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Fig. 1. Schematic configuration of the system of resources and uses of the scope of the project
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Table 1. Amounts of agricultural water needs of Ramhormoz lands monthly and annually - million cubic
meters (the months are based on the Persian calendar)

Meh | Aba | Aza Day Bah Esf Far Ord Kho Tir Mor Sha | Annual

1545 | 843 | 1265 | 210 | 6.72 | 29.57 | 43.53 | 46.59 | 42.74 | 35.89 | 27.48 | 23.01 | 294.16

el 00 43‘)‘7 JBA.? O 0> @)24' dw Slasiios
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Table 2. Specifications of Jareh Dam

Useful Volume Reservoir Total Dead Storage Level Normal Water Level
Volume
Million Cubic Meter meters above mean sea level
30.73 236.06 453.3 502
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Fig. 2. The annual inflows to Jareh Dam (the horizontal axis is the water year in solar Hijri calendar and the

Inflow/Demand (MCM)

vertical axis is the annual inflow in million cubic meters)
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Fig. 3. Inflow and average monthly agricultural demand of Jarreh dam (the horizontal axis is the months of
the water year according to the Hijri solar calendar, and the vertical axis is the monthly inflow and demand in

million cubic meters)
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Fig. 4. Discrete rationing reservoir operating rule curve (the vertical axis is the sum of the storage volume and
the monthly inflow, which is known as reservoir storage)
(Streamflow Drought Index (SDI1)) 59590 0w (JLuslis asll (i g JluSis

R b L (5 wdly 5l (S plyed oM Jlis )3 (b LD (n ooy o 5 (S plyed JLSis
o aile oo (LMW plos 5l iy ol JLSis 5l iU sl iz g s oS el Jb jo cpl sl a8 )8
oyl SYeb L..,.M..» Sy sl JSas oo 5 ).._»L oanlice aSul Jdoay Jg .l a3l o> g Hlad 13T gl
sladls jo (ogazay piy a5 (M (e Sl Sl €85 18 az g 3550 16T (T 1095 5 05700 5 (i g adlllas
Copde yo JLM mﬁ GMJ))JJ.»JQ u.».o.b‘bsw‘ G]LMA&MA} aﬁaau]u‘ﬁuM‘w‘ 0 4\.‘>‘9AQV|L>).».‘>‘

D08 ol (L ol T mlie 4
5 Si sl yeiS oyej o 1ol S 5 (Sloy ST g el 5 ssr Slotiny O pF dedsas olnl 55aS
Sl s 4 bogs o LJLc oS Mo by o3l ol jo cal pdaas s col cpl 5l Gaday g o)l 18 e Sisaed
sloo Jdoay liwser liwl jocwl 4Bl 5938 50 le,eiS Galizes g5y (3,1 slas lral wiins o 81 Sl
2o b anslio 13 (Sl olie domlh @l & 0T (S5 5 bl o9 (1Sl o) bys rhaus 51 o glisf 5 WL
SleSis Slalllas ¢ Lo ol as .l yieS a8 Sai)b Jlade Lawgie l Ciliear o] Jlade g 009 o5 ;55 sla il
cs"") aliso Lgl.m)so 5 Qj ‘_SJL.MS.,.@ UDL.J 9 00D (g 0y Sw J?u 50 wa ul‘)’ ™25 ‘fbl> GRS 50
Standard Operation ) s latsl (5,5 po e Casbw 95 Glp o 51 (5 100 00 SIJ1 Gizmen § Cowl 00l (wy

sl 00wty 3 052 daw Cawsd Gyl JLSis Comsg  (HEdQINg) suse > o (Policy (SOP)


http://dx.doi.org/10.22034/JEG.2022.16.3.1019811
https://system.khu.ac.ir/jeg/article-1-3113-en.html

[ Downloaded from system.khu.ac.ir on 2025-12-06 ]

[ DOI: 10.22034/JEG.2022.16.3.1019811 ]

N PO TORPIPOCTRURICHRRVRP PP [CO IO ¢

1) el ol b 00 obe ] 5 ol Jlos ,SLLed T o1 j a8 wily ssmse Qij bz ailale sl 51 o 6 s 3 31

: (NalbantIS, 2008) “»TLS" Cowdy ).v) 4.‘4)‘) )| Vi,k ‘()y)-é(w 6‘)4 J =\Y 9y Ls‘)" J =

Vik = Z:j3=k3(k—1)+1 Qi i=12,.. k=1,2,3,4 )
Vi = Zj6i(6(k—1)+1 Qi i=1,2,.. k=12 M)
Vik = 221 Qi i=12.. -

kit ol dalo VY 9 I A 6&6)5») 6‘;: r‘:‘ | LS’T JL«.: )‘ ’D‘ k o al 0)5») )».\ LS*“’?J k5“"\;‘ > Vi,k ‘_‘a_,b) LJ"‘ ).) as
1T o Sy 3 abal, 51 SDI a5l

DI =YYk j-12.  k=1234 )

sl oo Vig polie jLae Slpodl g (ke s 5 43 S g Vi alaly pl o
Sos b

IS el 9 e Ul el by 5l o3 O les g5l JBlas 15 o0 Bom LI 0T (el slagionas 5o
as Slaal Ll Lo}.o.c WKloais samliv jeim a5 Hlboges 510U Ojlus e g JSive Jdo 4 Lol el basLs
590 dgraS (ydg0s CHiSy g ss UALH S 90 SgmeS 2STas g3l JBlas alex 5l il oo soske LsT (s a5l
g0 S0l Mol 35008 a3 LE (5 o0 (B L3l 40 9meS &g 9 Ol 09,5 Pl (sl NS (os 1B oslinu
ﬁjﬁjlgw}‘&@zaﬁbhw555w‘od&Jé:L?JGcLo.’L_?‘s60[@35\‘5&4*;_?&").)45¢ﬁ)l54.3|)&:.?5
«(Chang et al., 2005; Hsu and Cheng, 2002) <ol a5 5 || 8 solatwl 5,90

100 TSt \?
MSI=203n, (T—Dt) ®)

MSI 5 (sle) Sloj sloo 50 JS slawi N cto,90 10 5L JS e TDt et Sl 0,50 40 95008 JS (450 TSt ] jo 4
YL Ay > 050 0 el abal ) cpl )5 50 lg5 5425 .2l (Modified Shortage Index) sg.eS oo Mol a5l
T 50093 2 5l S Oliwe 310 1AL (B 5105 D0 i leogeeS @jes g 43S Bl Sagad slasgeeS 4
Loole &G, 0g0eS Blhae lade [0 Ol fllas 89S & Cnl pud sB0gS 0,5 Plas Jloo 4 Jow S

315 (5205 55 45l 2 slo8 ez 4L e s e S slls K05 ol 3 5T Lo

Silwaiate 9 5 5lwands Joo @il

Olosd lagizmie) (35 allinl gohas aigy olie (el (Gekod (nl 0 Giloainte 5 Silodend oo B | S
sl S skate aoy el (O 5 0) bajls (gae ez ay bgije cal o g ole 2 45 (oo ez £, (Sl (6510 no e
il simn slopgipesS 3| lasgame b 4, oS, S5 w0l ool apo  hate St oo 5 0 S5


http://dx.doi.org/10.22034/JEG.2022.16.3.1019811
https://system.khu.ac.ir/jeg/article-1-3113-en.html

[ Downloaded from system.khu.ac.ir on 2025-12-06 ]

[ DOI: 10.22034/JEG.2022.16.3.1019811 ]

90 VB LT 5l s L Al i lidepe 45

Silwtiny S s S i plsiear |) Gesie V) ooz culyd 5 (oo V) Lo b sla mie ailals j0lie
Loy 909,53l aegorme (1 b w8 Shoe (ialas (s jludnnds Joo Gly31 8 b pincs (§5ludind (a3 o0 35
St (§00 o2 il pS 5 b B sla sz Hlas a5 lapgises Sl wlel 2 3P S sl Ol 9 995 o0 JoSCiS
Gliadgaze plo Cule) 5 ooy2 Dl s Oie ghaw jl peBed Slewlxe L8 5l S¥olee plo (50,5 jslaie b (izren
S sleaigr Joe 4 polie (ol ipsisessS 8 sl 4 Bum i e anulne b ulul Gl 1 g 0ud arlons allie
Ls oz s oy b ,lles Jlael b oo ,0s JolSS J.uijs SO b aaldl [0 0gd oo 0wl )T (ol u\....])s dalol
Jss (Goldberg, 1989; Michalewicz, 1996) o valss adss 55 Jud 5 aige S ol s slopgiges,S ades
OB by Loy )55 0 (il a3 oo (LAS ) polo 3825 50 (gilaine 5 (laand Joo Gl Slel )b 0

ol o ploct MATLAB l58le 5 Lm0 5

Input historical data

!

Generate initial population of threshold
values and rationing coefficients

v

Genetic algorithm:

1- Selection

2- Mating

3- Generation

4- Mutation

5-Generation of new
rule curves based

* on constrainis

System Simulation:

1- Release to meet requirements based on
rationing policy (generated chromosomes) |

2- Mass balance equation )

3- Constraint violation calculation

-~

Evaluation of objective function (MSI)

Genetic algorithm
convergence ?

Determining optimal rule curves and stopping GA

Silwaing 9 Silodnd Jow 3ol S5 o 65010 JSCS

Fig. 5. The general algorithm of combining the simulation and optimization model


http://dx.doi.org/10.22034/JEG.2022.16.3.1019811
https://system.khu.ac.ir/jeg/article-1-3113-en.html

[ Downloaded from system.khu.ac.ir on 2025-12-06 ]

[ DOI: 10.22034/JEG.2022.16.3.1019811 ]

N PO TORPIPOCTRURICHRRVRP PP [CO IO a1

610320 2 G Cawliw 0, Sdos (2L 5]
Volume-) ez s pdsolezel (Time-based Reliability) b s pisslazel 60,Slos jasls oz Gebss ol jo
&1 0 0 slacawlw Jb;,l 6l (Resiliency) s pdews g (Vulnerability) s 3o (based Reliability
McMahon and Adeloye, 2005; Sandoval-) col 55 &0 4 axlllas 5,50 sloasli 7,5 ailas, IS4 )5
«Soils et al., 2011
:6)-.‘.‘:\:!.‘51'“‘ L]
Ns

Tl

Re, = ==Lt
ev 2iL1De )
Silwl, g_:] x> It el onls wi.: Dy 5L ples LQQT o as c;.’.L‘z"’L" olaas Ns (83l 0,90 laole S olows N as
| o Lg).’.\.:el.a.».c‘ ol Rey 9 u;’l"’) (_g)g‘;\.ioLos.d ol Ret oo

Fs

® =z 0<ep <1 )
d

sloo,90 gaaa Fa g 5L0 IS u,..oL pae Hled b Sl dtwg sloo g0 sl Fs (s pdsciad 5 @ alal) cpl o aS
ol (Fg= N-Ns) cosis

: 6):’.3?:&."#“" b

_nA[]

n=""r te Fq Q)

Wloads iy pai A gV dailgy 50 o el ples 5 Cel (gl Bima M abal, ol 5o
coyd 95 5 (Gloyd e, sl wlale sue VY) Slatis YF ol ols adlas 10 (6 S paods (sl i Slass
s (2 (5 5lwinge ) 45 S o oSl slo Klae .ty oo yitie Y7 ggoome 50 5 (65,5laS slajls sl (somo
o yusis olaws W ALY o st Corez ojlail 0502) VOF Coraz ojlail s wilosgs (1,8l 5l oad a8 3 las o
S35 eSS 2 50) 10 g Jleial (el ol QBRI ol B adon cnl 0 45 358 00 jolaie (65 e
o o 5l 8 Cames Glayg ae 0 VIO LSE e j0) /0 V0 Lige Jlasl g (Casl ouls Bis e a0 O
el 00 ooliinl Byax s odgs g (Blending) 0,5 belse sl BLX-00 by, 5l Gudizs (] 50 sz (05 o0
dgai dxzlpe abgr e mbe @ Glgi oo b Sloe () Sl 31 jelaiedy .l oals a8 5 Jlas o /0 Joleo 00 0o
Slodns Jow Sle31,8 b Sats w51 50 JelSS a8 coas ol wlewlass plil 51wy (Haupt and Haupt, 2004)


http://dx.doi.org/10.22034/JEG.2022.16.3.1019811
https://system.khu.ac.ir/jeg/article-1-3113-en.html

[ Downloaded from system.khu.ac.ir on 2025-12-06 ]

[ DOI: 10.22034/JEG.2022.16.3.1019811 ]

qy \\‘-\};gv;)m‘ru);u,u?‘wxyfm;w%;:

d.u..:l.?r.a \ J&u G’.an.o (G0 > =Lvl.....u—‘ ).n)lﬁ.a A.AJLQH e A JL..)Q 4 Ji..u d.an.o G‘)m ..b'j) ‘u,ul...ul U"‘ 29 IR )LC]

=

VRIS
7.5
. 7
g
5 65
g |
¥ 6
2]
=
=55
2,
g 5
4.5
4
0 100 200 300 400 500 600
Generation
S35 w8 (S lainge JolSS g, S
Fig. 6. Evolution process of genetic algorithm optimization
250
g [ L il I PR PR I Sl I SR P
% 200 - ® -NWL
Py —8—TRC
% 150 —O0—FRC
=
5
[
g 100
2
G
= 50
S ——————%
-
0

Meh Aba Aza Day Bah Esf Far Ord Kho Tir Mor Sha

S f}.tﬁw).’bj Jb slaole “5§5|)9_‘>u) 43‘550 G 0y Sl b0y s (510 0 00 QLA)é‘SDUA.V S

(Sl caSo 2o (ygaben a2 99290 Ol pn> (S3908 j970 5 (cuned
Fig. 7. Operating rule curve of Jarreh dam with dual rationing policy (the horizontal axis is the months of the
water year according to the Hijri solar calendar and the vertical axis is available water volume in million
cubic meters)

Coomd A a4y |y 3500 oo w0, a3l (610 o g0 Lo y8 sla somie polas 00,5 o alaxDle ¥V JSLE )0 aS sl
o Sy (69959 e 5 ole o (Sl )0t (350 > Egazme) s ;0 Ol (e oS o el 00,5 ks
AR ol 5 U Gomie s ST 5 93,5 oo mals alale L5 S sl WU pomie 51 VL alale (oo (les 53 (y350 &
Slslne ol 2098 oo 5Ll dpad Gate 2 9,05 )18 by (dioie | Sl 45 J)g0y0 5 ik (sa0 e 9,5

o co.).é)f 0)51).3 <10 9 «IAY lg).g‘ﬁ cud A Oy g Oy (GO0 u_«q“fé ‘)L»w—)t.uw J..\A .]a.wy 0 PL?U‘


http://dx.doi.org/10.22034/JEG.2022.16.3.1019811
https://system.khu.ac.ir/jeg/article-1-3113-en.html

[ Downloaded from system.khu.ac.ir on 2025-12-06 ]

[ DOI: 10.22034/JEG.2022.16.3.1019811 ]

N PO TORPIPOCTRURICHRRVRP PP [CO IO aA

Candg 4o odal Cuwds dige (MSI) Gua o Jladie o500 o0 dige Hloyd la s (yad 5 Jow sl 51
Olseas jlaibinl (651550 4 Canliw 10005 aulie (SOP) o jlaibial (5100 0 Jasl s o SBLie olie b gatso e
o T s s (3t 325 ol 3 1) el e T il (slopia Skae ) sl Lo s,
SoCallB 5 LIS e e il slicn 5 Jlone i ety B Sl 458 5 plosl 55 (50 0 0 ol (1L o
Jlo p58) 0> b (55 50 39790 Ol U5 5l plgiee haulrd j2 50 Sl Gl ek 05, 4 uie ez i,
L1330 3925 5L S b ol b (350 0,033 Laio (61 (63,509, et 5 S 050 LS (el (1 ()0 0 0
S ogeS Cal (g5, bl s, oo JBlas a4 piiacew 10 ajls owlhs SgmeS (5410 10 s Gl (] 5l oolai]
s (Bae 2l polie sl g (a0 x> 0cld g 0 lasbiwl (610 000 (g, 3l esliiw] Zull s 1 w0 )la5 0929

el 00T ¥ Jgaz 50 acewlow (ol 0 ,Sles

Sl Ll p 8 50 ane ez g 9 lalil (610 o sgr Sl 93 5 Shos sl Y Jour
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Table 4. Classification of drought state (Nalbantis and Tsakiris, 2009)

Description Criterion
Non-drought SDI>0
Mild drought —-1<SDI<0
Moderate drought ~15<SDI < —1
Severe drought —2<SDI< —15
Extreme drought SDI < —2
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Abstract

Droughts caused by precipitation deficits and increasing water consumption are intensifying
worldwide, with negative economic and environmental consequences. The negative impacts can
be mitigated by using optimized reservoir operation patterns and implementing rationing rules
during droughts. These approaches involve meeting only a portion of total demand, allowing for
water storage and accepting a small current deficit to mitigate severe future shortages. This
research presents a case study to determine the operational command curves for Jareh Dam and
to investigate the impact of reservoir operation under two management policies, Standard
Operating Procedure (SOP) and rationing, on downstream drought indices, an aspect not
previously studied. To achieve this, an optimization model coupled with a genetic algorithm was
linked to a simulation model to determine the optimal values of command curves and rationing
coefficients based on historical inflow data to the reservoir. The performance of the model was
evaluated in the Allah River water resources system. In addition, the drought severity index
(SDI), SOP performance, and rationing model performance during the base period were evaluated
by calculating the objective function value or modified shortage index (MSI) and the resilience,
vulnerability, and reversibility indices. The results showed that under the rationing model during
the study period, the MSI value improved by 41% compared to the SOP method. In addition, the
implementation of the rationing policy significantly improved the vulnerability of the system
compared to the SOP method, reducing it from 64% to 26%.
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Introduction
The use of reservoir optimization methods has been prominent in past studies, and several
optimization models have been developed in this area. Increasing droughts caused by lack of rainfall
and increased water consumption all over the world have left negative economic, environmental and
social impacts. As reservoirs play an important role in the management of the water distribution
system, these adverse effects can be reduced as much as possible by applying optimal operating
policies. During periods of drought, managers and operators are more likely to be faced with a series
of minor shortages rather than a severe shortage. In practice, the application of discrete rationing
spreads the water shortage over a longer time horizon and improves the efficiency of reservoir use.
In discrete rationing, the volume of the reservoir is divided into several zones, with each region having
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a rationing policy with the same rationing coefficients. In the present research, the combination of a
genetic algorithm with a simulation model was used to simultaneously search for thresholds (rule
curves) and rationing coefficients in the reservoir system of the Jarreh Dam. The simulation model
included reservoir mass balance equations and evaporation calculations from the lake surface based
on surface-volume relationships and monthly evaporation intensity.

Materials and Methods

A case study was carried out on the Jareh Dam, located in the southwest of Iran in the province of
Khuzestan. The area of agricultural land in Ramhormoz, which is downstream of Jareh Dam, is
21,400 hectares. The monthly inflow to the reservoir is related to a 34-year period from the water
year 1354-55 to the water year 1387-88. During periods of drought, even if demand can be met from
current storage and reservoir inflow, consideration is given to reducing demand. Such a reduction
will prevent larger deficits in the following periods. In order to start the rationing of releases from the
reservoir, a threshold volume is introduced, which is defined for all required months. When the sum
of the reservoir storage at the beginning of each month and the inflow to the reservoir in that month
is less than this threshold volume, the rationing policy starts. The objective function of this model is
to minimize the severity of water shortages during operation. In the present research, the natural flow
regime at the Jarrah Dam site was studied and its stream flow drought index (SDI) was investigated
in different time periods (3, 6 and 12 months) from 1354-55 to 1378-88. The effects of operating the
reservoir under two different policies (SOP and hedging) on the drought situation downstream of
Jarreh Dam were also studied. The purpose of integrating the simulation and optimization model was
to determine the rationing rule curves and the coefficients related to the rationing of demand. For this
purpose, a genetic algorithm is linked to a simulation model. In this research, four key performance
indicators, namely time-based reliability, volume-based reliability, vulnerability and resilience, are
used to evaluate reservoir operation policies.

Results and Discussion
The number of decision variables in this problem was 26. The parameters of the genetic algorithm
were as follows: population size = 156; crossover fraction = 0.5; mutation rate = 0.015. The value of
a in the BLX- o method is considered equal to 0.5. The rationing coefficients o1 and a, were equal to
0.82 and 0.5 respectively. The value of the optimized objective function (MSI) in the hedging model
was compared with the corresponding values in the SOP (Table 3). With the implementation of the
rationing policy, the objective function decreased by more than 40%, indicating the effectiveness of
the method used in controlling and alleviating severe shortages throughout the statistical period. The
drought index (SDI3, SDI6 and SDI12) at the dam site and downstream of the dam for two SOPs and
the rationing policy were calculated and compared (Fig. 8 to 10 and Table 4). It was found that with
the application of the rationing policy compared to the SOP and also compared to the natural flow
upstream of the dam, the number of mild droughts increased and the number of moderate and severe
droughts decreased. With the implementation of the rationing policy, the value of the objective
function (MSI) has decreased by about 41% compared to the SOP method (Fig. 11). The volume
reliability is similar in both methods, but the time reliability in the rationing method is 37% lower
than in the SOP method. The rationing policy has improved the vulnerability of the system compared
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to the SOP method, reducing it from 64% to 26%. The rationing policy has reduced the resilience of
the system compared to the SOP method, increasing it from 23% to 14%.
Conclusions

In order to mitigate the adverse effects of drought and climate change, it is necessary to conduct
further research and implementation of optimal water resource management strategies is needed. One
such strategy is the use of rationing schemes. As no such studies have been conducted at the Jarreh
Dam in Khuzestan province, this research presents a case study to determine the operating rule curves
of the dam. In this study, the effect of operating the dam reservoir with two methods (standard
operating policy (SOP) and hedging) on downstream drought indicators was investigated. For this
purpose, by linkingan optimizer model (using genetic algorithm method) to a simulation model, the
optimal values of the rule curves and rationing coefficients were determined and the efficiency of this
model was evaluated in the water resources system of Jarah Dam. Also, the streamflow drought index
(SDI), the performance of the SOP and the rationing model in the desired period (water year 1354-
55 to 1387-88) were examined by calculating the value of the objective function or the Modified
Shortage Index (MSI). In addition, indicators of time-based reliability, volume-based reliability,
resilience and vulnerability were examined. The results showed that by using the rationing model, the
MSI function has improved by 41% compared to the SOP method in the desired period. Also, with
the implementation of the rationing policy, the vulnerability of the system compared to the SOP
method has greatly improved from 64% to 26% compared to the SOP method.
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