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Extended Abstract

Introduction

In recent years, one of the most significant challenges in planning and operating reservoir systems has been the
estimation of actual environmental flows in rivers downstream during operational years and evaluating their effect
on the performance of such reservoir systems. Failure to comply with the environmental flows of the rivers
downstream has had long-term destructive consequences for socio-ecological systems. Therefore, accurate and
timely estimation of environmental flow and its application in the operation of existing and new reservoir systems
is of particular importance. Several studies have been conducted to assess environmental flows and the resulting
changes in river ecology after the construction of reservoir dams. All studies have investigated and evaluated the
flow regime before and after dam construction on rivers and have emphasized the need for timely allocation of
environmental flows and changes in reservoir system operation patterns. Studies of the environmental flows of
rivers have mostly focused on estimating environmental flows using various methods and comparing the river flow
regime before and after dam construction in both current and ecosystem-compatible conditions in the historical
period. However, the effect of the timely release of environmental demand compatible with the ecosystem on the
long-term behavior of various important characteristics of the storage reservoir system (such as useful volume,
command curve, hydrological behavior, critical period, evaporation losses, etc.) has not been considered in
previous studies, and this could be an innovative approach in this field, which has been carried out in the present
study. For this purpose, in this study, a comprehensive Monte Carlo simulation approach is used to compare several
important common methods for estimating the environmental demand of the river (dam downstream) and evaluate
their effects on important design characteristics (such as useful volume) and operation (such as the command
curve) in Nazlou reservoir system. The Nazlou River is one of the important rivers of the Lake Urmia basin. After
providing drinking and agricultural water to the lands under its coverage, it is discharged into Lake Urmia.

Materials and Methods

In this study, the Nazlou Reservoir Dam and the Nazlou River in Urmia were selected as a case study. Methods for
determining environmental demands in the river downstream are classified into three groups: hydrological, hydraulic,
and habitat simulation, but hydrological methods, with the availability of the required data, are used by researchers as
reliable and common methods. In this study, five common hydrological methods, which are preferred by researchers,
namely the Desktop Reserve Model, flow duration curve, Smakhtin, Tessman, and Tennant methods, were used to
estimate environmental demands. This comprehensive study is based on a Monte Carlo simulation approach with a very
large process (924,000 times) of stochastic simulation of the storage system, i.e. 1,000 time series of production flow, 7
demands (DAnnual=0.1 to 0.4 MAF, step 0.05), 11 time reliability indices (Rel=0.9 to 1.0 step 0.01), 2 vulnerability
indices (Vul=0.0 and 0.3), and 6 methods of determining environmental demand (the 5 above-mentioned methods + 1
Method without applying environmental demands). The aforementioned Monte Carlo simulation approach is based on
a hybrid model combining the Valencia-Shaake disaggregation stochastic model and the Modified Sequent Peak
Algorithm (SPA) simulation model.

Results and Discussion

The main results of this study are summarized as follows: a) Comparison of the environmental demand values obtained
from the five applied methods showed that the environmental demand based on the Tennant and Tessman methods were
20% (as minimum value) and 53% (as maximum value) of the average annual flow, respectively, and the obtained values
of the other three methods are approximately close to each other and are about 28% of the average annual flow. The
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monthly variation of the obtained environmental flow in the river also indicated that the results of the three methods,
Tessman, FDC shifting (C), and DRM (C), had a similar behavior with the mean monthly historical flow values. b) The
results showed that the performance of the used stochastic model in reproducing the statistical parameters of historical
flow data at both annual and monthly levels and reproducing the correlation structure between the flows of different
months and the correlation between the annual and monthly flows is quite desirable, and this plays a key role in a
reservoir system simulation in real conditions. c) The results indicate a systematic long-term behavior of the main
reservoir storage characteristics (i.e., active storage, resiliency index, evaporation loss, and critical period) against
demand for two conditions, without and with the including environmental flow, except for the Tessman method.

Conclusion

The main outcome of the investigation could be summarized as follows: a) The ecological system of rivers often
adapts to its monthly flow regime over time, therefore, using a method of estimating the ecological demands of a
river in accordance with the monthly flow regime and with an appropriate amount (30-40% of the average monthly
flow) has a more relative advantage than other methods. So, the FDC Shifting (C) method, with an average of 32
percent of the average monthly flow and the minimum coefficient of variation (CV=0.20), was the most
appropriate method for estimating the environmental demand in the tested reservoir dam. b) The combination of
the annual AR(1) model and the monthly Valencia-Shaake disaggregation model can reproduce the statistical
characteristics of the historical streamflow values at both annual and monthly levels sufficiently, and this provides
a reliable framework with high accuracy in the stochastic analysis of a reservoir system. ¢) The long-term storage-
demand-performance relationships of the reservoir system due to environmental demand, except for the Tessman
method, show a similar systematic behavior change for different methods of estimating environmental demand.
d) By applying environmental demands to the analysis of storage reservoir systems, the active storage, evaporation
loss, and critical period increase by 2 to 10 times.
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Figure 1- Watershed area, location of hydrometric station, proposed site of dam construction, and topography of watershed
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Table 1- General and geographical characteristics of the base station and statistical parameters of annual flow (1351-1400), precipitation (P),

and evaporation (E) (1368-1400) data from the free water surface at the site of Nazlou dam
Area-volume relationship and annual hydrological parameters at the dam site

Station Geogr.aphm Area-volume
coordinates Flow E P . .
relationship
Max. Min. Mean Mean  Mean Linear
Lat Lon. MCM)  (MCM)  Mcwmy  ©V Skewness (mm)  (mm) regression
Tapik  37°40 44° 54’ 865 106 326.4 0.51 1.44 1002 397 A=1.6+0.035S

VYOV Ew e (g5lof 8,93 15 S Lo (5 yiog pus oliunt] 15 913U ailedg, (s 2 Widlo (slaosls (g lof (1 giol ly —F oo
Table 2- Statistical parameters of monthly data of the Nazlou River flow at the base hydrometric station Tapik over the statistical period

1351-1400
Parameter Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Mean (MCM) 6.20 11.30 11.30 11.10 11.50 19.40 58.40 99.60 62.20 21.80 8.20 5.40
cv 0.70 0.60 0.48 0.44 0.37 0.49 0.49 0.52 0.74 0.97 0.96 0.86
Skewness 1.14 0.93 1.04 1.05 0.51 1.06 1.35 1.00 1.68 2.34 2.17 2.00

anlllas 3590 By D (335 immnw (§1p2 JUo ilies gWole ;3 s Lo &1 595 oans p23lie —Y Joua
Table 3- Relative values of annual demand distribution in different months of the year for the storage reservoir system under study
Dam Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Annual
Nazlou 5.60 3.20 2.60 2.60 2.60 2.60 5.30 13.60  20.50  20.50 11.50 9.50 100
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Table 4- Classification of the estimation of the maximum
environmental demand index in rivers using the Smakhtin

method
Maximum
Description environrr}ental Minimum §nvironmental
demand index demand index (Q90)
(HFR)
River with HFR=0.20MAF Q90<0.10MAF
variable HFR=0.15SMAF  0.10MAF<Q90<0.20MAF
flow regime
caused
mainly by ypR—0.07MAF  0.20MAR<Q90<0.30MAF
flooding in
the wet
season
River with a
nearly HFR=0 0.70MAF<Q90
constant
flow regime
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Figure 2- Graphical fitting of annual (a) and Ordibehesht (May) (b) data of the Nazlou River with the Pearson type III probability
distribution
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Table 5- Relative values of annual and monthly environmental demand (%) of the Nazlou River catchment for the S tested methods

Method Oct  Nov  Dec Jan Feb  Mar  Apr May Jun Jul  Aug Sep Annual MCM
Historical 190 350 350 340 350 590 1790 30.50 19.10 6.70 250 1.70  100.00 326.40
Tennant 080 080 080 0.80 250 240 250 250 250 250 090 0.90 19.90 64.80
Tessman 190 320 320 320 320 320 720 1220 7.60 340 250 170 @ 52.60 171.70
Smakhtin 220 220 220 220 220 210 230 230 230 230 230 230 26.60 87.00
FDC Shifting(C) 050 120 130 130 140 240 480 7.60 520 230 0.70 040 29.20 95.40
DRM(C) 070 090 090 1.00 1.00 170 440 800 370 2.80 1.00 0.80 27.00 87.90
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Table 6- Comparison of statistical characteristics of historical and production annual data of the Nazlou River at the reservoir dam site

River Data type Mean

St. dev.

CvV Skewness p Hurst

Nazlou chay Observation 326.40

165.50

0.51 1.44 0.39 0.76
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Table 7- Comparison of streamflow cross-correlation structure between different months of the year for historical and estimated data in the
Nazlou River
Month Data type Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Observed 1.00 0.58 0.65 0.47 0.40 0.15 0.30 0.27 0.32 0.29 0.40 0.51

Oct Generated 1.00 0.56 0.63 0.44 0.39 0.16 0.31 0.27 0.31 0.27 0.36 0.49
Nov Observed - 1.00 0.84 0.66 0.68 0.45 0.43 0.43 0.43 0.35 0.44 0.42
Generated - 1.00 0.83 0.64 0.65 0.43 0.43 0.43 0.42 0.33 0.41 0.41
Dec Observed - - 1.00 0.87 0.75 0.39 0.38 0.39 0.35 0.26 0.39 0.47
Generated - - 1.00 0.86 0.73 0.38 0.39 0.39 0.35 0.25 0.37 0.47
Jan Observed - - - 1.00 0.75 0.42 0.44 0.53 0.44 0.37 0.49 0.54
Generated - - - 1.00 0.74 0.41 0.44 0.51 0.42 0.34 0.45 0.52
Feb Observed - - - - 1.00 0.71 0.41 0.44 0.47 0.47 0.49 0.48
Generated - - - - 1.00 0.69 0.42 0.44 0.46 0.43 0.45 0.47
Mar Observed - - - - - 1.00 0.41 0.28 0.37 0.39 0.34 0.36
Generated - - - - - 1.00 0.41 0.28 0.35 0.36 0.31 0.34
Apr Observed - - - - - - 1.00 0.81 0.75 0.69 0.62 0.54
P Generated - - - - - - 1.00 0.79 0.72 0.63 0.56 0.52
M Observed - - - - - - - 1.00 0.90 0.75 0.73 0.59
i Generated - - - - - - - 100 087 070 068  0.56
Tun Observed - - - - - - - - 1.00 0.87 0.78 0.64
! Generated - - - - - - - - 100 083 074 0.60
Tul Observed - - - - - - - - - 1.00 0.89 0.72
! Generated - - - - - - - - - 1.00 086 0.67
A Observed - - - - - - - - - - 1.00 0.81
ue Generated - - - - - - - - - - 1.00 0.77
S Observed - - - - - - - - - - - 1.00
P Generated - - - - - - - - - - - 1.00
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Figure 3- Comparison of monthly statistical characteristics of mean, standard deviation, skewness coefficient, and cross-correlation of annual
flow with flow in different months of the year for observed and estimated data



B S, 31 ool b o s d 3l (5,108 50 9 sk laduiin p ailddg, (s j busro 3L Jlos! 51

ooy Sloj dlasel Culll adll el L jeSie Ll
plaS o gl Loles 5 (g pdocuiS p (adlis dlayly A8 o g ials
A by ol 51 o (¥D JS3) (s pdyalesel ciisen ol
oyl cpl 0 &S 03y Mo g3 Ve & b g phyeiSyy adls
a4l (CP<12 months)  J 90 Sels by 083 55
s (8l (535 B b LS Galj31 b s 5 (0D JS3)
oy WolS g (2o Y b Y+ Lolis) i 1, Loy )5
ol & sl Jb gy opl S o by ilS (o )d ¥e b Y0 Lol)
o5 )18 Jdoay Tessman gy (sl p Solasuanms sodily jls,
o) sy HolS oM 5 LSS plos (s 055 winusw
2 ol S5 4 p3Y Ll 0ais ol (30<CP<50 months
Jopd OF dgi aVle g laowe jL po Tessman o,
bes Ol lise g 0392 I3 Abg, bl bawgie (o e
(Demand=10% MAF) :j55w oy 5cSasS (gl 083 i
ol &3B3g5 Bl b > awgio (1o > OYHY+) do)d £Y pilys
sy oo 5L 3491 (gl Tessman gy 5l odlil oyl plo
L oohen 0)33 (il piuss Hbpoxe 5 gk a3y,
Oz s2baBl g (8 ((Sfsloried 4 )3 (s o Sl

300
—o—Rel-100 (a)
s i Rel-98
5 200
S —o—Rel-95
E’; —e—Rel-90
s 100 |
S
)
o
>
'5 0 'l 'l 'l 'l 'l 'l
< 10% 15% 20% 25% 30% 35% 40%
Demand (MAF%)
40
(©)

30 f —e—Rel-100
Rel-98
20 F —o—Rel-95
—e—Rel-90

10

10% 15% 20% 25% 30% 35% 40%
Demand (MAF%)

Critical Period (Month)

Resiliency

LS50 Ly, 3 (st drovo Sl los! 51 -Y¥

O 3 8dos
083 (il s 3)Shos —LE —0y:35 Laly) imghy cul )
il 2y90 5 dnwg alglsi poboas tun bamo 5 51 Jlesl b
ol 5l oo Bl g 13,5 AWM gl opin e Canl 48,3 )8
5 s e 5 712 Ty el 005 B el sstmgy
0353 (ylBre s (65000 00 5 (il Cliasuiio cidenily s,
2> Gluoguad Gdekdly Jldy) 0 o ¥ gla IS5 .l 04 3 joio
b2 s b) et Lo ) (15 ypm £59)
sl Lol s b (d) poes 5l (26 Sl oo 4 (0) (e
90 Lamnj b 5l Jlasl b o pn Voe A Sloj slazel ol
S Sl ¥ USS aey o ol |) Tessman 9 Tennant g,
I 553 y3e B gz Sluoguas Kl Stotily b3,
b ol 5 o3 il ilej slazel b asls 5 Lol ol
S ey b Sl oyl by de (el Soilatae
W Jlesl o 9, ¢ (Smakhtin, FDC Shifting and DRM)
Ui S oty ol o )55 55 (NONEF) s e
ORIBIL e (3L Sl w2 5 Sl 893 Jgbo e oo
o B e 5 4B I oS oot LSS

0.8
(b)
0.6
04
02 Rel-99 Rel-98
Rel-97 —e—Rel-95
—e—Rel-90
0.0 'l L 'l 'l 'l
10% 15% 20% 25% 30% 35% 40%
Demand (MAF%)
15
& 121 —e—Rel100
8 Rel-98
— A9 B
=S —eo—Rel-95
296 L —e—Rel90
E2
Qo
g 3t
>
84|
O 'l 'l 'l 'l 'l 'l
10% 15% 20% 25% 30% 35% 40%
Demand (MAF%)

293 Jsb (b) (5 NS 2 (ad LS fa) dude o 1ol 08 ()00 i ool Cluoguad Oyt Crsanily U8, ylaged ~£ JSs
Tennant g, 4 saws ; busme 3l Jlosl b o, Voo U e Jloj sloie!] culpd (gl LA b (d) s 1 ouil A po g (¢) 10
Figure 4 - Long-term behavior diagram of changes in the main characteristics of the storage reservoir system, including: useful volume (a),

resiliency index (b), critical period length (c) and volume of losses due to evaporation (d), with the demand for time reliability coefficients of
90 to 100% by applying environmental requirements according to the Tennant method.
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Figure 5 - Long-term behavior diagram of changes in the main characteristics of the storage reservoir system, including: useful volume (a),

resiliency index (b), critical period length (c), and volume of losses due to evaporation (d), with the demand for time reliability coefficients of
90 to 100% by applying environmental requirements according to the Tessman method
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Figure 6 - Diagram of changes in useful volume (a) and volume losses due to evaporation in the reservoir (b) with demand for conditions with
and without applying the effect of environmental demand in the Nazlou storage system
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Figure 7- Diagram of changes in the ratio of useful volume with environmental requirements to useful volume without environmental
requirements with demand (a) and coefficient of variation of produced useful volume in conditions with and without environmental
requirements for different demands (b) in the Nazlou storage system
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Figure 8- Diagram of changes in the critical period without and with environmental requirements for different demands (a) and the values of
the resiliency index with and without environmental requirements for different demands (b) in the Nazlou storage system
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Figure 9 - Comparison of control curves with environmental demand application from different methods for 15 percent of monthly average
demand and 100% (a) and 98% (b) reliability

(a)
500
—o— Non-EF —o— Tennant
400 Tessman Smakhtin
300 + —o—FDC Shifting —e—DRM

Storage (MCM)

100 'M—\

Months

(b)
500
—o— Non-EF —o— Tennant
400 F Tessman Smakhtin
s —e—FDC Shifting —e— DRM
Q 300 F
=
(]
g’ 200 F
2
0 'l 'l 'l 'l ICHI 'l 'l 'l 'l 'l
S @ 8 >SS % 5T OB S
525FEAE58E 28
Months

CollB 5 ailidlo Lansgio duoyd £+ (Ul (gl cilisee (g1 yg, 51 st dautmo 5l JWo1 b 615520 50 (£ s umglio —)  JSu5
(b) AA 9 (a) o yd Yoo Sloj sleis!

Figure 10- Comparison of control curves with environmental demand application from different methods for 40 percent of the monthly
average demand and 100% (a) and 98% (b) reliability
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