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Floods inflict financial and human losses worldwide. The importance of assessing the effectiveness of flood
management policies rises as the frequency and severity of floods increase. This study presents a novel forensic
engineering framework for assessing the role of reservoir operation in achieving objectives under flood condi-
tions. Specifically, this work develops two approaches, called the standard operation policy (SOP) and the ideal
approach (IA) for the forensic assessment of reservoir-operation performance, which are compared with the
historic management (HM) of reservoirs under flood conditions. This work introduces an innovative SOP for
operation of reservoirs with the functions of flood control, meeting water demands, and hydropower generation.
The genetic algorithm (GA) with the objective function of minimizing the maximum release from the most
downstream reservoir in a multi-reservoir system is applied with the IA. The proposed framework is applied to
evaluate the performance of the Seimare and Karkheh reservoirs system during floods in 2019 and 2020 in the
Karkheh basin, Iran. The results show that in 2018-2019 and 2019-2020, on average, and under HM, the Sei-
mare reservoir’s and Karkheh reservoir’s performance were respectively 28 and 68% worse than the SOP, and
they were respectively 46 and 83% worse than the IA. This work’s forensic methods contribute to the practice of

flood mitigation by means of reservoir operation.

1. Introduction

Floods cause losses of life and property the world over (Diakakis
et al., 2020; Van Pham, 2011). Structural and non-structural methods
are implemented to mitigate floods (Bozorg-Haddad et al., 2021a;
Dodangeh et al., 2020; Zarei et al., 2021a). Reservoirs are one of the
structural measures built to protect against floods, even though com-
plete protection against extreme floods is not always possible (Huang
et al., 2022; Zhou et al., 2014). The recurrence of floods and the rising
presence of people and property within floodplains has increased the
role of reservoirs in flood control (Boulange et al., 2021; Haghizadeh
et al., 2017). Flood control aims to ensure dam safety and reduce flood
damage downstream of reservoirs (Luo et al., 2015).

The operation of flood control reservoirs is carried out in three
stages: (1) prior to floods; (2) during the flood rising; and (3) post flood.
Pre-releasing of reservoir storage prior to flood arrival promotes free
storage to store floods (Kong et al., 2022; Lund and Guzman, 1999).
Determining reservoir pre-release values has been a challenge for water
resources planners and operators due to the uncertainty of reservoir
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inflows (Abdi et al., 2021) and meeting the conflicting objectives of
flood control reservoirs (Hossain et al., 2019; Zhao et al., 2014). Meeting
downstream water demands, flood control, and hydropower generation
functions may be conflicting objectives of flood control reservoirs (Zarei
et al., 2021a). During flood rising operators seek to alleviate the
downstream flood peak by storing floods in reservoirs without allowing
the water surface level to exceed the safety level of the dam (Con-
naughton et al., 2014). The stored flood water in the reservoir is released
after a flood occurs abiding by the damage threshold (DT) to provide
free storage for storing subsequent floods in the reservoir (Nilsson and
Berggren, 2000; Shrestha and Kawasaki, 2020). Large reservoirs can
play a beneficial role in flood mitigation, but if not properly operated
they can intensify the peak flood in downstream areas or may lose a
large volume of their storage due to excessively cautious water releases
(Delpasand et al., 2021; Harmancioglu, 1994).

The common approach to reservoir operation relies on the applica-
tion of reservoir-operating rule curves (Karamouz et al., 2012; Sriniva-
san and Philipose, 1996; Srivastava and Awchi, 2009; Yang et al., 2021;
Zolghadr-Asli et al., 2019). Rule curves are used as a guide to determine
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Fig. 1. The classic SOPs. a. SOP for meeting water demands (De and K denote
water demand and reservoir capacity, respectively), b. SOP for a hydropower
reservoir (S denotes the available reservoir water for generating hydropower).

the magnitude and timing of reservoir releases (Louks and Sigvaldason,
1981). The standard operation policy (SOP) is a simple and widely used
operation policy that prescribes a pre-designed release schedule
(Fig. 1a). Neelakantan and Sasireka (2013) proposed the SOP for hy-
dropower reservoir operation (Fig. 1b). Despite available SOPs for the
objectives of meeting downstream demands and hydropower generation
no generic SOP has been so far proposed for operating flood control
reservoirs. In addition, the SOP has not yet extended to cover the
operation of multi-objective reservoirs. It is seen in Fig. la that the
classic SOP is applied in reservoirs with free spillway following the 45°
angle of the line d;dy. The classic SOP does not cover the operation of
reservoirs with gated spillways. Another disadvantage of the SOP in-
cludes the lack of consideration of practical limitations in reservoir
operation.

Unprecedented and prolonged precipitation in 2019 caused devas-
tating floods in parts of Iran. This flood was one of the most severe floods
in the last 70 years, especially in the country’s southwestern regions,
which caused environmental degradation and damage to building and
agricultural lands, and at least 78 fatalities (Bozorg-Haddad et al.,
2021a). Floods caused financial damage to Iran’s southwestern regions
in 2020 (Sadeghi et al., 2021). Many natural and/or human causes play
a role in the occurrence of disasters. Discerning these causes and
examining the origins and mechanisms in the formation of such extreme
disasters is useful for providing solutions to mitigate their hazardous
consequences (Zarei et al., 2021b).

Many prior investigations have dealt with several operational rules
for large hydro-systems (Akbari-Alashti et al., 2014; Bahrami et al.,
2018; Bozorg-Haddad et al., 2015; Bozorg-Haddad et al., 2016; Bozorg-
Haddad and Marino, 2011; Bozorg-Haddad et al., 2017; Bozorg-Haddad
et al., 2009; Fallah-Mehdipour et al., 2011; Soltanjalili et al., 2011).
However, few studies have considered testing the validity of the devel-
oped rules in real world settings after the occurrence of flood events. The
forensic engineering approach consists in the application of engineering
knowledge for assessing the role of natural and human causes in the
occurrence of disasters (Carper, 2000; Noon, 2000; Zarei et al., 2021b).
In recent decades, the forensic engineering approach has made a great
contribution in identifying and clarifying the causes of disasters (Bron-
stert et al., 2018; Delpasand et al., 2021; Loaiciga, 2001). However,
studies on proposing a framework for the forensic evaluation of reservoir
performance during floods are scarce.
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The necessity of providing a forensic engineering framework to
evaluate reservoir performance under floods has gained relevance
because of the significant increase in the frequency of major floods in
recent decades and the large costs incurred on constructing and main-
taining reservoirs. This study develops a framework to measure the role
of reservoirs in mitigation or intensification of floods and meeting de-
mands and generating the hydropower required by power supply net-
works. In this regard, the importance of proposing such framework is
herein highlighted considering practical limitations to reservoir opera-
tion that are compared with the historical reservoir operation under
flood conditions. This study presents a new SOP for the operation of
multi-objective reservoirs under flood conditions. Practicality and
simplicity of implementation are advantages of the proposed SOP that
render it adaptable to forensic assessment criteria, and an effective
alternative approach to guide operators during floods. Another
approach that is included in this paper’s forensic assessment framework
is IA, which provides useful upper bounds on flood mitigation by
reservoir operation assuming perfect knowledge of future inflows. This
study develops novel forensic engineering criteria to guide accurate
evaluation of reservoir’s performance during flood conditions. The his-
torical reservoir operation is compared with the SOP and IA by means of
quantitative criteria guided by the forensic assessment framework pre-
sented in this study,.

2. Methodology
2.1. Forensic engineering: A disaster analysis approach

Forensic engineering is an approach developed in recent decades that
applies engineering discipline to identify underlying factors that
contributed to disasters to effectively mitigate such disasters in the
future (Carper, 2000; Noon, 2000). In other words, this approach tackles
two questions (Zarei et al., 2021b): What factors caused the disaster?
and What measures must be taken to deal with such disasters in the
future? Investigating the occurrence of disasters, forensic engineering
addresses the need for a better understanding of their fundamental
causes, which is essential to provide an alternative policy to mitigate and
avoid future disasters. Forensic Hydrological Analysis (FDA) has
emerged in recent years to detect the causes of hydrologic failures that
inflicted damages in terms of loss of life and property; FDA is not
restricted to extremes floods and drought, and it also studies water
pollution, the drying up of lakes and rivers, and other calamities
(Bronstert et al., 2018; Zarei et al., 2021b). Refer to Zarei et al. (2021b)
for in-depth information about forensic engineering.

The forensic engineering framework proposed in this work involves
assessing the HM by comparing it with the SOP’s and the IA’s perfor-
mances. The scientific analysis of a system failure (e.g., during floods,
drought, ...) can be likened to a pyramid (Noon, 2000; Zarei et al.,
2021b). The wider part of the pyramid is the evidence usable in forensic
analysis. The forensic framework presented in this study assesses the HM
as evidence and facts by implementing the SOP and IA. The top of the
pyramid represents the position of the results and the causes of flood
damages resulting from reservoir operation corresponding to the HM.
Fig. 2 displays the flowchart of the forensic engineering framework
presented in this work for evaluating the performance of HM during
floods.

2.2. The proposed standard operation policy (SOP)

The proposed SOP focuses on practical reservoir operation with the
objectives of flood control, meeting downstream water demands, and
hydropower generation. The implementation of the SOP relies on the
observed inflows to reservoirs. The following are the equations of the
proposed SOP.

Reservoir water balance:
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Fig. 2. Flowchart of the forensic framework for evaluating reservoir-operating performance during floods.
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wheren, t, T,j =1,2,..,m,S, 1,1, Bo, E, e, Rp, S;, S, R, A, H, and G
denote respectively the total number of reservoirs in a multi-reservoir
system, with the reservoir index i = 1, 2, ..., n, the operation time step
index, the total time steps in the operation horizon, the number of m
reservoir gates, is the initial reservoir storage, the unregulated reservoir
inflows, the release from the upstream reservoirs called the regulated
inflow, the bottom outlet release, the evaporated water, the evaporation
rate, the water release from the power plant, the spilled water from the
reservoir’s free spillway, the spilled water from the reservoir’s gated
spillway, the water released through other gates, the reservoir’s water-
surface area, the initial water level in the reservoir, and the level-
storage reservoir function.
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Fig. 3. Charts for determining parameters affecting reservoir release at time steps for the proposed SOP. a. The coefficient of the power plant performance, b. The
opening of bottom outlet for reservoirs with free spillway; c. The opening of bottom outlet for reservoir with gated spillway, d. The opening of spillway gate. (S, S?°,
S denote the minimum storage for powerplant performance, the storage at the bottom outlet level, the spill threshold storage, respectively.).
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It is essential to measure the reservoir inflow and reservoir storage to
decide about the timing and amounts of water release from the reser-
voirs in each time step. The SOP applies Egs. (5) and (6) to quantify the
inflow coefficient and the storage coefficient, respectively:

. (11,1 + I;'—]_r B NDT[)

0 (CDT; — NDT;)

(I +1,_,, — NDT,)

Otherwi
(CDT, — NDT}) erwise

S; — S
b= g s ©)
in which a, NDT,CDT, j, S™" and S" denote respectively the inflow
coefficient, the no-downstream damage threshold, the severe down-
stream damage threshold, the storage coefficient, the minimum oper-
ating storage, and the normal reservoir storage.

The inflow coefficient calculated by Eq. (5) is assigned values be-
tween 0 and 1 for inflow between the NDT and CDT. It exceeds 1 for
inflows greater than CDT. The reservoir storage coefficient takes values
between 0 and 1 for storage between the minimum operating storage
and the normal reservoir storage, and it is more than 1 for storage
greater than the normal reservoir storage according to Eq. (6).

During reservoir operation in the flood season it may be necessary to
pre-release water with minor damage in the remaining time before the
flood peak to promote the required free storage to store future floods in
the reservoir and prevent future large releases that may cause severe
damages. In other words, it is sometimes crucial to accept the risk of
releases in excess of NDT and to inflict downstream damages to forestall
even greater downstream damages later. Therefore, the SOP considers
the values of the reservoir inflow and storage coefficients to calculate
the maximum reservoir release in each time step with Eq. (7).

O™ = (1 + min(a;,, $,,)) x NDT,i = 1,2,..,nand t = 1,2,..., T %)

where Of* denotes the maximum release from reservoir i and time
step t.

Whenever the water surface level is greater than or equal to the
minimum level for powerplant performance the powerplant water
release is given by Eq. (8), which in every time step is calculated to
maximize meeting downstream demands and the power plant perfor-
mance under the limitations imposed by the available reservoir storage
and the calculated maximum reservoir output.

Min(Max(De,-‘,.,Rp;.),)., O™ WA;,) ifG(Si,+1i +I’i—],t —E;)2H]

R it i
Pis 0 Otherwise

(8

The target demand (Rp;,) for hydropower generation is a function of
the power plant performance coefficient (n;.)(in percentage) and the
powerplant’s net head (Hnet™’) calculated by Eq. (9) in each time step.
. 86400 x PPC; x n;, x day.

it

1,2,..,nand t=1,2,....T 9

7w X 8 X E; X Hnet™

Hnet? = G(S;y + L, + 1,
=1,2,..,T

)

—Ei) = Twi, —H""i=12 ..nandt

i s

(10)

in which De, WA, H?, PPC, day, y,, g E, Tw, and H"® denote
respectively the downstream water demand, the available reservoir
water, the minimum water level for power plant performance, the
installed power plant capacity, the number of days in each operation
period, the volumetric weight of water equal to 1000 kg/m>, the grav-
itational acceleration equal to 9.81 m/s2, the power plant efficiency (in

Journal of Hydrology 624 (2023) 129774

percentage), the water level at the power plant, and the head loss of the
power plant.

In each time step the power plant performance coefficient is calcu-
lated with a linear function of the normalized storage between the
minimum storage associated with the power plant performance and the
normal storage, according to Fig. 3a (where S? denotes the minimum
storage for the power plant performance). It is seen in Fig. 3a that the
power plant performance coefficient equals O when the storage is lower
than the storage associated with the minimum power plant perfor-
mance, it is between 0 and the maximum power plant’s performance
coefficients (MPPC) when the reservoir storage is less than the normal
storage, and it equals MPPC when the reservoir storage is equal to or
greater than the normal storage. The MPPC may not be necessarily 100%
according to the performance characteristics of the power plant units in
each time step.

The power plant’s penstock is the first opened, if necessary, during
reservoir operation, which releases reservoir water for meeting down-
stream water demand and attenuating floods, and to generate hydro-
power. The priority rule governing the opening of other gates is
determined according to the reservoir operation policies. First priority is
given to the power plant gates followed by opening the gates on the right
or left sides of the reservoir (if available), as releasing from such gates
does not increase the reservoir output and consequent downstream
damages. It is noteworthy that the DTs on the right and left sides of the
reservoir must be considered when releasing water from these gates to
prevent damages. The value of the bottom outlet release (Bo;,) is given
by Eq. (11) in reservoirs with a free spillway with no other controllable
gates except the power plant and bottom outlet. Eq. (11) specifies that
the water releases through the bottom outlet must meet the downstream
demands subject to available reservoir storage whenever the power
plant performance coefficient equals 0, and in time steps when the
power plant performance coefficient is maximum the water release must
be made through the bottom outlet to control flooding if the calculated
maximum reservoir output is greater than the NDT. In this case the
release from the bottom outlet is calculated subject to Of** —Rp; and the
available reservoir storage.

Min(De;,, WA;,) ifn, =0
BO;, = { Min(BO,,, (O™ — Rp,,)) ifn,, = n™ & O™ > NDT,
0 Otherwise
an
BO,, = a?% x k¥°\/2g x Hnet?* x AF €i=1,2,..,nand t = 1,2,..,T
12)
Hnet?® = G(S;, + 1, +1._,, — Ei, — Rp;;) — H?® — HI** 5%
=12,.,nandt=1,2,...,T (13)

in which n™>,a8, kB, Hnet3°, AB°, HP°, H©sBo and Bo denote
respectively the MPPC, the opening value of the bottom outlet (between
0 and 1), the bottom outlet efficiency, the bottom outlet’s net head, the
bottom outlet gate area, the bottom outlet level, the head loss of the
bottom outlet, and is the target release from the bottom outlet under
floods which is a function of its opening value and net head. In each time
step opening value of the bottom outlet is calculated with a linear
function of the normalized storage between the storage related to the
bottom outlet level and the normal storage according to Fig. 3b (where
SBO denotes the storage at the bottom outlet level). It is seen in Fig. 3b
that the opening of the bottom outlet when the storage falls below the
bottom outlet equals 0, it is between 0 and 1 when the storage is between
the bottom outlet level and normal storage (between points B; and By),
and it equals 1 when the storage exceeds normal storage.

The water release from the bottom outlet in reservoirs with
controllable gates of the power plant, bottom outlet and spillway, and
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storage lower than the spill threshold storage is given by Eq. (11). The
opening value of the bottom outlet (af;’) for reservoirs with gated
spillways is determined according to Fig. 3c (where S denotes the spill
threshold storage). As Fig. 3¢ shows a?? is between 0 and 1 when storage
falls between the storage corresponding to the bottom outlet level and
the spill threshold storage (between points C; and Cy), and it equals
0 when storage is equal to or greater than the spill threshold storage, in
which case the gated spillway is opened rather than the bottom outlet, if
necessary, because the increase in the net head of reservoir storage at the
bottom outlet (for water levels more than the spill threshold level) may
endanger dam safety by raising the speed of water outflow from the
bottom outlet.

Eq. (14) shows how to calculate the reservoir spill in the free spill-
ways (Sfit). Reservoir spill occurs if the reservoir storage exceeds the
normal storage. In time steps in which the MPPC occurs and the reser-
voir storage is lower than the normal storage and the calculated
maximum reservoir output (O™**) is more than the NDT the spill value
(Sgir) through the spillway gate is specified according to Eq. (15). In
time steps when reservoir storage exceeds the normal storage surplus
spills are executed to prevent overtopping the spillway gate.

Sf' _ Si.z + Ii.z + I;'—l.t - Ei.z - Rpi,t - BOi.z - S,’l
Y 0 Otherwise
, 1y =& O™ > NDT, &
Min(Sg. (O™ —Rp; if 0, '
R Suth+1,,—Ei—Rpi<S)
Sgi = } ny =n" &
Si+1i,+1_ ,—Ei,—Rp;,— S} if , "
’ Sii+1liy+1,_,,—Ei; —Rpi, > S;
0 Otherwise
(15)
where

Sg;, = a x k'\/2g x Hnet}! x A¥i=1,2,.nandt=1,2,.,T  (16)

if S, + 1, +1_,,— E,—Rp;, —BO;, > S!

Hnet? = G(Siy+ 1y, +1_,, — E, — Rpy,) —H? —H* ¥i=1,2,...,nand t
=1,2 T

9Ly ey

@a7)

in which a®, k%, Hnet*, A%, H® H* % and Sg denote respectively
the opening value of the spillway gate (between 0 and 1), the efficiency
of the spillway gate, the gated spillway’s net head, the spillway gate
area, the spill threshold level, the head loss of the spillway gate, and the
target release from the spillway gate under floods which is a function of
its opening value and net head. The opening of the spillway gate at each
time step is specified with a linear function of the normalized storage
between the spill threshold storage and the normal storage according to
Fig. 3d. As can be seen in Fig. 3d the opening of the spillway gate is 0 for
storage lower than the spill threshold storage; it is between 0 and 1 when
the reservoir storage is between the spill threshold storage and the
normal storage, it equals 1 when the storage exceeds the normal storage.

2.2.1. The generalized SOP for reservoirs without spillway gates
Sometimes reservoirs’ spillway gates are not installed because

reservoir construction is not completed prior the flood season or because

of attention given to development within flood plains and to prevent

14

damages to the lands upstream of the reservoir. The SOP presented in
this study is generalized for operating reservoirs without spillway gates
during floods. Therefore, the spill threshold storage (Sis" ) replaces with
the normal storage (S}) in the previous Equations and Fig. 3, and the
spill value is given by Eq. (18). In this case, closing the spillway chutes
with stop logs (e.g., the gates constructed to be temporarily installed
during the restoration of spillway gates, and which often are fewer in
number than the number of spillway gates) during the flood season is an
effective measure for increasing the reservoir capacity, preventing the
spill the surplus reservoir storage, and providing additional protection
downstream of reservoirs. Eq. (19) describes the status of stop logs for
the proposed SOP. In time steps in which inflow coefficient exceeds O (i.
e., the inflows are more than the NDT) and reservoir storage equals to
the spill threshold storage, the spillway chutes are closed with stop logs,
according to Eq. (19).
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—E;, —Rp;, — BO;, > S''&

The spillway chutes are not closed with stop logs

S = ' Li—c Su+ i+ 1y, — Ey — Rpiy — BO, > ST& 18
8it (Siy + 1 + I, —E,—Rp,—BO, — SiSp) « Li—ciy ‘ ’ 1Lt ' P ' (18)
L; The spillway chutes are closed with stop logs
0 ifS;, +1,+1_,,— E, — Rp;, — BO; XS

The stoplog status — { The spillway chutes are colsed with stop logs

where L denotes the number of the spillway chutes; and c is the
number of closed spillway chutes with stop logs.

2.3. The ideal approach (IA)

The forensic assessment of the reservoirs’ performance under floods
requires investigating the infrastructure capacity for the flood mitiga-
tion. Besides errors in the operation of gates there may be other factors
which could reduce the reservoirs’ potential for mitigating flood dam-
ages within flood plains and sub-optimal reservoir design to cope with
extreme flows. Therefore, it is imperative to develop an approach to
analyze whether the flood-control infrastructure provided the capacity
for flood attenuation. This work develops the ideal approach (IA)
whereby knowledge of flood inflows to reservoirs are assumed known
and thereby the focus is on objective of flood control, which enables the
IA to measure the reservoir system’s potential for flood mitigation. The
IA calculates an upper bound to flood mitigation for the forensic analysis
of HM’s performance with respect to reservoir operation. The IA is
herein developed by applying the optimal reservoir operation model
(OROM), which is described below.

2.3.1. Optimal reservoir operation model (OROM)

The objective function is the minimization of the maximum release
from the most downstream reservoir (the n-th reservoir in an n-reservoir
system).

T m
Z = Min| Max (Rp,; + ) Ruju + Bow + Sfu + Sgus) [t = 1,2,... T (20)
=
=1
Subjected to:
Egs. (1) to (4) are constraints, which are in addition to the constraints
expressed by Egs. (21) to (30):
Reservoir storage constraint:

0 <SS <S™ @D

where S™* denotes the maximum reservoir storage.
Power plant’s constraints:

O<Rp, ,<Rp"™ (22)

it

O, <™ (23)

in which Rp™* denotes the maximum water release from the power
plant.
Free spillway equation:

B Sig+ L+ 11, —Ei — Rp;, — Bo;; — Z;n:]Ri.j.r
A\

i

Sh x (1 )=0 (24)

ifa;, >0&S;, =S¥
The spillway chutes are not colsed with stop logs

19)

Otherwise

Gated spillway equation:

Sgi, = a? x k71/2g x Hnet)? x A (25)

0<Sg;, <Sgih™ (26)

it
in which Sg™* denotes the maximum water release from the spillway

gate.
Bottom outlet’s constraints:

Bo;, = a x kP\/2g x Hnet?? x A% (27)

0<Bo;,;<Bo};* (28)

in which Bo™* denotes the maximum water release from the bottom
outlet.
Other gates’ constraint:

<R, <RI 29

it

in which R™* denotes the maximum water release from other
reservoir gates.
Reservoir output constraint:

m

De;,<Rp;, + Bo;, + Sf;, + Sgi, + Z R, (30)

J=1

2.3.2. The generalized OROM for reservoirs without spillway gates

The OROM involves a binary decision variable (K;,) for reservoirs in
which spillway gates are not installed, which makes it capable of
determining the smallest value of the fittness function in each time step
by examining the options to close the spillway chutes or to leave them
open. Eq. (31) describes the values of the binary decision variable in
each time step. Egs. (32) and (33) express additional constraints for the
reservoirs.

K — 1if the spillwaychutes are closed with stop logs (31)
S 0Otherwise
If Ki.t =0:
Sis+ 1y + 11, — Ei, — Rp;, — Boy, — Y Ry,
Sir x (1 — ' ' Lt ‘ Spp,z t ijl /t):O (32)
S;
If Ki.t =1:
! Sp L —ci;

Sgis = (Si‘t + 1+ ],‘,1,, —Ei, — Rpi;, — BO;; = S; ) X T (33)

The GA (Holland, 1975) was implemented to solve the OROM
embodied by Egs. (1) to (4), Egs. (20) to (33). The GA is described in the
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next section.

2.3.3. Genetic algorithm

The GA is the most widely used Evolutionary Algorithm in the water
resources planning and management literature (Chang and Chen, 1998;
Che and Mays, 2015; Kim et al., 2006; Tegegne and Kim, 2020). The GA
features a generational process cycle to achieve better solutions through
evolution; evolution commences with a population of random chromo-
somes that provide all possible solutions for the first generation. The
fitness of each chromosome of the population is evaluated, and multiple
chromosomes are selected from the current population based on their
fitness value, which is known as selection. Genetic operators (i.e.
crossover and mutation) are used to modify the selected chromosomes to
generate a new set of chromosomes that create the population for the
next generation. These steps are repeated sequentially until the desired
stopping criterion is fulfilled (Holland, 1975). Fig. 4 illustrates the
general GA process. The reader can find more details about the GA in
Holland (1975) and Golberg (1989).

In this study the GA was applied to solve the reservoir management
model, as it has fast convergence to global optimal in high-dimensional
and non-convex problems. In contrast, conventional optimization
methods do not guarantee global optimal performance. For example,
Yeh (1985) found Nonlinear Programming (NLP) methods could not
solve large NLP reservoir management models due to the trap of infea-
sibility, or local solutions and slow convergence speed. Moreover, Dy-
namic Programming fails when the number of state variables and the
scale of the problem increase and it succumbs to the curse of dimen-
sionality (Ahmadianfar et al., 2017; Kumar and Yadav, 2020).

This work implemented the GA with population size between 200
and 300, crossover probability in the range 0.6-0.7, mutation proba-
bility in the range 0.001-0.01, and the stopping criterion featuring 1000
to 2000 iterations. The algorithmic parameters were selected based on
the minimum of the fitness function. The selection operator of the
Roulette Wheel (Fitness Proportionate Selection) (Holland, 1975) was
used, which was superior to other selection operators with respect to
optimal fitness values.

3. Forensic engineering criteria

Forensic analysis of reservoir performance requires numerical
criteria to compare the results calculated with the SOP and IA with those
corresponding to the HM. This study develops a novel forensic engi-
neering criteria to evaluate the HM’s operating performance.

3.1. Performance criteria

Three key probability-based performance criteria are reliability,
resiliency, and vulnerability (Zolghadr-Asli et al., 2019). Reliability re-
fers to how likely a reservoir system is to fail; resiliency measures how
quickly it returns to a satisfactory state following a failure; and
vulnerability quantifies the severity of failures over an operation hori-

Max(_, (3, Max(De,,~(Rp;, + Bo, + Sfiu + Sgic + Y Riji).0))

Vul"? = -
Zi:lDe[‘l

t=12,..,T

zon (Hashimoto et al., 1982). The numerical values of these criteria and
the tradeoff among are helpful in the forensic assessment of reservoir
operation. Generally, the higher the reliability and vulnerability of a
reservoir system are, the more cautious policy an operating approach
involves. For instance, in terms of flood control, an approach has the
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best performance in the mitigation of flood peak by assuring the reser-
voir’s required free space to store floods and accepting the risk of re-
leases with minor damage. Such an approach reduces vulnerability but
also reduces reliability by incurring failures in some time steps.

This work develops reliability, resiliency and vulnerability criteria
corresponding to the objectives of meeting water demands and hydro-
power generation by the operation of multi-reservoir systems. Refer to
Delpasand et al. (2021) for in-depth information about the performance
criteria for flood control. It is noteworthy that for a multi-reservoir
system failure occurs when one or more of its components incur fail-
ure (Delpasand et al., 2021).

3.1.1. Performance criteria for meeting water demands
Meeting the water demands in each time step is the main criteria in
this instance as stipulated below.

1. Reliability of meeting water demands in a multi-reservoir system

The reliability is calculated as follows:

I
MD 4 i=1 .
Rel"™ =1—"— | ., i
0 Y <t
=1

where Rel , and fMP denote the reliability of meeting water
demands, the number of time steps with failure (i.e., the water demands
are not met), and the number of time steps with failure in single reser-
voirs, respectively. The latter is given by:

(34

lMD "MD
> JB

’
MD __ MD MD
;= ip 5 iy

I Rp;, + Boi, + Sfi; + Sgi, + Z Riji < De;
J=1 t=1 s

_ ) (35)
. - =1,2 T
0 Rp;, + Boi, + Sfis + Sgis + ZRi._/',1>Dei

J=1

g Ly onny

2. Resiliency to not-meeting water demands in a multi-reservoir
system:

1

i
5y

where Res™” and f¥” denote respectively the resiliency to not-
meeting demands and the number of continuous time steps with fail-
ure for multi-reservoir systems.

ResMP =

(36)

3. Vulnerability to not-meeting demands in a multi-reservoir system:

i=1,2,..,n

37)

where VulP denotes the vulnerability to not-meeting demands cri-
terion of multi-reservoir systems.
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3.1.2. Performance criteria for hydropower generation

Generating the PPC is the main criterion in this instance, and time
steps with a generated hydropower lower than the PPC constitute a
failure in hydropower reservoir systems.

HM SOP
violation of DT RMSE(1,1) RMSE(1,2) RMSE(1,3)
P = violation of meeting demands | RMSE(2,1) RMSE(2,2) RMSE(2,3)
violation of generating PPC | RMSE(3,1) RMSE(3,2) RMSE(3,3)

1. Reliability of hydropower generation in a multi-reservoir system:

1 HP>1

Rel'’P — B HP _

L f i =1,2,..,n (38)

14
0 Y f"r<i
i=1

in which Rel™, fi? and ff* denote respectively the reliability of
hydropower generation, the number of time steps with failure for multi-
reservoir system, and the number of time steps with failure in single
reservoirs, which is given by:

T
1 GP;;, < PPC;.

fHr = E al’® af”:{ o 'i=1,2,..,nandt=1,2.... T

yo i ! 0 GP;, = PPC;

(39)

where GP denotes the generated hydropower by each reservoir,
which is given by:

GP;, =001 xn;, x PPCi=1,2,...nand t = 1,2,..., T (40)

2. Resiliency to generated hydropower less than the PPC in a multi-
reservoir system:

1
i

where Res™ denotes the resiliency to generated hydropower less
than the PPC; and fi” represents the number of continuous time steps

Res'™" =

(41)

with failure in multi-reservoir systems.

3. Vulnerability to generated hydropower less than the PPC in a multi-
reservoir system:
2
Z?:l ZrT:I (Flli[)ﬂl
Vul””:z,,ippc’*'i:l,%m,n andt=1,2,..., T (42)
i=1 i
where Vul? denotes the vulnerability to generated hydropower less
than the PPC; and F represents the severity of failure for each reservoir,
which is given by Equation (43).

Fi = {PPC"_GP'*’ JFPPC =GPy >0; s nandt=1,2,.,T

= 0 if PPC;—GP,, =0 '~
(43)

3.2. Desirability of reservoir operation (DRO)
The DRO evaluates reservoir management with respect to various

functions such as flood control, meeting water demands, and hydro-
power generation. The DRO involves the P matrix that is constructed for
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any reservoir, and whose elements are the RMSEs with respect to the
HM, SOP, and IA in the time steps with violations of the DTs, not meeting
of water demands, and power generation being less than the PPC:

The elements of the matrix P are expressed by Egs. (45) to (47):

1A

i=1,2,..,n (44)
t=1,2,...,T
RMSEo, ~pr.

2
17 m
= ?szl <MaX(Rpi.r + Boy + Sfi, + S8, + ) Riyu — DT, 0)>

(45)
1 T
RMSEgp, <prc, = \| 7 > (PPC; - GP,,) (46)
=1
RMSEo,,<pe;,
1 T m 5
= T Z (Max(Dei,f - (RP[J + Boi, + Sfis + Sgi. + ZR[,/.1)~,O)
=1 1
47)

where O denotes the total reservoir output.

The DRO is calculated for each reservoir with respect to non-
violation of DT, meeting the water demands, and power generation
equals the PPC as follows:

RMSE,. — Min}_, (RMSE,.)
Max*_, (RMSE,.) — Min®_, (RMSE,.)

3
DRO;, = [1 — ( )] x 100 (48)
r=1
in which r=1,2,3 and ¢ = 1, 2,3 denote the number of rows and
columns of the matrix P, respectively.

4. Assigning weights to the reservoir-operation objectives

This study assigns weights to each reservoir’s and the multi-reservoir
system’s objectives. This work applies the weighted least squares
method (Chu et al., 1979), which assigns criteria weights based on the
expertise of decision-makers (Bozorg-Haddad et al., 2021b). The readers
can find more details about the weighted least squares method in Chu
et al. (1979) and Bozorg-Haddad et al. (2021b).

5. Case study

The Karkheh basin was chosen as a case study to illustrate this pa-
per’s methodology. This basin is located in southwestern Iran. Fig. 5
shows the location of the Karkheh Basin. Karkheh river is formed by the
confluence of the Seimare and Kashkan rivers and discharges to the
Hoor-al-Azim wetland. The length of the main branch of the Karkheh
river from its Gamasiab source to the Hoor-al-Azim wetland is 875 km.
The Seimare and Karkheh reservoirs are the operating reservoirs in the
basin. Table 1 lists the technical specifications of the reservoirs. The
experience of a decade of drought in Iran led to development within the
Seimare river floodplain. Spillway gates were installed in the Seimare
reservoir’s dams prior to 2018-2019 and 2019-2020 that could have
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Fig. 5. Location of the study area in Iran (ArcGIS 10.8.1).

reduced flood damages (Bozorg-Haddad, 2019). The Abbas plain gate is
located on Karkheh reservoir’s right side to meet the Abbas plain’s
agricultural water demands.

Iran experienced three major waves of extreme precipitation in Mar.
and Apr. 2019, which caused severe floods in different parts of that
country (Zarei et al., 2021a). The southwestern basins, including the
Karkheh basin, endured the largest share of the second and third waves
of precipitation in Mar. 24-26 and Mar. 31-Apr. 2, respectively, which
inflicted heavy losses to life and property (Aminyavari et al., 2019).
Also, in Mar. and Apr. 2020, small and medium floods inflicted losses at
various locations. Fig. 6.a and 6.b confirm the distinct magnitude of
inflows in 2018-2019 and 2019-2020 for Seimare and Karkheh reser-
voirs in accordance with Iranian months. This work evaluated the per-
formance of the Seimare and Karkheh reservoirs during the 2019 and
2020 floods. The knowledge to be gained from this study’s forensic
analysis of the performance of the reservoirs will contribute to the
mitigation of future flood damages by means of reservoir operation.

10

6. Results and discussion

The SOP and IA were applied in this study for the forensic assessment
of the performance of the Seimare and Karkheh reservoirs in achieving
multiple objectives during the 2019 and 2020 floods. According to
Bozorg-Haddad (2019), for the two-reservoir system and Karkheh
reservoir meeting demands has the most importance followed by flood
control and hydropower generation, respectively. However, flood con-
trol, meeting downstream demands and hydropower generation have
been respectively considered more important for the Seimare reservoir,
as its downstream demands involve only the Seimare river’s environ-
mental demands (see Table 1). In this regard, the weights assigned to
flood control, meeting water demands, and hydropower generation for
the two-reservoir system are 35, 45 and 20%, for the Seimare reservoir
are 51, 30 and 19% and for the Karkheh reservoir are 40, 45 and 15%,
respectively (Bozorg-Haddad, 2019).

The Seimare and Karkheh reservoir inflows in the flood years are
presented in Fig. 6¢ and d. It is seen in Fig. 6¢ and d that floods in the
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Table 1
The technical specifications of the Seimare and Karkheh reservoirs.
Reservoirs
Seimare Karkheh
River Seimare river Karkheh river
Type Double arched concrete Soil with clay core
Objectives Meeting the Meeting the environmental,
environmental demands, industrial, agricultural and
flood control and drinking demands, flood
hydropower generation control and hydropower
generation
Spillway type Free & Gated Gated
Normal water level 723 220
(masl)
Water level of 723 226
maximum
operation (masl)
Spill threshold level 704.5 209
(masl)
Minimum water level 680 170
(masl)
Crown level (masl) 730 234
Bottom outlet levels 620 & 640 110
(masl)
Abbas plain gatelevel - 175
(masl)
Minimum water level 693 185
for power plant
performance
(masl)
Installed power plant 480 400
capacity (Mw)
No downstream 250 400
damage threshold
(m®%/s)
Considerable 620 1000
downstream
damage threshold
(m®%/s)

Karkheh basin occurred in Jan. 21-Feb. 19, Feb. 20-Mar. 20, Mar. 21-
Apr. 20 and Apr. 21-May. 21. The SOP and IA were developed since
Nov. 22-Dec. 21 in 2018-2019 and 2019-2020 to be provided a suffi-
cient time for reservoirs pre-release. The MPPC corresponding to the
Seimare and Karkheh reservoirs were set equal to 95 and 97%, respec-
tively, for both the SOP and IA due to the long-term readiness of the
power plant units.

6.1. Forensic assessment of the multi-reservoir system performance under
floods in 2018-2019

The SOP and IA were implemented daily in the flood months to in-
crease the accuracy of reservoir management. Fig. 7 shows the initial
storage and water releases for the Seimare reservoir corresponding to
the HM, SOP, and IA in 2018-2019. Fig. 8 depicts the initial storage,
water release (sum of the powerplant, bottom outlet and spillway re-
leases), and releases from the Abbas plain gate for the Karkheh reservoir
corresponding to the HM, SOP and IA in 2018-2019.

Several small and medium floods occurred before the floods of Mar.
in addition to large floods in Jan. 21- Feb. 19 that impacted the reser-
voirs. However, cautious commands to maintain reservoir storage due to
experiencing the decade of drought, such as not meeting (i) the envi-
ronmental demands of the Seimare river in Sep. 23-Oct. 22 and Oct. 23-
Nov. 21 (Fig. 7a), (ii) the downstream water demands of the Karkheh
reservoir in Oct. 23 — Nov. 21 and Nov. 22- Dec. 21 (Fig. 8a), and (iii) the
water demands of Abbas plain in Sep. 23— Oct. 22 to Jan. 21- Feb. 19
(Fig. 8b) caused limited free storage in the reservoirs in the face of
catastrophic floods (Fig. 7b and Fig. 8c). The Karkheh reservoir was
filled to 91% of its capacity during the floods of Jan. 21- Feb. 19. Yet, in
the period Feb. 20-Mar. 20 only about 1% of the reservoir storage was

11

Journal of Hydrology 624 (2023) 129774

released (Fig. 8a). Also, in Sep. 23— Oct. 22, hydropower generation was
suspended in the Seimare reservoir (Table 2), and during Mar. 21-24 the
Seimare reservoir releases were reduced compared to the previous
month to prevent turning off the power plant (Fig. 7a). Other results
corresponding to HM, SOP and IA are listed in Table 2.

6.1.1. Flood control

The performance of the Seimare and Karkheh reservoir system ach-
ieved with HM, the SOP, and IA is depicted in Fig. 9. It is seen in Fig. 9a
that the objective of flood control had NDT with coefficients equal to
1.0, 1.5, and 2.0, and the CDT were considered to be DTs. The SOP, HM,
and IA with respect to the 1.0x NDT case produced reliability equal to
0.76, 0.67, and 0.50, respectively, and resiliency equal to 0.023, 0.008,
and 0.005, respectively, of the reservoir system (see Fig. 9a). However,
HM has the highest vulnerability of the multi-reservoir system (it is
equal to 4.76). The HM and the SOP with respect to the case 1.5x NDT
achieved minimum and maximum reliability of the multi-reservoir
system equal to 0.76 and 0.89, respectively. The minimum and
maximum resiliency of the reservoirs system obtained with HM and IA
are 0.035 and 0.164, respectively. The system’s vulnerability corre-
sponding to HM, the SOP, and IA has the highest value equal to 2.84,
2.65, and 0.21, respectively. It is seen in Fig. 9a that the IA, SOP, and HM
corresponding to the 2.0x NDT case achieved the highest reliability
equal to 0.95, 0.91, and 0.90, respectively, and resiliency equal to 0.50,
0.032, and 0.028, respectively, and the lowest vulnerability equal to
0.06, 1.74, and 1.88, respectively, of the reservoir system. The IA did not
produce system output larger than the CDT in any of the time steps.
Therefore, according to the CDT, the IA has reliability, resiliency and
vulnerability 1.0, 1.0, and 0, respectively. The SOP and HM have the
highest reliability (0.93 and 0.91, respectively) after that of IA, and have
the lowest vulnerability (1.19 and 1.31, respectively) for the multi-
reservoir system. However, according to CDT the resiliency of the
reservoir system is higher for HM (equals 0.059) compared to the SOP
(equals 0.042).

The results show that according to the 2.0x NDT case and the CDT
the reservoir system’s performance criteria for IA with respect to flood
control are better than the SOP’s and HM’s. The IA implements pre-
releasing water from the reservoirs system timely and accepting the
risk of minor damages before the large floods, rendering it better pre-
pared for flood mitigation compared to the SOP and HM. This means the
IA released water from the reservoirs system over a longer period with
discharges between 1.0x NDT and 1.5x NDT compared to SOP and HM
(but with lower vulnerability than HM and SOP) due to the lower reli-
ability and resiliency of the reservoir system achieved with IA compared
to SOP and HM according to the 1.0x NDT case. Besides, IA released the
reservoirs system in a longer period with discharges between 1.5x NDT
and 2.0x NDT compared to the SOP (but with lower vulnerability than
the SOP) due to lower reliability of the reservoirs system for IA
compared to SOP according to the 1.5x NDT case.

6.1.2. Meeting water demands

It is seen in Fig. 9b that HM has minimal reliability and resiliency
(0.59 and 0.006, respectively) in the Seimare and Karkheh reservoirs
system. The SOP and IA have equal reliability and resiliency (equal to
0.83 and 0.017, respectively). The vulnerability of the reservoir system
is equal to 0.34 with respect to HM, the SOP, and IA.

6.1.3. Hydropower generation

Spillway gates were not installed in the Seimare reservoir in
2018-2019. Therefore, the reservoir could not generate hydropower to
the extent of PPC that year. Moreover, this study assumed the MPPC to
be lower than 100% for the Seimare and Karkheh reservoirs in the SOP
and IA. Therefore, HM, the SOP, and IA produced failure from the
perspective of hydropower generation for the multi-reservoir system in
all the time steps of the water year. Therefore, the reliability of the
reservoir system in generating hydropower with HM, the SOP, and IA is
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bottom outlet) compared to the DTs and downstream demands; b. Release from Abbas plain gate compared to Abbas plain’s water demands, c. Initial storage of
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Fig. 8. Results of Karkheh reservoir operation in 2018-2019 for the HM, SOP and IA. a. The reservoir release (sum of the releases from the power plant, spillway, and
the reservoir.
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Table 2
The results of the HM, SOP, and IA in 2018-2019.

Journal of Hydrology 624 (2023) 129774

Seimare reservoir

Karkheh reservoir

HM SOP 1A HM SOp 1A
Time steps with powerplant turned off Sep. 23— Oct. 22, Apr. 12-22,  Sep. 23- Oct. 22, Feb. 20-25, Jul. 23- Sep. 23- Oct. 22, Feb. 27-Apr.  Apr. - -
May. 1-2 Aug. 22, Aug. 23- Sep. 22 1 5-23

The time step of closing one of the spillway
chutes with a stop log

Since Apr. 2 to beginning of

May. 22-Jun. 21 Jun. 21

Since Apr. 1 to beginning of May. 22-

Since Apr. 7 to beginning of - - -
May. 22-Jun. 21

equal to 0. It is seen in Fig. 9c that the resiliency of the reservoirs system
for HM, the SOP, and IA is equal (0.003). In comparison, the highest
system’s vulnerability values with respect to hydropower generation
(0.75, 0.58 and 0.52) correspond to the HM, IA and SOP, respectively.

Fig. 10 displays the performance criteria of the Seimare and Karkheh
reservoirs system by applying the objectives’ weights. Table 3 estab-
lishes the superiority of the reservoir system’s performance criteria
calculated with SOP and IA compared to HM according to the DTs.
Implementation of the SOP in 2018-2019 according to the 1.0x
NDTcase would improve the reservoir system’s reliability, resiliency,
and vulnerability by 28, 167 and 7%, respectively. It is seen in Table 3
that the 1.5x NDT case with SOP achieves reservoir system’s reliability,
resiliency, and vulnerability criteria equal to 30, 69 and 9%, respec-
tively, better than with HM. The 2.0x NDT case with HM produces
inferior operation of the Seimare and Karkheh reservoirs system
compared to the SOP. With HM the reliability, resiliency, and vulnera-
bility of the reservoir system are 19, 46 and 10%, respectively, worse
than the SOP’s. The CDT with SOP produce reliability and vulnerability
(equal to 18 and 10%, respectively) of the reservoir system that are
better than the HM’s. In contrast, the resiliency of the reservoirs system
for HM is 4% superior to the SOP’s (see Table 3).

The superior performance criteria for IA are established with respect
to optimal flood control when the future reservoir inflows are known.
Fig. 10 and Table 3 show that the operation of the multi-reservoir system
by SOP is less different from the IA compared to HM. The best im-
provements of reliability, resiliency, and vulnerability obtained with IA
in comparison with HM are equal to 26.5, 1408.5, and 76%, respec-
tively. They correspond respectively to the 1.5x NDT, CDT, and 1.0x
NDT cases.

6.2. Forensic assessment of the Seimare reservoir’s performance under
floods in 2018-2019

Fig. 11 displays the results of the forensic evaluation of HM’s per-
formance in the operation of the Seimare reservoir. The protection of
unspoiled lands upstream (ULU) of Seimare reservoir along with flood
control and reduction of downstream damages were the objectives of
Seimare reservoir operation in 2018-2019. Fig. 11.a indicates that the
maximum waterlogged area of ULU with HM (equals 56.8x10° m?) is
greater than those obtained with the SOP and IA (55.4x10° and
48.1x10% m?, respectively). Therefore, IA and the SOP have better
performance in protecting the Seimare reservoir’s upstream lands than
HM.

Fig. 11b indicates that HM and IA have the maximum and minimum
RMSEs for violation of the DTs, respectively. For the RMSE corre-
sponding to the IA and CDT is equal to 0. It is evident that values larger
than 0 for RMSEs for the IA according to the 1.0x NDT, 1.5x NDT and
2.0x NDT cases is due to the lack of sufficient capacity in the Seimare
reservoir to store floods. The Seimare reservoir could not play a
considerable role in reducing flood discharges and downstream damages
due to the lack of installation of spillway gates in 2018-2019. It is seen
in Fig. 11b that the RMSE for HM and the SOP (135 and 134.5 m%/s,
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respectively) have the lowest difference according to the 1.5x NDT case.
The maximum difference between the RMSEs for SOP and HM (93 and
80 m?/s, respectively) is associated with the CDT, which indicates better
performance of the SOP in operating the Seimare reservoir to mitigate
floods than with HM. Fig. 11c indicates that the RMSE values for not-
meeting the downstream demands are equal for HM, the SOP, and IA
(itisequal 0.4 m3/s). Fi g. 11d shows the minimum RMSE for violation of
generating the PPC being associated with the SOP (it is equal 349 MW).
In comparison, the IA has a maximum RMSE for violation of generating
the PPC (it is equal 372 MW) due to turning off the power plant in 34
days by IA before the Mar. 31-Apr. 2 precipitation wave to increase the
free storage in the Seimare reservoir.

Fig. 11e shows that if SOP were implemented in the Seimare reser-
voir the reservoir performance would be improved by 20, 17, 20 and
24% in achieving the objectives according to the 1.0x NDT, 1.5x NDT,
2.0x NDT and CDT, respectively. Fig. 11 indicates that the IA’s per-
formance in the Seimare reservoir operation is better than HM’s and the
SOP’s according to all the DTs. The minimum difference with the Sei-
mare reservoir performance for IA is associated with the SOP. The Sei-
mare reservoir operation with SOP according to 1.0x NDT, 1.5x NDT,
2.0x NDT and CDT differs by 28, 31, 28 and 24%, respectively, from the
IA, while according to all the DTs HM is 48% less desirable for the
Seimare reservoir operation compared to IA.

6.3. Forensic assessment of the Karkheh reservoir’s performance under
floods in 2018-2019

Fig. 12 displays the results of the forensic evaluation of HM’s per-
formance in the operation of the Karkheh reservoir. Fig. 12a indicates
that the IA exhibits the best performance in Karkheh reservoir operation
for flood control according to all the DTs. The HM also has the worst
performance in the Karkheh reservoir operation for all the DTs. The IA
produces RMSEs for the violation of 1.5x NDT, 2.0x NDT and CDT
equal to 0. According to 1.0x NDT the IA has an RMSE larger than
0 (equal to 78 m3/s) in operation of the Karkheh reservoir due to the
inability of its upstream reservoir (Seimare reservoir) to effectively
control floods and assist the Karkheh reservoir due to the lack of
installation of spillway gates. Fig. 12b shows that the maximum RMSE
(equal to 3 m>/s) for not-meeting the water demands of the Abbas plain
corresponds to HM, while the SOP and IA have equal RMSE for not-
meeting the demands (equal to 2 m3/s). Fig. 12¢ shows that the mini-
mum RMSE for not generating the PPC corresponds to IA (equal to 147
MW), and HM has the maximum RMSE (equal to 229 MW) for not
generating the PPC. The 1.0x NDT and 2.0x NDT cases lead to Karkheh
reservoir operation with HM that is 66 and 69% worse than the SOP,
respectively (see Fig. 12d and e). Karkheh reservoir operation with HM
is 65% worse compared to the SOP according to 1.5x NDT and CDT (see
Fig. 12f and g). Suiadee and Tingsanchali (2007) found that applying the
classic SOP in operation of the Nam Oon Reservoir in Thailand increases
the total flood loss compared to the present reservoir operation. Sahu
and McLaughlin (2018) found that the classic SOP sacrifices hydropower
generation more than the Perfect Information Strategy approach when
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Fig. 10. Performance criteria for the Seimare and Karkheh reservoirs system in 2018-2019; a. reliability, b. resiliency and c. vulnerability.
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Table 3

Journal of Hydrology 624 (2023) 129774

The superiority percentage of the Seimare and Karkheh reservoirs system’s performance criteria for the SOP and IA compared to the HM in 2018-2019.

The DTs Performance criteria The superiority of approaches to the HM (%)
SOP 1A
1.0 x NDT Reliability 28 10
Resiliency 167 67
Vulnerability 7.5 76
1.5 x NDT Reliability 30 26.5
Resiliency 69 312.5
Vulnerability 9 74
2.0 x NDT Reliability 19 22.5
Resiliency 46 1323
Vulnerability 10.5 70
CDT Reliability 18.5 22
Resiliency —4 1408.5
Vulnerability 10.5 64.5

spills are penalized.

This paper’s results show that the IA exhibits maximum desirability
with respect to Karkheh reservoir operation. Fig. 12 indicates that for all
the DTs the IA is 100% better than HM. Comparison of the DRO values
established that according to 1.0x NDT and 2.0x NDT the IA is 34 and
31% better for operating Karkheh reservoir, respectively, than the SOP.
Also, according to 1.5x NDT and CDT the SOP is 35% worse than the
ideal management of the Karkheh reservoir.

Appendix A shows the results of the forensic assessment of reservoir
operation in 2019-2020.

7. Sensitivity analysis of the forensic assessment results with
respect to the objectives’ weights for the 2019 flood

Table 4 and Fig. 13 include changes in average superiority of the SOP
and IA over HM in response to changes in objectives’ weights for the
Seimare and Karkheh reservoirs. It is seen that increasing the weight of
flood control for the Seimare and Karkheh reservoirs reduces the supe-
riority of the SOP to HM (see Fig. 13.a). However, the larger the weight
of hydropower generation, the higher the superiority of the SOP over
HM. Table 4 shows that if the weight of meeting hydropower demand
were 100%, the superiority of the SOP over HM would be 0 and 100%
for the Seimare and Karkheh reservoirs, respectively. Moreover, the
inferiority of HM with respect to the SOP would be accentuated by
operating both reservoirs with equal weights.

It is seen that for Seimare reservoir, flood control’s and hydropower
generation’s weights are the most sensitive weights for superiority of IA
to HM (see Table 4). According to Fig. 13a, increasing flood control’s
weight and reducing hydropower generation’s weight raises superiority
of IA than HM for the Seimare reservoir. However, the IA’s superior
operation over HM for the Karkheh reservoir is not sensitive to the ob-
jectives’ weights (see Fig. 13b).

8. Conclusion

This study proposed a framework for the forensic assessment of
reservoir operation performance during floods. The SOP was introduced
for multi-objective reservoirs considering practical operational rules.
The performance of the Seimare and Karkheh reservoirs under the
framework achieved with the SOP and IA during the floods of 2019 and
2020 was evaluated and compared with the historic management (HM).
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The results showed that in 2018-2019, on average, the reliability,
resiliency, and vulnerability of the multi-reservoir system obtained with
HM were worse by 25, 34 and 9%, respectively, compared to the SOP,
and by 20, 954 and 72%, respectively, compared to IA. In 2019-2020,
on average, the reliability, resiliency, and vulnerability of the reservoirs
system obtained with HM would improve with the SOP by 33, 233, and
40%, respectively, and with the IA it would improve by 34, 279 and
46%, respectively. The key impediment to mitigating the 2019 flood was
the lack of operational spillway gates in the Seimare reservoir. The
limited capacity of the Seimare reservoir prevents the IA and SOP from
protecting against flood damages downstream. Despite the catastrophic
floods of 2019 the spillway gates were not installed in 2020. The results
obtained with the IA indicate that the key to the significant mitigation of
damages caused by the 2019 floods was efficient pre-release of water
from the reservoirs and sacrificing hydropower generated by the Sei-
mare reservoir. However, cautious flood-control actions during flooding
resulted in insufficient water releases with the intention to preserve
storage to meet downstream water demands later in the summer. Clos-
ing one of the Seimare reservoir’s spillway chutes by a stop log was an
optimal measure taken under HM and SOP, as IA chooses this option to
increase the reservoir’s capacity. The application of the SOP and IA
revealed that in 2020 the operators over released water ahead of the
floods from the Karkheh reservoir given the destruction caused by floods
the previous year.

This study’s results show that the SOP’s operational policies can
potentially improve the reservoir’s performance in achieving flood-
control objectives. The desirable performance of reservoirs under SOP
during 2019 and 2020 floods shows that the proposed forensic frame-
work can be applied for evaluating reservoir operation of reservoirs
during floods.

9. Limitations of the study and further research

Despite the valuable results gained from the forensic assessment of
reservoir operation in this study there remain limitations. This study
assumes that the amount of leakage from the reservoirs is 0. Also, flood
routing is not performed in the rivers. Therefore, a cautious stance must
be taken when comparing the SOP and IA with HM by assuming that the
total water release from the upstream reservoirs is transferred to the
downstream reservoirs. This work does not consider water-quality pa-
rameters in reservoir operation, which could impact turbine
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Table 4

Sensitivity analysis of the forensic assessment results to objectives’ weights of the reservoirs for the 2019 flood.

Journal of Hydrology 624 (2023) 129774

Reservoirs Objective’s weights (%) The average superiority of SOP to the HM (%) The average superiority of IA to the HM (%)
Flood control Meeting demands Hydropower generation
Seimare 51 30 19 20 48
100 0 0 7 100
0 100 0 0 0
0 0 100 88 -12
33.3 33.3 33.3 31 29
45 33 22 22 42
Karkheh 40 45 15 66 100
100 0 0 23 100
0 100 0 100 100
0 0 100 81 100
33.3 33.3 33.3 68 100
35 47 18 70 100
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performance. Moreover, especial conditions could change the assump-
tions made for assigning the priorities of opening reservoir gates made in
this study. For instance, if none of the powerplant units is functional,
reservoirs could not generate hydropower. Also, suspended sediment
invading the power plant’s power tunnel may stop hydropower gener-
ation. Under these circumstances the opening of the gates allowing
water into the turbines does not take precedence among the reservoir
gates. Each of these limitations could be addressed in future studies.
Future studies comparing the HM with the SOP and IA under the
assumption of spillway gates being installed in the Seimare reservoir
before floods would be valuable. Furthermore, developing forensic en-
gineering criteria considering the damage to property would be desir-
able in future research.
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2019-2020 floods.

Forensic assessment of the multi-reservoir system performance under
flood conditions in 2019-2020

It is shown in Figs. 5¢ and d that the maximum inflows to Seimare
and Karkheh reservoirs occurred in 20 Feb-20 Mar, 21 Mar-20 Apr and
21 Apr-21 May. However, due to the downward trend of the reservoirs’
inflow since late Mar. 21-Apr. 20 the SOP and IA were implemented
daily only in Feb. 20-Mar. 20 and Mar. 21-Apr. 20 in 2019-2020. Ap-
pendix B presents the initial storage and release values for the Seimare
reservoir with HM, the SOP, and IA in 2019-2020. Appendix C presents
the initial storage, release (sum of the powerplant, bottom outlet and
spillway releases) and release from Abbas plain gate for the Karkheh
reservoir with HM, the SOP, and IA in 2019-2020. The reservoirs faced
increasing inflow trends in the early days of Feb. 20-Mar. 20 compared
to previous months (see Figs. 5a and b). However, the storage of Seimare
reservoir increased in Feb. 21-25 (before floods) to prevent turning off
the power plant (see Appendix B) even though predictions indicated
floods in Feb. 20-Mar. 20 and warnings were also issued for the evacu-
ation of the floodplain. The HM produced Karkheh reservoir water re-
leases in excess NDT in 25 days (see Appendix C), while the reservoir
had a great deal of free storage to store floods. Appendix D presents the
results corresponding to HM, SOP and IA.
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Flood control

Appendix E presents the performance criteria values for the objec-
tives of the multi-reservoir system. It is seen in Appendix E.a that the IA,
HM and SOP have the highest reliability (0.96, 0.89 and 0.88, respec-
tively) and resiliency (0.66, 0.08 and 0.05, respectively) for reservoir
system, respectively according to the 1.0xNDT case. In contrast, the
highest vulnerability (0.47, 0.27, 0.01,) of the system correspond to the
HM, SOP, and IA, respectively. The reliability, resiliency and vulnera-
bility of the reservoir system corresponding to the IA are 1, 1 and 0,
respectively, according to the 1.5xNDT case, because the reservoir
system’s output was not more than the 1.5xNDT case in any of the time
steps of the water year. After IA the maximum reliability and resiliency
and the minimum vulnerability (0.99, 0.33 and 0.05, respectively)
correspond to the SOP. The reservoir system’s output in the water year
corresponding to the HM, SOP, and IA does not exceed 2.0xNDT and the
CDT, which means that their reliability, resiliency and vulnerability are
equal to 1, 1 and 0, respectively.

Meeting water demands

The HM has minimum reliability and resiliency and maximum
vulnerability (0.57, 0.025 and 0.08, respectively) for the multi-reservoir
system. It is seen in Appendix E.b that the SOP and IA meet the water
demands in all the time steps by reservoir operation.

Hydropower generation

The period 2019-2020, as it was in the previous year, was a failure in
terms of not generating the PPC according to the HM, the SOP, and IA
due to the lack of installation of spillway gates in the Seimare reservoir.
Therefore, the reservoirs system’s reliability for HM, SOP and IA is equal
to 0. According to Appendix E.c the HM, IA, and SOP have the highest
vulnerability (0.66, 0.59 and 0.58, respectively), while the resiliency is
equal for all of them (equals 0.003).

Appendix F depicts the reservoirs system’s performance criteria by
applying the objectives’ weight. According to the 1.0xNDT case the
reliability, resiliency, and vulnerability of reservoir operation corre-
sponding to the HM are 33, 1061.5 and 50.5% worse than the SOP,
respectively. The reservoir system performance corresponding to the
HM is 36, 1194.5 and 36.5% worse than the SOP in terms of reliability,
resiliency and vulnerability, respectively, according to the 1.5xNDT
case. According to the 2.0xNDT case and the CDT reservoir operation
performance corresponding to the SOP in 2019-2020 would be 31.5,
119, and 31%, better with respect to the reliability, resiliency, and
vulnerability, respectively, than the HM’s.

Appendix F demonstrates the superior performance obtained with
the IA compared to the HM and SOP. It is seen in Appendix F the SOP’s
reservoir-operation performance is closer to the IA’s than HM’s.

Forensic assessment of the Seimare reservoir’s performance under
flood conditions in 2019-2020.

22

Journal of Hydrology 624 (2023) 129774

Appendix G presents the results of the forensic evaluation of the Seimare
and Karkheh reservoirs’ performance in 2019-2020 with the HM, SOP
and IA. Appendix G.a indicates that the HM’s performance in protecting
the lands upstream of the Seimare reservoir is worse than the SOP and
IA. The waterlogged area of ULU of the Seimare reservoir obtained with
HM, SOP, and IA are 9.6><106, 6.7x10° and 0 mz, respectively.

It is seen in Appendix G.b and 7.c that with 1.0xNDT and 1.5xNDT
the HM’s performance in Seimare reservoir operation is 49 and 63%
worse than with SOP, respectively. The 2.0xNDT and CDT operation of
the Seimare reservoir with HM is 18% worse than with the SOP (see
Appendix G.d and e).

These paper’s results show that IA’s DROs is 100% effective in
achieving the objectives of the Seimare reservoir according to all the
DTs. Based on the 1.0xNDT, 1.5xNDT, 2.0xNDT and CDT the SOP’s
performance is 21, 7, 1 and 1%, respectively, different from the ideal
performance associated with IA in the Seimare reservoir. The perfor-
mance of Seimare reservoir operation with HM according to 1.0xNDT,
1.5xNDT, and 2.0xNDT and CDT is 70, 70, 19 and 19% is inferior in
comparison with IA.

Forensic assessment of the Karkheh reservoir’s performance under
flood conditions in 2019-2020

Appendix G.f shows that according to the 1.0xNDT case the SOP
could have improved the Karkheh reservoir performance by 100% in
achieving the operational objectives. According to other DTs the desir-
ability of Karkheh reservoir performance with HM is 60% lower than
with the SOP.

The DRO values show that according to all DTs the desirability of
Karkheh reservoir operation for SOP and IA from the perspective of flood
control and meeting water demands is 100% due to the lack of violation
of the reservoirs’ outputs with respect to the DTs and meeting demands
in all time steps. The managerial desirability of IA from hydropower
generation is 17% lower than SOP due to less generated hydropower for
IA compared to the SOP in 2019-2020. As a result, according to all DTs,
Karkheh reservoir’s DROs for IA is 3% lower compared to SOP. Ac-
cording to the results, in comparison with HM, the performance devia-
tion of Karkheh reservoir for IA is 97% according to 1.0xNDT and 57%
according to other DTs.

Sensitivity analysis of the forensic assessment results to objectives’
weights for the 2019-2020 flood.

The results of sensitivity analysis to investigate the impact of ob-
jectives’ weights on superiority of SOP and IA to HM are found in Ap-
pendixes H and I. Concerning the Seimare reservoir the most effective
weight for superiority of SOP and IA to HM corresponds to hydropower
generation (see Appendix L.a), followed by flood control’s and meeting
demand’s weights, respectively. For the Karkheh reservoir, increasing
meeting demand’s and hydropower generation’s and reducing flood
control’s weight raises the superiority of the SOP over HM (see Appendix
L.b). Furthermore, the superiority of the reservoirs’ operation under SOP
and IA would increase in response to equal weights for the objectives.
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2020 for the HM, SOP and IA; a. The reservoir release compared

Appendix B. Results of Seimare reservoir operation in 2019-
to DTs and downstream demands, b.Initial reservoir storage.
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Appendix C. Results of Karkheh reservoir operation in 2019-2020 for the HM, SOP and IA; a. The reservoir release compared to DTs and

downstream demands; b. Release from Abbas plain gate compared to Abbas plain’s demands, c.Initial reserovoir storage.

) [}
) ]
) 1
) |
) ]
) ]
| [}
| ]
= ) |
g |
% ) 1
< ) |
& ) ]
' ) |
' ) |
“ ) |
) |
! ) 1
) 1
) |
| 1
) 1
) ]
g | ]
g1 1
m_ |
< | ]
) 1
) ]
s
@ |
-V ) ]
29 1
n — A 1
H ) ]
! ) '
! l 1
! ] |
! ] |
) ]
) |
| ]
) |
) ]
) ]
) ]
) 1
) ]
) 1
) ]
5 |
mT_ 1
X ] ]
WO.D_ |
= U |
"
HE ]
) 1
[
) 1
[
) ]
1
) |
) 1
) 1
S O O O © © O o o o
S O ©O O O O © O o ©
w987654321
(s/¢wr) spuewop

WEAIISUMOP pue ST (] “OSE[oT JIOAIISAI YaIPIe ]

7T “3ny-¢T ‘g
1T "unf-7g ey

0T
81
91
4!
4!
01

ady
ady
ady
ady
ady
ady

8 1dy

el

1dy

y 1dy
7 dy

1§3
6C
LT
ST
€T
1

LT
194
€T
1T

.Ez
-
-
-
-~
S~
-
-~
-
.
-

.Ez
.
-
-
-

‘@
‘P4
‘@4
‘P4

Time

61 "Gd-1T "uwef

1T 99Q-TT "AON

7T PO-€T "dog

0T
81
91
4!
Cl
01

~—o—Demand

Ie
6T
LT
ST
€C
1T
61
L1
ST
€1
I

e SOP

!
6
L
S
€
1

J

)

5 0 5 0 5 0 s} (=}
o o (o} N — —

(s/¢w) spuewap s,urefd
seqqy pue 93e8 ured seqqy WoIJ osea[oy

Te]N
Te]N
LT d
ST q
SR
[FACCE
61 ‘9P-1T "uef

1T 990-TT "AON
7T PO-€T dog

=

7T Bay-¢g ‘Inf
1T "unf-gg “AeN
ady
ady
ady
1dy
ady
ady
8 1dy
9 1dy
 1dy
7 1dy
-
oy
f—-—
-
-~
-
-
-
-~
i
f—-—
N
-
o

Time

1
o !
|
on
g 1
g 1
=
|
E
=]
Z o
N
HE
o
L
|
|
o
on
|
g
@
m-
1
g
g
=
|
|
|
|
|
|
|
|
S
|
|
|
|
|
|
|
|
g
ZI
|
|
|
|
|
|
|
|
= |
|
|
|
|
|
|
|
|
(= = I = L = I )
n N N N N
§ 2 g ¢ ¢
Amawo-xV

TIOAIOSAI Ya[Ie Y] JO 93eI0)s [eryru]

7T Bny-¢z “Inf
1T "unf-gg “Aey

0T
81
91
4!
4t
0T

ady
ady
ady
ady
ady
ady

8 1dy
9 1dy
y 1dy
7 1dy

53
6C
LT
4
€C
14
61
LT
ST
€1
I

— N N~ O —

LT
4
€C
14

61 "9I-1T e[
1T "20-CT "AON
7T PO-€T dos

.az
-
-
——
-
—-"
-
-
——
_——
——

.az
-~
-
-
-

P4
CaE
@
P4

Time

24



M. Zarei et al. Journal of Hydrology 624 (2023) 129774

Appendix D. The results of the HM, SOP, and IA in 2019-2020.

Seimare reservoir Karkheh reservoir
HM SOP 1A HM SOP 1A
Time steps with powerplant turning off - Dec. 22-Jan. 20, Feb. 20-25, Jun. 22-July. 22, July. 23-Aug. 22, Aug. 23-Sep. 22 Feb. 20-Mar. 2 - - -

Appendix E. Performance criteria for the multi-reservoir system
for objectives in 2019-2020; a. flood control, b. meeting water
demands and c. hydropower generation
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Appendix F. Performance criteria for the Seimare and Karkheh
reservoirs system in 2019-2020; a. reliability, b. resiliency and c.
vulnerability.

CDT
2.0xNDT
a
CDT
1.0xNDT
0.35 —8—HM —8—SOP
CDT

2.0xNDT
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1A

1.5xNDT

1.0xNDT

0.9 —e—HM —e—SOP
0.8

07

0.6

05

1.5xNDT

IA

2.0xNDT

1.5xNDT

Appendix G. The results of forensic assessment the reservoirs’
performance for the HM, SOP and IA in 2019-2020; a. The
maximum waterlogged area of the ULU of the Seimare reservoir;
b, ¢, d and e. Seimare reservoir’s DRO by applying objectives’
weight according to 1.0xNDT, 1.5xNDT, 2.0xNDT and CDT,
respectively; f, g, h and i. Karkheh reservoir’s DRO by applying
objectives’ weight according to 1.0xNDT, 1.5xNDT, 2.0xNDT
and CDT, respectively.



M. Zarei et al. Journal of Hydrology 624 (2023) 129774

a EHM ®mSOP w®WIA

=
(=]

The maximum
waterlogged area of
ULU of Seimare
reservoir (m?)

S N A N

:®: :&:

=HM =SOP =] =HM =SOP =IA
wFlood control - Meeting demands mHydropower generation wFlood control - Meeting demands mHydropower generation
€
100
=HM =SOP =IA =HM =SOP =IA
wFlood control  Meeting demands mHydropower generation wFlood control - Meeting demands wHydropower generation
0
g
=HM =SOP =IA =HM =SOP =IA
wFlood control « Meeting demands mHydropower generation wFlood control Meeting demands mHydropower generation
=HM =SOP =1 sHM =SOP =IA

wFlood control ~ Meeting demands mHydropower generation wFlood control Meeting demands mHydropower generation

27



M. Zarei et al.

Appendix H. Sensitivity analysis of the forensic assessment
results to objectives’ weights of the reservoirs for 2020 flood.

Reservoirs Objective’s weights (%)

Journal of Hydrology 624 (2023) 129774

The average superiority of SOP to the HM (%) The average superiority of IA to the HM (%)

Flood control Meeting demands Hydropower generation

Seimare 51 30 19 37 45
100 0 0 37 50
0 100 0 0 0
0 0 100 95 100
33.3 333 333 44 50
56 23 21 41 49

Karkheh 40 45 15 70 67
100 0 0 25 25
0 100 0 100 100
0 0 100 100 83
33.3 33.3 333 75 69
43 40 17 68 65

Appendix I Sensitivity analysis of the forensic assessment results to
objectives’ weights of the reservoirs for 2020 flood (The weights are
related to flood control, meeting demands, and hydropower generation,
respectively); a. Seimare reservoir, b. Karkheh reservoir.
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