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

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

2-4-Objective function

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

{HL = —10.4Ln(MF) + 41.0 MF < 52
HL =20 MF =52

@

where HL is habitat 1oss(%). This function demonstrated that when monthly flow is more than 52 mcm habitat
loss would be zero. It is required to describe how threshold of 52 mecm was selected in the habitat loss function.
In fact, maximum wetted perimeter method in the main channel is equivalent with 52 mcm as the average monthly
flow in the river. The main assumption of the WP method is that relationship between biomass and the flow in the
main channel might be direct and linear that means 52 mcm might provide zero habitat loss. It is the highest
possible flow in the main channel of the river. It seems that this threshold is robust to define habitat loss function
in the main channel of the river. It should be noted that break point might provide optimal habitat loss that is
acceptable to assess environmental flow based on the literature.

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

{ DL = —3.26(MF) + 100 MF < 30

DL=0 MF =30 )

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

Minimize(OF) = XI_,(HL, — DL,)? )

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

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

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

Siit =5t+1t—RFt—Dt—5Pt—(%),t= 12,..,T (5)

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

EjXA;

. EiXA;
if (Si + Qin(i) - (1000)) 2 Smax 2 QSP(i) =S+ Qin(i) - (1000) — Smax

EjXA;

if (Si + Qin(i) - (1000)) < Smax ™ QSP(i) =0

(6)

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

iFS; > Smax = P1 = c1 (L2
. _ Si=Smin~2 (7)
ifS; < Spin 2 P2 = CZ(T)

min

2-5-Metaheuristic algorithms

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

2-6-Measurement of system performance

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

T
— z:t=1 AEt (8)

a =
ET ¥ Ik

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

IE;—AE;

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

T UE—AE)?

RMSE = |¥T_, (10)

_ ZEaliEe- AR

MAE (11)

2-7-Decision Making System

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

3-Results and Discussion

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

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

The difference between slope method and curvature method in measurement of performance should be discussed
as well. According to the results, due to higher proposed environmental flow by slope method, all of the indices
considerably have weaker performance. It should be noted that SM and CM are proposed computational methods
to estimate the most favorable point of environmental flow by WP method; hence, there is no ecological evidence
to identify premier computational method of break point. Results demonstrate that there is significant difference
between these two methods in optimization of environmental flow especially in some indices. As an illustration,
RI1 is considerably higher for CM in all of the used algorithms, which indicates using the SM would reduce
reliability of environmental water requirement. It seems that it would be essential to investigate necessities of
using slope method in assessment of environmental flow ecologically. As a general guideline of using WP method,
the CM would assess ideal environmental flow lower than SM and it would be demonstrated in optimization
process that CM provides more reliability in supply of environmental flow.
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Vulnerability would be another story using CM and SM. Because it could be seen that there is not significant
difference between two methods which needs to be interpreted. It is required to have focus on definition of
vulnerability index to discern similarities on two methods. Hashimito et.al, 1982 proposed a precise definition on
vulnerability index. According to this definition, it assesses possible magnitude of failure, which means maximum
difference between ideal environmental flow and defined environmental flow by optimization process. Difference
between two methods in assessment of favorite or ideal environmental flow is considerable. Given that technical
issues in reservoir management and high volume of water demand, vulnerability index is not however significantly
different. It would be an important point in reservoir management, because it demonstrates that methods that may
have overestimation on environmental flow would not be pragmatically implementable in reservoir management
and lack of directorial considerations in reservoir may make results of environmental flow assessment methods
useless. It would deteriorate in river basin with populated users and water scarcities due to regular droughts.

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

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

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

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

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

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

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

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

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

Another question is whether GSA as the best method could be considered as the best method for other case studies
or addressing other methods of the environmental flow assessment. It should be noted that GSA was selected
based on the defined criteria in the case study in the decision-making system. We determined weights of
importance based on technical considerations in the case study. However, other cases might have other priorities
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in the management of the environmental flow. Thus, we do not claim that GSA is the best method for all the case
studies or other methods of the environmental flow assessment. We tried to consider criteria and weight of
importance perfectly in the case study that might appropriate for many cases. However, we recommend using the
proposed method of optimization and decision-making system in each case study to select the best algorithm and
finalizing the environmental flow regime.

4-Conclusions

The present study proposed a novel method to optimize environmental flow regime at downstream of large dams
with focus on wetted perimeter (WP) as one of the principal methods to assess environmental flow. In other words,
proposed method converts WP as inflexible method to assess environmental flow to a flexible method to optimize
environmental flow regime with technical consideration in reservoir management with focus on minimization of
difference between habitat loss and water demand loss. According to results, CM is a suitable method to assess
ideal environmental flow at downstream of river. Although this could not provide sufficient water demand and
technical limitations in reservoir management. Optimization method by utilizing different non-animal
evolutionary algorithms could propose optimized environmental flow regime. Used algorithms were included
genetic algorithm (GA), gravity search algorithm (GSA), atom search algorithm (ASO), and teaching-learning
based optimization. What is more, a decision-making system based on fuzzy TOPSIS method has been used to
select the best algorithm for optimizing environmental flow. As a result, gravity search algorithm (GSA) was
selected as the best algorithm to optimize environmental flow regime by considering different criteria include
reliability index, vulnerability index, root means square error and mean absolute error. Main innovation of present
study is to present a coupled simulation-optimization method to optimize environmental flow regime at
downstream of large dams which reduces controversial negotiations between environmental managers and
stakeholders. Proposed regime could be a basic accurate estimation for further negotiations and finalizing
environmental flow regime.
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549

550
551
552
553
554 Table 1- Defined weights for different criteria
Criterion Reliability index Vulnerability RMSE MAE
index
Weight M VH H H
555
556
557
558 Table 2- Rating values for alternatives in disparate criteria (VG, RG, G, F and RP mean very good, relatively
559 good, good, fair and relatively poor respectively)
Criteria Kind | Candidates | Rating
ASO RG
Re_llablllty Benefit GA VG
index GSA RG
TLBO G
ASO RG
Vulnerability GA VG
index Cost GSA F
TLBO VG
ASO RP
RSME Cost GA G
GSA RP
TLBO RG
ASO RP
MAE Cost GA G
GSA RP
TLBO RG
560
561
562 Table 3- Integrated decision matrix
w1 W2 W3 w4
03 | 05 0.7 09 | 1 | 1 0.7 0.9 1 0.7 09 | 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
564 Table 4- Normalized decision matrix
w1 W2 W3 w4
0.5 0.7 09 | 1 | 1 07 | 09 | 1 0.7 09 | 1
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I 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
570 Table 5- Weighted normalized decision matrix
W1 W2 W3 W4
03 | 05 | 07 [ 0o | 1 | 1 07 | 09 | 1 07 | 09 | 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
572 Table 6- D+ and D- of candidates (D+ and D- mean distance of alternative from fuzzy positive ideal solution
573 and distance of alternative from fuzzy negative ideal solution respectively)
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
577 Table 7- Finalized prioritization by fuzzy TOPSIS method
Alternatives B REITY
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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Gathering recorded rate of flow and wetted perimeter

data before construction of dam in three cross sections

in the representative river reach at downstream of the
reservoir

= =

1D hydraulic simulation in the representative reach for
enhancing available data to develop WP curve

= =

Development of WP curve, habitat loss function and
water demand loss function

L 2

Development of the reservoir operation optimization in
which habitat loss function and water demand loss

function were used in the structure of the model
= =

Solving optimization model by different evolutionary
algorithms

L 2

Using differentindices for measuring performance of
the optimization system and applying FTOPSIS method
for selecting the best algorithms

Figure 1- Flowchart of the proposed methodology
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622 Figure 10-Proposed environmental flow regime by different algorithms
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