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ABSTRACT

DETERMINATION OF OPTIMUM CAPACITY AND OPERATION OF
RESERVOIRS FOR IRRIGATION PURPOSES

Erdin, Taha Emre
M.S., Department of Civil Engineering
Supervisor: Prof. Dr. A. Burcu Altan Sakarya
August 2014, 53 pages

Agricultural production is one of the most basic requirements of humanity to survive
and water is vital for it. Therefore, human beings have been working on water
resources giving the necessary importance throughout the history. Problems like
irregularities in streams regime, droughts and climate change force to use water more
efficiently. In addition, population growth has increased the demand for agricultural
water. Nowadays, with the construction of dams for irrigation purposes, these
demands can be met in a more efficient manner. However, since the construction of
the dam requires large costs, optimal dimensioning of such storage facilities is very
significant together with the optimal operation. The main goal of the present study is
to design and operate the reservoir of a dam for irrigation purposes, in an optimum
manner. Two methods, Enumeration and Generalized Reduced Gradient, are applied
and a code is developed in Microsoft Excel for this purpose. Advantages and
disadvantages of the two methods used in the developed code were also discussed.
The developed code is validated by using reservoir operation data of the Sungurlu
Dam that planning works were carried out before. In the present study, three different
optimization problems are handled. These are the minimization of the reservoir
capacity, the maximization of the irrigation area and the maximization of irrigation
area together with the minimization of the reservoir capacity. In addition, developed

code is applied by using data of Sungurlu and Yesilkavak dams.

Keywords: Reservoir Operation, Optimization, Irrigation



Oz

SULAMA AMACLI REZERVUARLARDA {SLETME CALISMASI YAPILMASI
VE OPTIMUM REZERVUAR KAPASITESININ BELIRLENMESI

Erdin, Taha Emre
Yiiksek Lisans, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. A. Burcu Altan Sakarya
Agustos 2014, 53 sayfa

Tarimsal tiretim insanligin hayatta kalabilmesi i¢in en temel gereksinimlerden biridir
ve su tarim i¢in hayati 6nem tagimaktadir. Bu nedenle insanoglu tarih boyunca su
kaynaklar1 lizerinde ¢alismis ve ona gerekli 6nemi vermistir. Akarsulardaki rejim
diizensizlikleri, kurakliklar ve iklim degisiklikleri gibi problemler insanligin suyu
daha verimli kullanma gereksinimlerini ortaya ¢ikarmis; niifus artigi ise tarimsal su
talebini artirmistir. Giinlimiizde sulama amacli barajlarin insaasi ile bu talepler daha
verimli bir sekilde karsilanabilmektedir. Fakat barajlar biliylikk maliyetler
gerektirdiginden, bu gibi depolama tesislerinin optimum boyutlandirilmast ve
depolanan suyun en uygun sekilde kullanilmasi gerekmektedir. Bu ¢aligmanin ana
amaci, iki ayrt metot kulanilarak (Enumeration ve Generalized Reduced Gradient),
sulama amagli bir barajin rezervuarimi optimum bir sekilde isleterek
boyutlandirabilmektir. Bilgisayar ortaminda iki ayr1 yontem kullanilarak Microsoft
Excel ortaminda program yazilmistir. Kullanilan iki yontemle avantaj ve
dezavantajlar1 tespit edilmistir. Planlama g¢alismalar1 yapilmis olan Sungurlu Baraji
isletme ¢alismasi verileri kullanilarak program dogrulanmis, kapasite ve sulama
sahas1 optimizasyonlar1 yapilmistir. Bu ¢aligmada {i¢ farkli optimizasyon problemi
ele alinmistir. Bu problemler rezervuar kapasitesi minimizasyonu, sulama alan
maksimizasyonu ve es zamanli olarak hem rezervuar kapasitesi minimizasyonu hem
de sulama alani maksimizasyonudur. Ayrica Sungurlu ve Yesilkavak barajlarinin

verileri kullanilarak gelistirilen program iizerinde uygulamalar yapilmistir.

Anahtar Kelimeler: Rezervuar Isletmesi, Optimizasyon, Sulama

Vi



To My Family

vii



ACKNOWLEDGEMENTS

I would like to offer my gratitude to my advisor Prof. Dr. A. Burcu Altan Sakarya for
who has been enormous mentor for me. I am deeply grateful to her for continuous
support, motivation, immense knowledge and encouraging my research. | would also
like to thank my committee members, Prof. Dr. Nuray Tokyay, Assoc. Prof. Dr. Nuri
Merzi, Asst.Prof. Dr. Gillizar Ozyurt, Assoc. Prof. Dr. M. Ali Kokpmar for attending
as my committee members. | would like to express my greatest appreciation to my
workmate for contribution to my thesis. Moreover, | would like to thank my father
[rfan Erdin and my mother F. Zerrin Erdin to support my research. Finally, | am also

very grateful to my love Seniz Mayali for always being with me.

viii



TABLE OF CONTENTS

TABLE OF CONTENTS ...
LIST OF TABLES ... .o
LIST OF FIGURES ... s

CHAPTERS

1 - INTRODUCTION ..ottt rre e nee e anneeans
1.1 Importance Of RESEIVOITS .......c.cciiiiiiiiieieee e
1.2 Approaches for Determination of Reservoir Storage............ccccceevviverirenne.
1.3 LIterature REVIEW......c.coiiiiiiie ittt
1.4 Scope Of the STUAY ......ccviieiiie s

2 - FORMULATION OF OPTIMIZATION PROBLEM.........c.ccooiiiiieeiiee e,
2.1 Problem Definition.........cccoiiiiiiiiiieiee s

2.1.1 Assumptions Made for Optimization Problem............cccocvevviiinennen.
2.2 Methods used for Optimization Problem ..........c.cccoiiiiiiiicinncee

3 - CONSTRUCTION AND VERIFICATION OF THE CODE..........cccceevveeneen.

3.1 General Information about the Developed Code ...........ccccvveviiiieiveiecnee,
3.1.1 Inputs of the Developed Code..........ccocvevieiiiieiiiiiiec e
3.1.2 Instructions about Running of the Developed Code ............ccoceneene
3.1.3 Outputs of the Developed COde ..........ccoceiiriiiiiiieiesee e

3.2 Verification of the Developed Code ........cccovveevieiieiieiece e
3.2.1 Minimization Of CapaCity..........cccocveviiiiiieiiee e
3.2.2 Maximization of Irrigation Area ..........ccoveieienieniee e

3.2.3 Minimization of Capacity together with the Maximization of

IFFIQALION ATB ... .eeiiciiecie e re e
4 - APPLICATIONS AND RESULTS ..ottt



4.1 Effect of the Number of Flow Measurement Data...........ccccveeeeeeeeeieeeeieeeeeeeeeaenns 27

4.2 Application of the Sungurlu Dam Reservoir Operation for Different Irrigation

4.3 Application of Classical Approaches for Determination of Reservoir

Storage for the SUNQUIIU Dam..........ccviieiiiiecicce e 31

4.3.1 Application of Mass Curve Method (Ripple Method) .........cccccoveiiiiiieinnnne 31

4.3.2 Application of Sequent Peak Analysis Method.............cccoeiieiiniiiiienn 32

4.4 Application to the Yesilkavak Dam Reservoir Operation............cccceeevereneneninnn. 33

4.4.1 Inputs of the Yesilkavak Dam Reservoir Operation...........ccccceevverreiveseenens 33

4.4.2 Outputs of the Yesilkavak Dam Reservoir Operation.............ccccovererenennne. 35

5 - CONCLUSION . ...ttt b ettt et ene s 39

5.1 SUMMArY Of the TRESIS......cciiiiiiieee s 39

5.2 FULUIE RESBAICH .....viiieie ittt be s 40

REFERENGCES ... ..ottt sttt sttt se bt e e nenne s 41
APPENDICES

A. SUNGURLU DAM DETAILED TABLE OF RESERVOIR OPERATION................. 43



LIST OF TABLES

TABLES

Table 3.1 Example of the Sungurlu Dam Input Sheet for the Reservoir

Operation Problem (for the 1%, 2" 3™ and 10™ SECIONS)........cvevvevvereererereeeeeeeeseene 15
Table 3.2 Example of the Sungurlu Dam Input Sheet for the Reservoir

Operation Problem (for the 4™, 5™ and 6™ SECtIONS) ..........oveeveeeeeereeeee s, 16
Table 3.3 Example of the Sungurlu Dam Input Sheet for the Reservoir

Operation Problem (for the 7, 8™, 9™ and 9™ SECtiONS) .......oveveeveeeeeeeeeeeee e, 17
Table 3.4 Instructions about Running of the Developed Code ...........c.cooeviiinnnnne. 18
Table 3.5 Summary of Reservoir Operation Results of the Sungurlu Dam............... 19
Table 3.6 Detailed Results about Reservoir Operation of the Sungurlu Dam........... 20

Table 3.7 Sungurlu Dam Reservoir Operation Results for 2452 ha Irrigation

Area (by using 26 years of fIow data)...........cccooeieriiiiiiin 22
Table 3.8 Sungurlu Dam Reservoir Operation Results for 48.13 hm?

Reservoir Capacity (by using 26 years of flow data)..............ccceeveviiieiiiniiiciee, 24
Table 3.9 Sungurlu Dam Results both for Minimization of Capacity and
Maximization Of ITIgatioN ATBA .........cccviiiiiieieierie et 25
Table 4.1 Sungurlu Dam Reservoir Operation Results for 2452 ha Irrigation

Area (by using 14 years of flow data)..........cccccevviiiiieiiic e 27
Table 4.2 Sungurlu Dam Height and Normal VVolume Values for Various

INET IITIQAION ATEBS. ......eieeeiieeeiet ettt bbb 29
Table 4.3 The Data of Crop Water Requirement, River Water Requirement

and Evaporation for Yesilkavak Dam .........cccccceiiviieiieriiiiiseese e 35
Table 4.4 Summary of the Reservoir Operation Results of the Yesilkavak

Xi



LIST OF FIGURES

FIGURES

Figure 3.1 Minimum Reservoir Storage in Accordance with Years for a

Capacity of 48.13 hm?® (YEarly Dasis) ..........cveeereeeeereeeeeeeeeseeeeee e ees s 23
Figure 3.2 Reservoir Storage in Accordance with Years for a Capacity of

48.13 hm® (MONEhIY DASIS) .....o.veeveeceeeeseeeeeeeee s 23
Figure 3.3 Reservoir Storage in Accordance with Years for a Capacity of 60

AM® (MONEATY DASIS) ...ttt ee e s s 24
Figure 3.4 Minimum Reservoir Storage in Accordance with Years for a

Capacity of 48.50 hm® and 2462 ha Irrigation Area (yearly basis)..........c..ccccouven... 26
Figure 3.5 Reservoir Storage in Accordance with Years for a Capacity of

48.50 hm® and 2462 ha Irrigation Area (monthly basis) ...........cccoeeevereeresererenreenn. 26
Figure 4.1 Minimum Reservoir Storage in Accordance with Years for a

Capacity 0f 19.34 hm? (yearly Dasis) ............cccovvervireieeeriereesissesssse s 28
Figure 4.2 Reservoir Storage in Accordance with Years for a Capacity of

19.34 hm® (MONEHIY DASIS) ..o eee e ee et se e 28
Figure 4.3 Height vs. Irrigation Area Curve for Sungurlu Dam ............cccccccoeninene 30
Figure 4.4 Normal VVolumes vs. Irrigation Area Curve for Sungurlu Dam.............. 30
Figure 4.5 Result of Mass Curve Method ...........cccocvieiieie i 31
Figure 4.6 Result of Mass Curve Method (zoomed) ........ccocoevveviiiiiiiie e, 32
Figure 4.7 Result of Sequent Peak Analysis Method ............cccocviiiiiiiicinine 33
Figure 4.8 37 Years of Inflow Data Measured between 1970 and 2006 Years ....... 34
Figure 4.9 Elevation, Area, VoIUME CUIVE.........cccceveiieiieie e 34

Xii



CHAPTER 1

INTRODUCTION

1.1 Importance of Reservoirs

Human beings have always needed water to survive throughout the history. This
need forced humanity constructing variety of structures in order to store water. The
water requirement has steadily increased with the continuous increase of the
population. Especially, at arid regions which have inadequate precipitation and
irregularity of river regimes, efficient use of existing water resources is very

important. This is why dams are necessary for these territories.

Four main purposes of dams are:

1) Municipal, potable and industrial water to meet the need of water
2) Hydroelectric power to meet the need of energy

3) Flood control

4) Irrigation of agricultural lands

Irrigation of agricultural lands is as vital for people as the other three main
objectives. Each year more and more rapid increase in human population leads to
nutritional requirements. To meet this increased demand, irrigation of agricultural
areas should be suitable and sufficient. This optimal reservoir capacity demand is

very important to satisfy the needs of present and future.

Number of flow measurements data on river affects significantly the accuracy of an
optimal reservoir capacity design. In fact, observed data on river shed light on the

future of the dam.



1.2 Approaches for Determination of Reservoir Storage

There are two classical methods to determine the storage for a certain location of a

river namely, the mass curve analysis and the sequent peak analysis.

Mass curve analysis method is a graphical analysis method and the curve is formed
with the cumulative flow volumes drawn against time. In this method, observed flow
volumes are plotted cumulatively and the demand is plotted tangential to cumulative
flow volumes. Maximum difference between the tangential plots is accepted as the
active volume of the reservoir. This method is valid only when the demands are

constant.

Sequent peak analysis method is an improved version of mass curve analysis method.
The differences between cumulative summation of inflows and demands are drawn
against time. The vertical difference between initial peak and lowest point before the

sequent peak is accepted as the active storage capacity.

These two methods may be used to calculate reservoir storage capacity but optimum
reservoir operation study is a better way to calculate required reservoir storage
capacity because some of the parameters (evaporation, spill releases) are not
constants and the functions of the unknown reservoir storage. To solve this problem,
optimization models have to be considered by selecting the suitable method.

1.3 Literature Review

Dams are costly structures and size of dam plays an important role for investment.
Since the size of the reservoir capacity is directly related to the size of the dam,
obtaining optimum reservoir capacity is very crucial. In order to achieve this task, it
is required to operate the reservoir in an optimal manner. The number of flow
measurements on river is also important for designing optimum reservoir capacity. In
fact, the observed data on river shed light on the future of the dam. Chow (1964)
expressed that water resources systems need a great amount of hydrological data to

examine the immense range of reaction of systems in simulation analysis.


http://tureng.com/search/immense

Kuiper (1965) defined the irrigation requirement as the need of the plant considering
the available precipitation. Thus, it is important to consider the irrigation necessity

for reservoir capacity optimization.

Flow-storage relationship for a reservoir problem, which has direct relation with
designing reservoir, is one of the fundamental hydrological analysis problems. The
primary issue in storage-yield studies (U.S Army Corps of Engineers- HEC, 1977) is
the designation of storage to provide a specified yield or the designation of a yield

for a certain quantity of storage.

Maass et al. (1966) argued that for a certain water resources system, operation
process is simply an establishment of rules for storing and releasing water from
surface and ground water reservoirs. The three important decisions that have to be set
concerning to the allocation of storage and discharge of water are defined as the

apportionment through reservoirs, through purposes, and through time periods.

The firm yield of reservoir is determined as the average yearly flow which would
reduce the reservoir to a reasonable elevation just once along the critical aridity of
the record by Chow et al. (1988). In order to solve the reservoir optimization
problem, firm yield is an important parameter associated to the storage-yield
relationship. Mays and Tung (1992) stated that firm yield is determined as the
greatest amount of flow rate which is reliable at the given site throughout the river at

all time period.

Two classical methods are used to determine storage needs to understand and
improve flow storage relationship for a certain stream. Mass curve analysis and
sequent-peak analysis are these two methods. As expressed in Sattari, et al. (2008),
Ripple (1883) developed the mass curve analysis method which is the plot of the
cumulative flow volume as a function of time. The method is also called as Ripple
Method. Logic of the method is identifying the critical period which leads to largest

drawdown in storage. Thomas (1963) proposed the sequent-peak analysis method


http://tureng.com/search/necessity
http://tureng.com/search/through
http://tureng.com/search/through
http://tureng.com/search/through
http://tureng.com/search/throughout

which computes the cumulative sum of inflows minus the reservoir releases for all

time periods over the time interval of analysis (Sattari, et al. 2008).
1.4 Scope of the Study

Preliminary survey and planning works play an important role for designing of a
dam. First of all, storage suitability which means topography and the water potential
of stream is searched for the location of the dam axis on stream. To understand the
flow potential of the stream, it is necessary to obtain flow observations for past years.
Reservoir operation study is carried out by using the flow observations, and

designing of reservoir is directly related to it.

The aim of the thesis is to obtain the optimum operation of reservoir with
determination of the optimum reservoir capacity for irrigation purposes. The basis of
this research is the determination of reservoir capacity in an optimum manner
(minimization of the capacity) if the irrigational area is known; maximization of
irrigation area if the reservoir capacity is known; determination of reservoir capacity
and irrigation area in an optimum manner simultaneously associated with the stream
flow potential, if both irrigation area and reservoir capacity are unknowns. The

optimization problem is defined in Chapter 2.

To conduct these studies, a code is developed in Excel Visual Basic Application
(VBA). With the developed program in Excel, reservoir operation studies are carried
out by using two methods namely, Enumeration method and Generalized Reduced
Gradient (GRG) method. In the thesis, a comparison of these methods is done in
Chapter 3. Some information about the developed program is also given in Chapter

3. Specifically, the program inputs and outputs are discussed in Chapter 3.

Applications and Results of the code are given in Chapter 4. There are two classical
methods to accomplish reservoir operation study, namely Mass Curve Method and
Sequent Peak Analysis Method. These are graphical methods. In the research, these



methods are also explained and applied. The results of the graphical method are also

compared with the results obtained from the developed code in Chapter 4.

In summary, the thesis begins with the Introduction chapter which includes
importance of reservoir, approaches for the determination of the reservoir storage
and literature review. The second chapter is about formulation of optimization
problem. In the second chapter, the objective functions are defined in the problem
definition part. Then, assumptions made for the optimization problem are stated.
Moreover, optimization problem methods are discussed. The third chapter of the
thesis is about the construction and verification of the code. It contains information
about developed code in Excel. It is verified by using real data which are taken from
the Sungurlu Dam planning works. The forth chapter is about applications and
results. In the fourth chapter, firstly, the effect of the number of flow measurements
Is discussed. Then, by using the data of the Sungurlu Dam, optimum reservoir
operation studies are done for different irrigation areas. In addition, classical
graphical reservoir operation studies are carried out with the data of the Sungurlu
Dam and the results are compared. Moreover, optimum reservoir operation studies
are carried out by using the data of the Yesilkavak Dam. The last chapter of the

thesis is the conclusion part where results are summarized and evaluated.






CHAPTER 2

FORMULATION OF OPTIMIZATION PROBLEM

2.1 Problem Definition

Determination of the reservoir capacity for irrigation dams is directly linked to
management of the system correctly. In this study, the objective function is formed in
three different ways, namely the minimization of capacity (for a given irrigation
area), the maximization of irrigation area (for a given capacity) and the minimization

of the capacity together with the maximization of the irrigation area.

The objective function is,

Minimize Ka + Kd (1)
or
Maximize Ar (2)
or
Minimize Ka + Kd and Maximize Ar (3)

where Ka is the capacity of reservoir (Active volume), Kd is the defined dead storage

volume of reservoir and Ar is the total irrigation area.

One of the constraints of the optimization problem is the mass balance that has to be
conserved in each time period. In other words, continuity equation has to be satisfied

which is,
S,u=S;+1, +(P xAs)—(EV, xAs)—(Q, xAr)—In,—Sp —D, fori=1...N (4)

where Si+; is the reservoir storage at the end of the time period i (or at the beginning

of the time period i+1), S; is the reservoir storage at the beginning of the time period



i, li isthe inflow obtained from the measured flow observations in river during time
period i, P; is the precipitation into the reservoir surface area during time period i, Ev;
Is the evaporation amount obtained from the meteorological observation station
during time period i, As is the average reservoir surface area during the time period i
which is a function of S;, Q; is the crop water requirement for one hectare during time
period i, In; is the seepage of water from the body of the dam during time period i,
Spi is the total amount of spill from the reservoir during time period i which is a
function of reservoir capacity, Ka, and D; is the other demands like municipal water

needs, etc.

It should be noted that considering the evaporation and precipitation in the continuity
equation makes the optimization problem nonlinear since they are also functions of
the unknown storage. When In;and P; are small compared to other parameters, they
can be neglected. To obtain reliable results from the system, flow observations have
to be plenty. The more observed data means reliable solution. Therefore, obtaining

optimum reservoir capacity directly depends on the available flow observations.

The second constraint is that the amount of water stored in the reservoir at any time

cannot be more than its capacity.
S;—Ka-Kd<0 (5)

The third constraint is that the storage at any time has to be equal or more than the

dead storage.

S, —Kd=>0 (6)

2.1.1 Assumptions Made for Optimization Problem

In order to determine the optimization problem correctly, the following assumptions

are made in the optimization problem.



1) Reservoir storage is full at the beginning of the time period (S; = Ka + Kd).

2) Crop water demand for one hectare is distributed uniformly for each year and

for all irrigation area.

3) Each parameter in continuity equation is expressed as in cubic meter per
month as flow measurements are obtained in cubic meters or hectometers per

month.

4) Evaporations are calculated as the arithmetic average of the storage at the
beginning of month and at the end of month for each time period.

5) Reservoir storage has to drop dead volume level only once for all time period.
After that, it has to be full again. If the reservoir storage drops dead volume
level at the end of time period then population has to be replicated to make

sure that the reservoir becomes full again.
2.2 Methods used for Optimization Problem

The optimization problem is solved by using two different methods. One is the
Enumeration method and the other one is the Generalized Reduced Gradient (GRG)
method.

Enumeration method is a deterministic method which guarantees the exact solution.
In other words, the global optimal solution is always guaranteed with this method.
The method basically tries all the possible solutions with certain increments and
selects the optimum one. Although the method guarantees solution, it takes too much
time to reach an optimal solution. Furthermore, increment size plays an important

role to come up with the exact solution.

Generalized Reduced Gradient (GRG) method is used for nonlinear optimization
problems. It is basically a generalization of the reduced gradient method by
permitting nonlinear constraints and arbitrary bounds on the variables. It is known

that for nonlinear problems, global optimum cannot be guaranteed. It may be stuck in


http://glossary.computing.society.informs.org/second.php?page=R.html#Reduced_gradient_method

a local minimum or a local maximum. In addition, compared with the other method,

GRG method reaches the optimum solution much faster.

In the present study, both methods are used in Microsoft Excel Visual Basic
Application (VBA) in order to solve the nonlinear optimization problem. In using the
second method (GRG), Microsoft Excel Solver GRG nonlinear engine is utilized.

10



CHAPTER 3

CONSTRUCTION AND VERIFICATION OF THE CODE

3.1 General Information about the Developed Code

All parameters and functions are defined in the Chapter 2. Then, as it is mentioned in
the previous chapters, the code is developed in Microsoft Excel by using VBA. The
following sections give the inputs of the code, instruction about running of the code

and the output of the code, respectively.
3.1.1 Inputs of the Developed Code

First of all, it is necessary to define the input parameters for reservoir operation.
Therefore, first sheet is the input sheet which is named as “Giris” in the program.
When the program is opened, the first thing to do is filling the “Giris” sheet
correctly. In the program, the inputs are written in red.

First cell that needs to be filled in the “Giris” sheet is about the project name and the
following cell which has to be filled is about the dead volume (minimum volume)
value. Dead volume part of the reservoir cannot be used for irrigation purposes or
any other purposes of reservoir operation. It is due to the accumulation of bed load
because of dam construction. It is calculated with respect to dams’ economic life
which is taken as 50 years in Turkey. The calculation of this accumulation is also
depended on drainage area (km?) where dam is constructed. Hence, bed load
efficiency (m*/km?/years) is also significant for the calculation of the dead volume of
reservoir. The intake level of shaft for irrigation is located above or equal at the dead
volume level in order to prevent any blockage for the bottom outlet structures. Dead

volume is also called inactive storage volume for a reservoir.

The third section is about the inflow of the reservoir. Inflows are the past flow

measurements for the corresponding years. The unit of the inflows has to be taken as

11



cubic hectometers per month. The correctness and length of the flow measurements
are important because they are the indicators of flow potential of the stream. In
Turkey, General Directorate of State Hydraulic Works (DSI) accepts that the length
of the flow measurements data should be minimum 20 years for irrigation purposes
to obtain reliable results. By looking at the data, dry and wet years in the past can be
figured out. It may also help to better understand the reservoir operation results.
Table 3.1 shows the example of input sheet (Giris) in the program for the Sungurlu
Dam data.

Afterwards, water level elevation, surface area, and the corresponding volume of the
reservoir should be filled (4™ section). It is basically about the characteristics of
topography of the reservoir which has to be determined by studying on the map of
the reservoir area. The elevation, area and volume have to be provided in meters,
square meters and cubic meters, respectively in the program. Sometimes, after
running the program, it may give a warning about the fourth section. The reason of
the warning is that provided elevation, area, and the corresponding volume of the
reservoir is insufficient to obtain the result due to exceeding the maximum limits.
Additional data has to be integrated at the end of forth section according to the
characteristics of topography of the reservoir.

The fifth section should be filled according to defined crop water requirement. The
unit of the requirement is cubic meters per hectare for each month. The calculation of
crop water requirement depends on the crop pattern which is defined as the ratio of
various crops for a determined irrigation area at a specific period of time. In order to

run the program, the second, third, fourth and fifth sections have to be defined.

The sixth section is river water requirement. It is basically the minimum required
water for stream life. In Turkey, the calculation of the river water requirement is
determined in the Ecosystem Assessment Report. The next section is about
evaporation. It is calculated as in millimeters for each month. Evaporation depends
on the reservoir surface area which changes due to reservoir storage. Initially,

12



evaporation is calculated by using the storage at the beginning of each month. Then,
the storage at the end of each month is found from the continuity making use of the
calculated evaporation value. Finally, the average storage (the beginning and the end
of each month) is used to calculate the corresponding evaporation for each time

period.

The eighth, ninth and tenth sections are drinking water requirement, downstream
water right and infiltration on dam, respectively. These sections have to be filled
when it is necessary. For example, if reservoir has drinking water purposes, eighth
section has to be defined. If there is water usage at downstream of the reservoir,

required water has to be given in ninth section.

The last section is infiltration part. It is usually ignored because of very small values
when it is compared with the other parameters. Table 3.2 and Table 3.3 show the
example of input sheet (Giris) in the program for the Sungurlu Dam data. In Table
3.3, the section of downstream water right and the section of infiltration is not used

for Sungurlu Dam.

In the Enumeration Method, the optimum solution is achieved by trying the possible
values of the decision variables by using certain increment size. Actually, the
increment size is an important input and, affects the run time of the problem.
Selection of small increment increases the calculation time of the problem together
with the precision of the solution. On the other hand, large increment size provides
run in a short span of time but precision of the solution decreases. In the study, for
the first objective function which is the minimization of capacity, the increment size
is selected as 500000 m?® at the beginning of the running process. After the program
approaches to the optimum result, the increment size is reduced to 1000 m*. For the
second objective function which is the maximization of the irrigation area, the
increment size is selected as 100 ha at the beginning of the running process. After the
program approaches to the optimum result, the increment size is reduced to 0.1 ha.
For the third objective function which is the optimization of the irrigation area and
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the capacity, the increment size for the capacity is selected as 500000 m? at the
beginning then decreased to 1000 m®. The increment size for the irrigation area is
selected as 1000 ha at the beginning and then decreased to 250 ha, 50 ha, 5 ha, 1 ha,
respectively. Although the increment size is an input for the problem for all cases,
the given values are the default values and cannot be changed unless the developed
codes are intervened in. In addition to increment size, the value of stopping criterion
is another input for the program which is the 10th section in the input sheet. It is
only used for the Enumeration Method. This value is directly related to obtain an
accurate optimum result. Increasing this value reduces the precision of the solution.
On the contrary, decreasing this value may lead to not obtaining any result. The
optimum solution may be skipped because of selecting a small value for the stopping
criterion. In the study, the default value of the stopping criterion is 2000 m®.
Depending on the size of the problem, it may be changed until the optimum solution

is achieved.

GRG Method does not use the increment size and the stopping criterion. In the
thesis, Microsoft Excel Solver Engine is utilized for GRG Method and the default

solver options are used.
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Table 3.1 Example of the Sungurlu Dam Input Sheet for the Reservoir Operation
Problem (for the 1%, 2", 3™ and 10" sections)

3

1 Prj.Name Sungurlu Dam

? | Dead Volume (m°)

5156125

10

Stopping Cr (m°)

2000

Inflow (hm?®)

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

July

Aug

Sep

Total

Avr.

1987

0.5

0.6

0.7

3.8

8.3

9.1

10.4

5.8

1.9

1.2

0.5

0.5

43.3

1988

0.6

1.3

3.3

0.9

2.1

9.6

4.7

2.4

11

1.1

0.5

0.5

28.1

1989

0.9

2.6

3.5

3.0

2.8

5.0

2.1

14

0.5

0.4

0.4

0.4

23.2

1990

0.6

4.0

5.0

2.9

2.3

5.4

4.9

10.8

1.8

0.9

0.4

0.4

39.4

1991

0.5

0.6

1.0

1.0

1.9

3.1

4.4

4.7

3.1

0.5

0.4

0.4

21.6

1992

0.7

0.6

0.6

1.2

0.7

4.6

2.7

11

0.8

0.6

0.4

0.4

144

1993

0.4

1.0

1.0

0.7

2.6

14.9

7.4

7.3

0.7

0.4

0.5

0.4

37.2

1994

0.4

0.5

0.9

1.2

1.6

3.6

2.2

3.1

0.5

0.5

0.4

0.4

15.2

1995

0.4

0.7

0.9

2.3

0.4

3.0

4.9

3.9

1.2

0.6

0.4

0.4

19.1

1996

0.5

1.7

1.7

2.0

3.3

10.3

9.8

5.6

1.3

0.3

0.2

0.3

37.1

1997

0.4

0.4

1.1

1.1

1.8

1.4

4.8

2.2

11

0.5

0.4

0.4

15.7

1998

0.4

0.4

7.0

3.1

3.5

1.9

2.3

4.2

5.3

4.2

0.5

0.5

335

1999

0.4

0.6

1.7

0.9

3.5

7.6

6.9

2.3

0.2

0.4

0.6

0.4

25.5

2000

0.4

0.7

0.3

0.3

0.6

4.8

8.0

5.1

2.0

0.5

0.5

0.4

23.5

2001

0.6

0.9

0.9

0.6

1.0

1.1

0.4

0.8

0.1

0.1

0.1

0.1

6.6

2002

0.4

0.4

1.7

6.5

9.5

3.2

6.7

3.1

14

0.5

0.5

0.5

30.3

2003

0.4

0.6

0.4

0.2

0.5

1.8

0.8

1.8

0.1

0.1

0.1

0.2

7.2

2004

0.3

0.1

1.1

6.6

4.3

4.2

2.9

2.1

11

0.5

0.4

0.4

24.0

2005

0.2

0.6

0.7

0.5

0.7

4.5

3.5

2.9

0.7

0.1

0.1

0.1

14.7

2006

0.3

1.9

1.2

0.8

4.6

5.4

4.4

14

0.3

0.4

0.1

0.2

21.1

2007

1.2

2.0

0.8

1.0

1.4

3.6

2.4

0.1

0.4

0.1

0.1

0.1

13.0

2008

0.4

0.4

1.0

0.7

0.5

2.2

2.6

1.0

0.6

0.5

0.4

0.4

10.7

2009

0.1

0.1

0.1

4.8

2.5

9.6

5.8

5.0

1.0

0.3

0.1

0.1

29.5

2010

0.2

1.7

2.7

3.6

3.7

3.2

3.5

1.2

0.9

0.6

0.1

0.1

21.5

2011

0.4

0.4

4.1

3.6

6.8

5.8

5.8

3.6

3.9

2.2

0.6

0.5

37.8

2012

0.7

1.0

1.1

1.2

1.1

6.4

7.2

1.2

1.3

0.3

0.2

0.1

21.9

23.7

As can be seen from the Table 3.1, the total flow of each year and the average flow

of the period are calculated.
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Table 3.2 Example of the Sungurlu Dam Input Sheet for the Reservoir Operation
Problem (for the 4™, 5" and 6" sections)

4 Elevation, Area, Volume Table | cropWwater |°| River Water
Requirement Requirement
Elev. (m) | Area (m?) | Vol. (m®) (m*ha) (m°)
818 0 0 Oct 14 Oct 214272
819 262 131 Nov 0 Nov 207360
820 3900 2212 Dec 0 Dec 214272
821 39598 23961 Jan 0 Jan 267840
822 99487 93504 Feb 0 Feb 338688
824 329212 522203 Mar 0 Mar 669600
826 536637 | 1388052 Apr 0 Apr 596160
828 795339 | 2720027 May 21 May | 401760
832 1489824 | 7222481 Jun 507 Jun 207360
834 1852362 | 10564668 July 1398 July 214272
835 2081967 | 12531832 Aug 1019 Aug 214272
836 2291060 |14718345 Sep 299 Sep 207360
840 3316225 | 25850524
841 3646757 | 29332015
842 4024599 |33167692
843 4472864 | 37416424
844 5035545 | 42170629
845 5574993 | 47475898
846 5988126 |53257457
847 6388234 | 59445637
848 6807608 | 66043558
849 7196527 | 73045626
850 7600668 |80444223
851 8040633 | 88264873
852 8491297 | 96530838
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Table 3.3 Example of the Sungurlu Dam Input Sheet for the Reservoir Operation

Problem (for the 7, 8", 9™ and 9™ sections)

! . 8 Drinking Water 9| Downstream |17 . .
Evaporation . . Infiltration
(mm) Requmsement Water Blght m)
(M) (m”)
Oct | 37.37 Oct | 525600 Oct Oct
Nov 0.00 Nov | 525600 Nov Nov
Dec 0.00 Dec | 525600 Dec Dec
Jan 0.00 Jan 525600 Jan Jan
Feb 0.00 Feb 525600 Feb Feb
Mar 0.00 Mar | 525600 Mar Mar
Apr 7.39 Apr | 525600 Apr Apr
May | 31.01 May | 525600 May May
Jun 77.45 Jun 525600 Jun Jun
July | 137.94 July | 525600 July July
Aug | 137.83 Aug | 525600 Aug Aug
Sep | 95.91 Sep | 525600 Sep Sep

3.1.2 Instructions about Running of the Developed Code

After the inputs of the problem are defined, the user should switch to the output sheet

which is named as “Sonuc” in the program. In this sheet, program can be run by

using five buttons according to the goal of the user. At the top of the sheet, there are

instructions to help for using each button correctly. First, second and third buttons

use Enumeration Method and fourth and fifth buttons use GRG Method for the

solution of the optimization problem. The first and fourth button is used for

minimization of capacity (while irrigation area is known). The second and fifth

button is used for maximization of irrigation area (while capacity is known). The

third button is used for both maximization of irrigation area and minimization of

capacity (while both are unknown). Table 3.4 shows some part of view of the

“Sonuc” sheet which indicates the instructions about running of the program.
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Table 3.4 Instructions about Running of the Developed Code

INSTRUCTIONS

Button 1, Button 2 and Button 3 use Enumeration Method while Button 4 and
Button 5 use GRG Nonlinear Optimization method

Use Button 1 and Button 4 to optimize the reservoir capacity (minimization of
reservoir capacity while irrigation area is known)

Use Button 2 and Button 5 to optimize the irrigation area (maximization of
irrigation area while capacity is known)

Use Button 3 to optimize both irrigation area and capacity (while both is
unknown)

1 2 3 4 5
K;é Area
an
Area

3.1.3 Outputs of the Developed Code

1)

2)

3)

4)

After the program is run, the results of the reservoir operation problem can be seen in
summary and in detail at the bottom of the “Sonuc” sheet. Table 3.5 and Table 3.6
are the example of the summary and the detailed information about the reservoir
operation problem of the Sungurlu Dam for 2452 ha irrigation area, respectively. The
operation study is carried out by using Enumeration Method. On the other hand,
when GRG Method is used for the optimization problem, the obtained results are
similar to obtained results of Enumeration Method. In Table 3.6, only a part of the
solution is provided. Full result can be seen at Appendix A Table Al. In Table 3.6,
initial and ending storages, inflows, crop water requirements, evaporations, river
water requirements, drinking water requirements, water rights, infiltrations and spills

can be seen in monthly basis.
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Table 3.5 Summary of Reservoir Operation Results of the Sungurlu Dam

SUMMARY OF RESERVOIR OPERATION

TABLE

SUNGURLU DAM

SUMMARY OF RESERVOIR OPERATION TABLE

Normal volume level 845.11m
Min. volume level (dead volume level) 830.16 m
Normal volume (total volume) (Ka+Kd) 48.13 hm?3
Min. volume (dead volume (Kd)) 5.16 hm3
Active volume 42.97 hm3
Net irrigation area 2452 ha
Gross irrigation area 2724.44 ha
Annual average flow 23.65 hm?3
Height btw. thalweg and normal volume Lvl. 27.11m
Annual crop water requirement 3258.51 m3/ha
Regulation percentage 76.31%

Given water to irrigation area

7.99 m3/year

Given water to drinking purposes

13.14 m3/year

Given required water for river

3.75 md/year

Downstream water right

0.00 m3/year
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Table 3.6 Detailed Results about Reservoir Operation of the Sungurlu Dam

SUNGURLU DAM DETAILED TABLE OF RESERVOIR

OPERATION

v Initial Inflow Vc\:lgzepr Evap. VFflL;l\{cZ:r Drink. Spill End.
ears|Mon. | Stor. 3 3 Water 3y | Stor.
(hm?) (hm?) | Req. | (hm®)| Req. (hm?®) (hm?) (hm?®)

(hm?) (hm?)
1987 | Oct | 48.13 | 050 | 0.03 | 0.21 | 0.21 | 0.53 | 0.00 |47.65
Nov | 47.65| 0.60 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 [47.52
Dec | 4752 | 0.70 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |47.48
Jan | 47.48 | 3.84 | 0.00 | 0.00 | 0.27 | 0.53 | 2.40 |48.13
Feb | 48.13 | 8.35 | 0.00 | 0.00 | 0.34 | 053 | 7.49 |48.13
Mar | 48.13 | 9.07 | 0.00 | 0.00 | 0.67 | 0.53 | 7.87 |48.13
Apr | 48.13 | 10.43 | 0.00 | 0.04 | 0.60 | 0.53 | 9.27 [48.13
May | 48.13 | 5.76 | 0.05 | 0.17 | 0.40 | 0.53 | 4.61 |48.13
Jun | 48.13 | 192 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |47.64
July | 47.64 | 1.17 | 3.43 | 0.74 | 0.21 | 0.53 | 0.00 |43.89
Aug | 4389 | 046 | 250 | 0.69 | 0.21 | 0.53 | 0.00 |40.42
Sep |40.42 | 048 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.99
TOT 4329 | 799 | 275 | 3.75 | 6.31 |31.63|38.99
1988 | Oct | 38.99 | 056 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |38.60
Nov | 38.60 | 1.26 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |39.13
Dec [ 39.13| 3.25 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |41.64
Jan | 4164 | 092 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |41.77
Feb | 41.77 | 2.12 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |43.02
Mar | 43.02 | 9.65 | 0.00 | 0.00 | 0.67 | 0.53 | 3.35 |48.13
Apr | 48.13 | 472 | 0.00 | 0.04 | 0.60 | 0.53 | 3.56 |48.13
May | 48.13 | 240 | 0.05 | 0.17 | 0.40 | 0.53 | 1.24 |48.13
Jun | 48.13 | 1.13 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |46.85
July | 46.85| 1.11 | 3.43 | 0.73 | 0.21 | 0.53 | 0.00 |43.05
Aug | 43.05| 045 | 250 | 0.68 | 0.21 | 0.53 | 0.00 |39.59
Sep | 3959 | 052 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.19
TOT 28.08 | 799 | 268 | 3.75 | 6.31 | 8.15 |38.19
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3.2 Verification of the Developed Code

The data of reservoir operation of the Sungurlu Dam is used to verify the code
created in Microsoft Excel VBA. 26 years of monthly flow data, which are measured
between 1987 to 2012 years, are used in the reservoir operation problem. Each flow
data is measured on monthly basis (hm*month). In addition to irrigation, the
reservoir has to release water for river and drinking water requirements. The
available data are applied and the results obtained from the constructed program are
used to verify the developed code. It is seen from the data taken from the planning
report of the Sungurlu Dam that the net irrigation area, Ar is 2452 ha, the normal
volume of reservoir, (Ka+Kd) is 48.32 hm® and the height of storage is 27.15 m. In
fact, in the planning report of Sungurlu Dam which is worked by AKAR-SU Eng.
and Cons. Ltd. Company (2013), the net irrigation area is calculated more than 2452
ha because limited irrigation concept is used in the report. In this concept, demands
are not provided one hundred percent in the drought years. By this way, total
irrigation area is increased. Therefore, the net irrigation area was calculated as 2769
ha in the report. On the other hand, net irrigation area was calculated as 2452 ha in
the planning report studies of the Sungurlu Dam without this concept. In the thesis,
net irrigation area is accepted as 2452 ha in order to compare with the developed

code results.
3.2.1 Minimization of Capacity

Validation procedure is carried out by using first objective function which is the
minimization of the capacity, (Ka+Kd). In this situation, the actual net irrigation
area, Ar is taken as a constant input and the corresponding optimum capacity is
solved for. Table 3.7 shows the reservoir operation result for Ar=2452 ha area of the

Sungurlu Dam.

As can be seen from Table 3.7, normal volume of the reservoir is calculated as 48.13
hm?® and the height between thalweg and the normal volume level is 27.11 m. The

results given in the planning report are 48.32 hm® and 27.15 m, respectively. The
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capacity difference between the planning report and the calculated value is only 0.19
hm?. It means that the difference is approximately 0.4%. Actually, this difference is
mostly due to the evaporation calculations and most of the time, it is much smaller
than 0.4%. Evaporation depends on the reservoir surface area which changes due to
reservoir storage. Initially, evaporation is calculated by using the storage at the
beginning of each month. Then, the storage at the end of each month is found from
the continuity making use of the calculated evaporation value. Finally, the average
storage (the beginning and the end of each month) is used to calculate the

corresponding evaporation for each time period.

Table 3.7 Sungurlu Dam Reservoir Operation Results for 2452 ha Irrigation Area
(by using 26 years of flow data)

Normal volume (Ka+Kd) 48.13 hm?3
Height btw. thalweg and normal volume level 27.11m

The change of reservoir storage over the years can easily be seen form Figure 3.1 and
Figure 3.2. Figure 3.1 shows the minimum reservoir storage of each year whereas
Figure 3.2 shows all the operation observed on monthly basis between 1987 and
2012. In 2009, the reservoir storage drops to the dead volume level which means that

reservoir is empty. Then, in 2012, the reservoir capacity is full again as required.

In order to achieve the optimum reservoir capacity, the reservoir storage has to drop
to the dead volume level only once for all time period. After that, it has to be full
again to guarantee the irrigation for all time period. Examining these figures, it can
be concluded that the reservoir operation is carried out and the capacity of reservoir
volume is determined properly for the defined 2452 ha irrigation area. If the capacity
of reservoir is calculated to be greater than 48.13 hm? for the given 2452 ha irrigation
area, the reservoir storage will never drop to the dead volume level. It means that the
water volume that is between the dead volume and the lowest point of the reservoir
storage is never used. The example of this is shown in Figure 3.3 which capacity of

reservoir is taken as 60 hm®. On the other hand, if the capacity of reservoir is taken
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to be smaller than 48.13 hm?® for the given 2452 ha irrigation area, the reservoir
storage drops to the dead volume level more than ones. It means that the available

storage cannot irrigate 2452 ha area for the corresponding time period.
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Figure 3.1 Minimum Reservoir Storage in accordance with Years for a Capacity of
48.13 hm?® (yearly basis)
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Figure 3.2 Reservoir Storage in accordance with Years for a Capacity of 48.13 hm?
(monthly basis)
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Figure 3.3 Reservoir Storage in accordance with Years for a Capacity of 60 hm®
(monthly basis)

3.2.2 Maximization of Irrigation Area

When the second objective function is considered and the capacity of the reservoir is
given to be 48.13 hm®, the maximum irrigation area is optimized as 2452 ha which is
consistent with the previous case. Table 3.8 shows the reservoir operation results for

48.13 hm®normal volume.

Table 3.8 Sungurlu Dam Reservoir Operation Results for 48.13 hm® Reservoir
Capacity (by using 26 years of flow data)

Net irrigation area 2452 ha
Height btw. thalweg and normal volume level 27.11m

For all those runs considering both of the objective functions which are the
minimization of reservoir capacity and the maximization of irrigation area, two
optimization methods, Enumeration and GRG methods are used. The similar results
are obtained from both methods. As expected, the Enumeration Method takes longer
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time compared to the GRG method to reach the optimum result, depending on the
increment size used. Selection of small increment increases of the calculation time of
the problem together with the precision of the solution. On the other hand, large

increment provides run in a short span of time but precision of the solution decreases.

3.2.3 Minimization of Capacity together with the Maximization of Irrigation

Area

The third objective function is the minimization of capacity and the maximization of
irrigation area simultaneously. In this case, not only the reservoir capacity (Normal

volume) but also the net irrigation area is unknowns.
The third objective function can be carried out by using Enumeration method.

Table 3.9 shows the outcomes of the third objective function of the Sungurlu Dam.
The change of reservoir storage over the years can be seen in yearly and on monthly
basis in Figure 3.4 and Figure 3.5, respectively.

Table 3.9 Sungurlu Dam both Minimization of Capacity and Maximization of
Irrigation Area

Normal volume (Ka+Kd) 48.50 hm?3
Net irrigation area 2462 ha
Height btw. thalweg and normal volume Lvl. 27.18 m

The table above indicates that the optimal normal volume is 48.50 hm?® and the
optimal net irrigation area is 2462 ha. From these results, it can be concluded that
normal volume cannot be greater than 48.50 hm* and the net irrigation area cannot
exceed the value of 2462 ha. Technically, these are the optimum results for the given
aspect of flow potential. However, by considering the economical point of view,
these may not be the optimum results. The cost of the project should be considered to

finalize the dimensioning.
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If net irrigation area is taken greater than the 2462 ha into the program for the first
objective function (minimization of the capacity) or if the reservoir capacity is taken
greater than the 48.50 hm?® for the second objective function (maximization of
irrigation area), the program gives warning and recommends to decrease the input

values which are the irrigation area and the reservoir capacity.
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Figure 3.4 Minimum Reservoir Storage in accordance with Years for a Capacity of
48.50 hm® and 2462 ha Irrigation Area (yearly basis)
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Figure 3.5 Reservoir Storage in accordance with Years for a Capacity of 48.50 hm?
and 2462 ha Irrigation Area (monthly basis)
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CHAPTER 4

APPLICATIONS AND RESULTS

4.1 Effect of the Number of Flow Measurement Data

The number of flow measurements on river has direct effect on determination of
reservoir capacity. In actual case, 26 years of flow data is used in the reservoir
operation problem. For example, if 14 years of flow data which is between 1987 and
2000 are years used for the operation study, the optimum reservoir capacity becomes
19.34 hm® for the defined 2452 ha irrigation area which is much smaller than the
reservoir capacity of actual case. If 19.34 hm® capacity were used for the design in
real life, probably, 2452 ha irrigation area could never be irrigated. The reason is that
there are some drought years in flow measurements between 2000 and 2012 which
are not taken into consideration. In fact, 14 years of flow observations do not reflect
the real case appropriately. Table 4.1 shows the reservoir operation information for
Ar=2452 ha area of the Sungurlu Dam by using 14 years of flow data. The change of
reservoir storage over the years can be seen in yearly and on monthly basis in Figure

4.1 and Figure 4.2, respectively.

Table 4.1 Sungurlu Dam Reservoir Operation Results for 2452 ha Irrigation Area
(by using 14 years of flow data)

Normal volume (Ka+Kd) 19.34 hm3
Height btw. thalweg and normal volume Level 19.66 m
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4.2 Application of the Sungurlu Dam Reservoir Operation for Different

Irrigation Areas

Table 4.2 gives minimum capacities for different irrigation areas. In other words, it
shows the calculated maximum irrigation areas for various capacities. Different
optimization case results can be seen in Figure 4.3 and Figure 4.4 which gives the
height (between thalweg and normal volume level) versus irrigation area curve and
normal volume versus irrigation area curve, respectively. For all these reservoir
optimization problems crop water requirement is assumed as the same value for

different irrigation areas.

Table 4.2 Sungurlu Dam Height and Normal Volume Values for Various Net
Irrigation Areas

Sungurlu Dam
Irrigation Normal Volume Height of
area (ha) (Ka+Kd) (hm?) storage (m)
0 11.59 16.52
250 13.16 17.29
500 14.78 18.02
750 16.5 18.64
1000 18.5 19.36
1250 21.12 20.3
1500 23.73 21.24
1750 26.34 22.14
2000 32.63 23.86
2250 40.63 25.68
2452 48.13 27.11
2462 48.50 27.18
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4.3 Application of Classical Approaches for Determination of Reservoir Storage
for the Sungurlu Dam

4.3.1 Application of Mass Curve Method (Ripple Method)

For this method, since reservoir releases have to be taken as constant, annual crop
water requirement (2452 ha irrigation area of the Sungurlu Dam) and river water
requirement are distributed uniformly for each month. Drinking water requirement is
already defined as constant for each month. Cumulative observed flow volumes and
demands (crop water requirement, river water requirement and drinking water
requirement) of the Sungurlu Dam are plotted. Then, demand line is plotted
tangential to cumulative flow volumes. Maximum difference between the tangential
plots is calculated as 22.67 hm®. The defined dead volume of the reservoir for
Sungurlu Dam is 5.16 hm®. Therefore, the required capacity is calculated as 27.83

hm?. Figure 4.5 and Figure 4.6 show plot of mass curve method.
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Figure 4.5 Result of Mass Curve Method
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Figure 4.6 Result of Mass Curve Method (zoomed)

4.3.2 Application of Sequent Peak Analysis Method

As it mentioned in the first chapter, sequent peak analysis method is an improved
version of the mass curve analysis method. Figure 4.7 shows the cumulative
summation of inflows minus the reservoir releases (crop water requirement of 2452
ha area, river water requirement and drinking water requirement of the Sungurlu
Dam) are plotted against time. The maximum vertical difference between sequent
peaks is calculated as 27.59 hm®. The defined dead volume of the reservoir for
Sungurlu Dam is 5.16 hm®. Therefore, the required capacity is calculated as 32.75

hm?®,
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Figure 4.7 Result of Sequent Peak Analysis Method

The optimum reservoir capacity of 2452 ha area for the Sungurlu Dam is calculated
as 48.13 hm® by using developed code. The result obtained by the ripple method is
27.83 hm? and the result obtained by the sequent peak method is 32.75 hm®. The first
reason of calculation of small reservoir capacity for mass curve method and sequent
peak analysis method is the evaporation parameter which is ignored because it is
function of unknown storage. Actually, Evaporation depends on the reservoir surface
area which changes due to reservoir storage. Another reason is spill releases from the
reservoir. Spill releases cannot be considered in the calculation of reservoir capacity
in the classical graphical analysis methods. Since, these releases are taken into
consideration in the optimum reservoir operation method, the required reservoir

capacity increases due to irregularities in the inflow.
4.4 Application to the Yesilkavak Dam Reservoir Operation
4.4.1 Inputs of the Yesilkavak Dam Reservoir Operation

37 years of monthly flow data are used in the reservoir operation problem which are
measured between 1970 and 2006 years. All input data are given in Figure 4.7,

Figure 4.8 and Table 4.3. Figure 4.7 indicates the plot of inflow data drawn against
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time and Figure 4.8 shows the plot of the elevation, area, and the corresponding
volume of the reservoir. In addition, Table 4.3 shows the (input) data of crop water
requirement, river water requirement and evaporation. The dead volume of the

reservoir is 0.75 hm°.
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Figure 4.8 37 Years of Inflow Data Measured between 1970 and 2006 Years

2.500,000 2,000,000 1,500,000 1,000,000 500,000 0
i i i i

320 AREA (m2) 320
~300 300
E =
Z 280 2800
= <
< 260 260 >
d _|
I 240 240

220 220

VOLUME (m?)
200 4 v —> v } 200
0 20,000,000 40,000,000 60,000,000 80,000,000

Figure 4.9 Elevation, Area, Volume Curve

34



Table 4.3 The Data of Crop Water Requirement, River Water Requirement and
Evaporation for the Yesilkavak Dam

5 Crop Water 5| River water |’ .
Requirement Requirement SUELRI e
(m¥ha) m) (i,
Oct 161 Oct | 140856 Oct | 32.01
Nov 0 Nov | 136312 Nov | 0.00
Dec 0 Dec | 140856 Dec 0.00
Jan 0 Jan 140856 Jan 0.00
Feb 0 Feb | 127225 Feb 0.00
Mar 0 Mar | 140856 Mar | 0.00
Apr 67 Apr | 136312 Apr 0.00
May 410 May | 140856 May | 71.43
Jun 1252 Jun 136312 Jun | 129.72
July 1538 July | 140856 July | 157.24
Aug 1447 Aug | 140856 Aug | 150.20
Sep 1027 Sep | 136312 Sep | 107.88

4.4.2 Outputs of the Yesilkavak Dam Reservoir Operation

Firstly, the data taken from the planning report of Yesilkavak Dam are compared to
the results obtained from the developed code. In the planning report, the net
irrigation area, Ar is 1750.10 ha, the normal volume of reservoir, (Ka+Kd) is 29.91
hm?, and the height of storage is 78.63 m.

By using the first objective function which is the minimization of the capacity,
(Ka+Kd), the reservoir capacity of the Yesilkavak Dam for Ar=1750.10 ha is
calculated as 29.89 hm?® and the height of the storage is calculated as 78.61 m. The
capacity difference between the planning report and the calculated value is only 0.02

hm?,

By using the second objective function which is the maximization of the irrigation

area, the irrigation area of the Yesilkavak Dam for a capacity of 29.89 hm? is
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calculated as 1750.10 ha and the height of the storage is calculated as 78.61 m which
is consistent with the first case. On the other hand, when the reservoir capacity is
taken as 29.91 hm?® for the second objective function, the irrigation area is calculated
as 1750.50 ha.

By using the third objective function which is the minimization of the capacity
together with the maximization of the irrigation area, reservoir capacity is calculated
as 40.85 hm® and the net irrigation area is 2000 ha. In addition, the height of the
storage is 86.63 m. Results of the third objective function states that the capacity
cannot be greater than 40.85 hm® and net irrigation are cannot exceed the value of
2000 ha.

The first and the second optimization problems are calculated by using both
Enumeration method and GRG method in the program. The results of the two
methods are consistent. However, it is seen that GRG nonlinear method reaches the
optimum solution much faster than the classical Enumeration method. The third
objective function is calculated only with Enumeration method. GRG method cannot

be used for third objective function in the program.

The following table shows the results of the first, second and third objective
functions together with the results of the planning report. The inputs are given in red

for each case.
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Table 4.4 Summary of the Results of the Yesilkavak Dam

3 Height of
Ar (ha) | Ka+Kd (hm°) Storage (M)
Result of Planning Report 1750.10 29.91 78.63
Minimization of Ka+Kd 1750.10 29.89 78.61
Maximization of Ar (Case 1) 1750.10 29.89 78.61
Maximization of Ar (Case 2) 1750.50 29.91 78.63
Minimization of Ka+Kd & 2000.00 40 85 86.63

Maximization of Ar
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CHAPTER 5

CONCLUSION

5.1 Summary of the Thesis

This study aims to determine the optimum reservoir capacity and the operation of
irrigation dams. Determination of the reservoir capacity for irrigation dams is
directly linked to the management of the system. To optimize the system, it is
substantial to specify and ensure all flow requirements. The minimization of capacity
(for a given irrigation area) and the maximization of irrigation area (for a given
capacity) are the two different objective functions used to develop the optimization
problem which are both subject to the continuity and bound constraints on the

reservoir storage.

The study begins with literature surveying to examine past studies related to the
optimization of reservoir storage. Furthermore, it is also crucial to accomplish better
understanding about the subject. After literature surveying is fulfilled, the next step is
defining the problem properly; which means that the objective functions are defined
namely, the minimization of active volume, the maximization of irrigation area, and
both minimization of capacity and maximization of irrigation area. After that, all the
constraints and the decision variables are specified. Since the optimization
formulation is defined, the problem is set in Excel Visual Basic Application and
codes are written to optimize the problem. After writing the codes and generating the
program process is finished, validation of the program is carried out to demonstrate

the preciseness of the study.

The optimization problem is solved by two methods. The first one uses the
Enumeration method and the code is written in Microsoft Excel VBA. The second
one is the GRG method, for which, the Microsoft Excel solver engine is used for

GRG nonlinear optimization method in order to solve the nonlinear problem. After
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development of the codes, the validation of the program is carried out. This
validation process is performed with the project data, namely Sungurlu Dam. Finally,
it is seen and revealed that GRG nonlinear method reaches the optimum solution
much faster than the Enumeration Method. In addition to Sungurlu Dam, optimum

reservoir operation studies are also carried out by using data of Yesilkavak Dam,

The third objective function which is composed of both minimization of capacity and

maximization of irrigation area is handled only with Enumeration method.

In this study, in addition, the importance of the length of the flow measurements is
emphasized. By ignoring the drought years of flow measurement data, the
optimization is carried out again and different optimum results are obtained. In other

words, ignoring the drought years leads to wrong design.

In the present research, mass curve method and sequent peak analysis method are
explained and applied. The results of the graphical methods are also compared with
the results obtained from the developed code. Optimum reservoir operation study is a
better way to calculate required reservoir storage capacity because some of the
parameters (evaporation, spill releases) are not constants and the functions of the

unknown reservoir storage.
5.2 Future Research

The developed code can be improved easily by users. Although, it is used for
optimum operation of reservoirs with determination of the optimum reservoir
capacity for irrigation purposes, different cases may be studied. Additional codes
may be integrated to the existing code. By improving the code, it may be used for
more complex problem. For example, energy purposes or flood control purposes may

be appended to the problem.

40



REFERENCES

AKAR-SU Eng. and Cons. Ltd. Comp. (2013). Corum Delice Sungurlu
Projesi Planlama Miuhendislik Hizmetleri Sungurlu Gdleti Planlama Raporu,
DSI (in Turkish)

AKAR-SU Eng. and Cons. Ltd. Comp. (2010). Manisa Salihli Projesi
Yesilkavak Baraj1 ve Sulamas1 Planlama Raporu, DSI (in Turkish)

Chow, V. T. (1964). Handbook of Applied Hydrology. New York.

Chow, V. T., Maidment, D. R. and Mays, L.W. (1988). Applied Hydrology,
McGraw Hill, Inc.

Kuiper, E. (1965). Water Resources Development - Planning, Engineering
and Economics. London.

Maass, A., Hufschmidt, M. M., Dorfman, R., Thomas, JR, H. A., Marglin, S.
A., and Fair, G. M. (1966). Design of Water Resource Systems. 2nd ed.
Massachusetts.

Mays, L. W. and Tung, Y. (1992).Hydrosystems Engineering and
Management, McGraw Hill, Inc.,

Sattari, M. T., Salmasi, F. and Oztiirk, F. (2008). Sulama Amagli Hazne
Kapasitesinin Belirlenmesinde Cesitli Yontemlerin Karsilagtirilmasi, Tarim
Bilimleri Dergisi, 14(1) pp. 1-7 (in Turkish).

U.S Army Corps of Engineers, Hydrologic Engineering Center (1977)
Hydrologic Engineering Methods for Water Resources Development:
Reservoir System Analysis for Conservation, vol. 9, Davis, California, USA.

41



42



APPENDIX A

SUNGURLU DAM DETAILED TABLE OF RESERVOIR OPERATION

Table Al Detailed Information about the Reservoir Operation Problem of Sungurlu
Dam for 2452 ha Irrigation Area.

Crop River

Initial Drink. . End.
Years| Mon. | Stor. InﬂOQN Water E"a';?' Water Water Spllg,l Stor.
(hm?®) (hm?®)

1987 | Oct | 48.13 | 050 | 0.03 | 0.21 | 0.21 | 0.53 | 0.00 |47.65
Nov [ 47.65| 0.60 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |47.52
Dec | 4752 | 0.70 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |47.48
Jan | 4748 | 3.84 | 0.00 | 0.00 | 0.27 | 0.53 | 2.40 |48.13
Feb | 48.13 | 835 | 0.00 | 0.00 | 0.34 | 0.53 | 7.49 |48.13
Mar | 48.13 | 9.07 | 0.00 | 0.00 | 0.67 | 0.53 | 7.87 |48.13
Apr | 48.13 | 10.43 | 0.00 | 0.04 | 0.60 | 0.53 | 9.27 |48.13
May | 48.13 | 5.76 | 0.05 | 0.17 | 0.40 | 0.53 | 4.61 |48.13
Jun [48.13 | 192 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |[47.64
July | 4764 | 117 | 3.43 | 0.74 | 0.21 | 0.53 | 0.00 |43.89
Aug | 4389 | 046 | 250 | 0.69 | 0.21 | 0.53 | 0.00 |40.42
Sep | 4042 | 048 | 0.73 | 0.45 | 0.21 | 0.53 | 0.00 |38.99
TOT 4329 | 799 | 275 | 3.75 | 6.31 |31.63|38.99
1988 | Oct | 38.99 | 056 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |38.60
Nov | 38.60 | 1.26 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |39.13
Dec | 39.13| 3.25 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |41.64
Jan | 4164 | 092 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |41.77
Feb | 41.77 | 212 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |43.02
Mar | 43.02 | 9.65 | 0.00 | 0.00 | 0.67 | 0.53 | 3.35 |48.13
Apr [ 48.13 | 472 | 0.00 | 0.04 | 0.60 | 0.53 | 3.56 |48.13
May | 48.13 | 240 | 0.05 | 0.17 | 0.40 | 0.53 | 1.24 |48.13
Jun | 48.13 | 113 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |46.85
July [ 46.85| 1.11 | 3.43 | 0.73 | 0.21 | 0.53 | 0.00 |43.05
Aug | 43.05| 045 | 250 | 068 | 0.21 | 0.53 | 0.00 |39.59
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. |Mon. | Stor. 3 3 Water 3, | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm®)

(hm (hm

Sep | 3959 | 052 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.19

TOT 28.08 | 799 | 268 | 3.75 | 6.31 | 8.15 |38.19
1989| Oct | 38.19| 0.95 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |38.20
Nov | 38.20 | 2.64 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |40.10

Dec | 40.10 | 3.50 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |42.86

Jan | 4286 | 3.04 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |45.11

Feb | 4511 | 2.85 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |47.09

Mar | 47.09 | 495 | 0.00 | 0.00 | 0.67 | 0.53 | 2.73 |48.13

Apr | 48.13| 2.13 | 0.00 | 0.04 | 0.60 | 0.53 | 0.97 |48.13

May | 48.13 | 1.35 | 0.05 | 0.17 | 0.40 | 0.53 | 0.20 |48.13

Jun | 48.13| 048 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |46.20

July [ 46.20 | 045 | 343 | 0.72 | 0.21 | 0.53 | 0.00 |41.76

Aug | 41.76 | 0.44 | 250 | 0.66 | 0.21 | 0.53 | 0.00 |38.30

Sep |38.30| 0.39 | 0.73 | 043 | 0.21 | 0.53 | 0.00 |36.80

TOT 2317 | 799 | 262 | 3.75 | 6.31 | 3.89 |36.80
1990| Oct | 36.80| 059 | 0.03 | 0.16 | 0.21 | 0.53 | 0.00 |36.45
Nov | 36.45| 3.99 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |39.71

Dec | 39.71| 5.04 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |44.01

Jan | 44.01| 291 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |46.13

Feb | 46.13 | 2.30 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |47.57

Mar | 47.57 | 542 | 0.00 | 0.00 | 0.67 | 0.53 | 3.66 |48.13

Apr | 48.13| 491 | 0.00 | 0.04 | 0.60 | 0.53 | 3.74 | 48.13

May | 48.13 | 10.75 | 0.05 | 0.17 | 0.40 | 0.53 | 9.60 |48.13

Jun | 48.13| 180 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |47.52

July (4752 | 0.89 | 343 | 0.74 | 0.21 | 0.53 | 0.00 |43.50

Aug | 4350 | 044 | 250 | 069 | 0.21 | 0.53 | 0.00 |40.01

Sep | 40.01| 040 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.50

TOT 3945 | 799 | 269 | 3.75 | 6.31 |17.01|36.45
1991| Oct | 3850 | 048 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |38.04
Nov | 38.04 | 0.61 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |37.92

Dec | 37.92 | 1.02 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |38.19

Jan | 38.19| 098 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |38.38
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. | Mon. | Stor. 3 3 Water 3y | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm?®)

(hm (hm

Feb | 38.38 | 1.87 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |39.38
Mar | 39.38 | 3.12 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |41.31
Apr | 4131 | 438 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |44.53
May | 4453 | 470 | 0.05 | 0.17 | 0.40 | 0.53 | 0.00 |48.08
Jun | 48.08 | 3.11 | 1.24 | 044 | 0.21 | 0.53 | 0.66 |48.13
July | 48.13 | 052 | 343 | 0.75 | 0.21 | 0.53 | 0.00 |43.74
Aug | 43.74 | 044 | 250 | 0.69 | 0.21 | 0.53 | 0.00 |40.25
Sep |40.25| 0.39 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.72
TOT 21.63 | 799 | 270 | 3.75 | 6.31 | 0.66 |37.92
1992| Oct | 38.72 | 0.66 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |38.44
Nov | 38.44 | 057 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |38.28
Dec | 38.28| 0.64 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |38.18
Jan [ 38.18 | 1.21 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |38.60
Feb | 38.60 | 0.69 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |38.42
Mar | 38.42 | 463 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |41.86
Apr | 4186 | 2.67 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |43.37
May | 43.37 | 1.13 | 0.05 | 0.16 | 0.40 | 0.53 | 0.00 |43.36
Jun | 4336 | 0.78 | 1.24 | 0.39 | 0.21 | 0.53 | 0.00 [41.78
July [ 41.78 | 056 | 3.43 | 0.65 | 0.21 | 0.53 | 0.00 |37.51
Aug | 3751 | 044 | 250 | 059 | 0.21 | 0.53 | 0.00 |34.12
Sep |34.12| 039 | 0.73 | 0.39 | 0.21 | 0.53 | 0.00 |32.66
TOT 1438 | 799 | 239 | 3.75 | 6.31 | 0.00 |32.66
1993| Oct | 3266 | 0.37 | 0.03 | 0.15 | 0.21 | 0.53 | 0.00 |32.11
Nov | 32.11| 1.00 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |32.38
Dec | 32.38| 0.98 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |32.62
Jan [ 32.62| 0.73 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |32.56
Feb | 32.56 | 257 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |34.26
Mar | 34.26 | 14.85 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |47.92
Apr | 4792 | 7.36 | 0.00 | 0.04 | 0.60 | 0.53 | 6.00 |48.13
May | 48.13 | 7.30 | 0.05 | 0.17 | 0.40 | 0.53 | 6.15 |48.13
Jun | 48.13 | 067 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |46.40
July [ 46.40 | 043 | 343 | 0.72 | 0.21 | 0.53 | 0.00 |41.94
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. |Mon. | Stor. 3 3 Water 3, | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm®)

(hm (hm

Aug | 4194 | 046 | 250 | 0.66 | 0.21 | 0.53 | 0.00 |38.49

Sep | 3849 | 042 | 0.73 | 043 | 0.21 | 0.53 | 0.00 |37.01

TOT 3716 | 799 | 261 | 3.75 | 6.31 |12.15|32.11
1994| Oct | 37.01| 0.37 | 0.03 | 0.16 | 0.21 | 0.53 | 0.00 |36.45
Nov | 36.45| 0.48 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.19

Dec | 36.19 | 0.89 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.34

Jan | 36.34 | 1.20 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |36.74

Feb | 36.74 | 158 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |37.46

Mar | 37.46 | 3.61 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |39.88

Apr | 39.88 | 2.17 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |40.89

May | 40.89 | 3.12 | 0.05 | 0.15 | 0.40 | 0.53 | 0.00 |42.88

Jun | 4288 | 048 | 1.24 | 0.39 | 0.21 | 0.53 | 0.00 |41.00

July | 41.00 | 045 | 343 | 0.64 | 0.21 | 0.53 | 0.00 |36.64

Aug | 36.64 | 044 | 250 | 058 | 0.21 | 0.53 | 0.00 |33.27

Sep |33.27| 039 | 0.73 | 0.38 | 0.21 | 0.53 | 0.00 |31.81

TOT 1519 | 799 | 234 | 3.75 | 6.31 | 0.00 |31.81
1995| Oct | 31.81| 0.37 | 0.03 | 0.14 | 0.21 | 0.53 | 0.00 |31.27
Nov | 31.27 | 0.66 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |31.20

Dec | 31.20 | 0.90 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |31.35

Jan | 31.35| 2.28 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |32.84

Feb | 32.84 | 0.42 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |32.39

Mar | 32.39 | 3.04 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |34.23

Apr | 3423 | 489 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |37.97

May | 37.97 | 3.90 | 0.05 | 0.15 | 0.40 | 0.53 | 0.00 |40.74

Jun | 40.74| 125 | 1.24 | 0.37 | 0.21 | 0.53 | 0.00 |39.64

July [39.64 | 059 | 343 | 0.62 | 0.21 | 0.53 | 0.00 |35.45

Aug | 3545 | 044 | 250 | 056 | 0.21 | 0.53 | 0.00 |32.09

Sep | 32.09| 041 | 0.73 | 0.37 | 0.21 | 0.53 | 0.00 |30.66

TOT 19.14 | 799 | 224 | 3.75 | 6.31 | 0.00 |30.66
1996| Oct | 30.66 | 0.46 | 0.03 | 0.14 | 0.21 | 0.53 | 0.00 |30.21
Nov | 30.21 | 1.74 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |31.22

Dec | 31.22 | 1.68 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |32.15
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. | Mon. | Stor. 3 3 Water 3y | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm?®)

(hm (hm

Jan [ 32.15| 2.00 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |33.36
Feb | 33.36 | 3.31 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |35.80
Mar | 35.80 | 10.31 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |44.92
Apr | 4492 | 9.78 | 0.00 | 0.04 | 0.60 | 0.53 | 5.40 |48.13
May | 48.13 | 5.62 | 0.05 | 0.17 | 0.40 | 0.53 | 4.47 |48.13
Jun | 4813 | 132 | 1.24 | 043 | 0.21 | 0.53 | 0.00 [47.04
July (47.04 | 034 | 343 | 0.73 | 0.21 | 0.53 | 0.00 |42.48
Aug | 4248 | 0.25 | 250 | 0.67 | 0.21 | 0.53 | 0.00 |38.82
Sep | 38.82| 0.29 | 0.73 | 044 | 0.21 | 0.53 | 0.00 | 37.21
TOT 37.09 | 799 | 262 | 3.75 | 6.31 | 9.88 |30.21
1997| Oct | 37.21| 043 | 0.03 | 0.17 | 0.21 | 0.53 | 0.00 |36.70
Nov | 36.70 | 0.43 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.40
Dec | 36.40 | 1.10 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.76
Jan [ 36.76 | 1.12 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |37.08
Feb | 37.08 | 1.76 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |37.99
Mar | 3799 | 145 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |38.24
Apr | 3824 | 478 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 [41.86
May | 41.86 | 223 | 0.05 | 0.16 | 0.40 | 0.53 | 0.00 |42.95
Jun | 4295 | 108 | 1.24 | 0.39 | 0.21 | 0.53 | 0.00 |41.66
July | 4166 | 045 | 343 | 0.65 | 0.21 | 0.53 | 0.00 |37.29
Aug | 37.29 | 044 | 250 | 059 | 0.21 | 0.53 | 0.00 |33.91
Sep |3391| 039 | 0.73 | 0.38 | 0.21 | 0.53 | 0.00 |32.45
TOT 1566 | 799 | 237 | 3.75 | 6.31 | 0.00 |32.45
1998 | Oct | 3245| 043 | 0.03 | 0.15 | 0.21 | 0.53 | 0.00 |31.96
Nov | 31.96 | 043 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |31.66
Dec | 31.66 | 6.99 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |37.91
Jan [ 3791 | 3.08 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |40.20
Feb | 40.20 | 3.55 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |42.88
Mar | 42.88 | 1.94 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |43.63
Apr | 43.63 | 230 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |44.77
May | 44.77 | 424 | 0.05 | 0.17 | 0.40 | 0.53 | 0.00 |47.86
Jun | 4786 | 534 | 1.24 | 043 | 0.21 | 0.53 | 2.67 |48.13
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. |Mon. | Stor. 3 3 Water 3, | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm®)

(hm (hm

July [ 48.13 | 422 | 343 | 0.77 | 0.21 | 0.53 | 0.00 |47.40

Aug | 4740 | 051 | 250 | 0.74 | 0.21 | 0.53 | 0.00 |43.93

Sep | 4393 | 046 | 0.73 | 049 | 0.21 | 0.53 | 0.00 |42.43

TOT 3350 | 799 | 279 | 3.75 | 6.31 | 2.67 |31.66
1999| Oct | 4243 | 043 | 0.03 | 0.19 | 0.21 | 0.53 | 0.00 |41.90
Nov | 4190 | 0.57 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |[41.73

Dec | 41.73 | 1.66 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |42.65

Jan | 4265 | 090 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |42.77

Feb | 42.77 | 3.48 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |45.38

Mar | 45.38 | 7.62 | 0.00 | 0.00 | 0.67 | 0.53 | 3.67 |48.13

Apr | 48.13| 6.89 | 0.00 | 0.04 | 0.60 | 0.53 | 5.73 |48.13

May | 48.13 | 2.33 | 0.05 | 0.17 | 0.40 | 0.53 | 1.18 |48.13

Jun | 4813 | 021 | 1.24 | 043 | 0.21 | 0.53 | 0.00 |45.93

July {4593 | 0.39 | 343 | 0.71 | 0.21 | 0.53 | 0.00 |41.44

Aug | 4144 | 063 | 250 | 0.65 | 0.21 | 0.53 | 0.00 |38.17

Sep |38.17| 0.39 | 0.73 | 043 | 0.21 | 0.53 | 0.00 |36.67

TOT 2550 | 799 | 263 | 3.75 | 6.31 |10.58|36.67
2000| Oct |36.67 | 0.39 | 0.03 | 0.16 | 0.21 | 0.53 | 0.00 |36.12
Nov | 36.12 | 0.67 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.06

Dec | 36.06 | 0.29 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |35.62

Jan | 35.62 | 032 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |35.14

Feb | 35.14 | 0.58 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |34.86

Mar | 34.86 | 4.83 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |38.50

Apr | 3850 | 797 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |45.31

May | 4531 | 5.07 | 0.05 | 0.17 | 0.40 | 0.53 | 1.11 |48.13

Jun | 48.13 | 203 | 1.24 | 043 | 0.21 | 0.53 | 0.00 [47.74

July | 47.74 | 046 | 343 | 0.74 | 0.21 | 0.53 | 0.00 |43.29

Aug | 43.29 | 049 | 250 | 0.68 | 0.21 | 0.53 | 0.00 |39.86

Sep |39.86| 0.39 | 0.73 | 045 | 0.21 | 0.53 | 0.00 |38.34

TOT 2350 | 799 | 267 | 3.75 | 6.31 | 1.11 | 34.86
2001| Oct |38.34| 057 | 003 | 0.17 | 0.21 | 0.53 | 0.00 |37.97
Nov | 37.97 | 0.87 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |38.10
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. | Mon. | Stor. 3 3 Water 3y | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm?®)

(hm (hm

Dec | 38.10 | 0.86 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |38.22
Jan [ 38.22 | 0.65 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |38.07
Feb | 38.07 | 0.96 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |38.17
Mar | 38.17 | 1.06 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |38.03
Apr | 38.03 | 045 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |37.32
May | 37.32 | 0.79 | 0.05 | 0.14 | 0.40 | 0.53 | 0.00 |37.00
Jun | 37.00| 0.13 | 1.24 | 0.33 | 0.21 | 0.53 | 0.00 |34.82
July (3482 | 0.13 | 343 | 055 | 0.21 | 0.53 | 0.00 |30.23
Aug | 30.23 | 0.12 | 250 | 049 | 0.21 | 0.53 | 0.00 |26.62
Sep | 26.62| 0.07 | 0.73 | 0.32 | 0.21 | 0.53 | 0.00 |24.91
TOT 6.65 | 799 | 203 | 3.75 | 6.31 | 0.00 |24.91
2002| Oct [ 2491 | 043 | 0.03 | 0.12 | 0.21 | 0.53 | 0.00 |24.45
Nov | 2445 | 043 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |24.15
Dec | 24.15| 1.69 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 | 25.10
Jan | 25.10 | 6.51 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |30.82
Feb | 30.82 | 547 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |35.42
Mar | 35.42 | 3.17 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |37.39
Apr | 3739 | 6.68 | 0.00 | 0.04 | 0.60 | 0.53 | 0.00 |42.92
May (4292 | 3.06 | 0.05 | 0.16 | 0.40 | 0.53 | 0.00 |44.84
Jun | 4484 | 143 | 1.24 | 041 | 0.21 | 0.53 | 0.00 |43.89
July {43.89| 051 | 343 | 0.68 | 0.21 | 0.53 | 0.00 | 39.55
Aug | 3955 | 050 | 250 | 0.62 | 0.21 | 0.53 | 0.00 |36.19
Sep |36.19| 046 | 0.73 | 041 | 0.21 | 0.53 | 0.00 | 34.78
TOT 3035 | 7.99 | 243 | 3.75 | 6.31 | 0.00 |24.15
2003 | Oct [ 34.78 | 043 | 0.03 | 0.15 | 0.21 | 0.53 | 0.00 |34.28
Nov | 34.28 | 0.61 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |34.15
Dec | 3415 | 0.44 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |33.86
Jan [ 33.86 | 0.21 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |33.27
Feb | 33.27 | 0.49 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |32.90
Mar | 3290 | 1.84 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |33.54
Apr | 3354 | 084 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |33.23
May | 33.23 | 1.84 | 0.05 | 0.13 | 0.40 | 0.53 | 0.00 |33.96
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. |Mon. | Stor. 3 3 Water 3, | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm®)

(hm (hm

Jun | 3396 | 008 | 1.24 | 0.31 | 0.21 | 0.53 | 0.00 |31.75

July [ 31.75| 0.13 | 343 | 050 | 0.21 | 0.53 | 0.00 |27.21

Aug | 27.21| 0.12 | 250 | 045 | 0.21 | 0.53 | 0.00 |23.64

Sep |23.64| 0.16 | 0.73 | 0.29 | 0.21 | 0.53 | 0.00 |22.05

TOT 718 | 799 | 186 | 3.75 | 6.31 | 0.00 |22.05
2004| Oct [ 22.05| 0.29 | 0.03 | 0.11 | 0.21 | 0.53 | 0.00 |21.46
Nov | 2146 | 0.13 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |20.86

Dec | 20.86 | 1.13 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |21.25

Jan | 21.25| 6.57 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |27.02

Feb | 27.02 | 433 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |30.49

Mar | 30.49 | 422 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |33.51

Apr | 3351 | 289 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |35.25

May | 35.25 | 2.13 | 0.05 | 0.13 | 0.40 | 0.53 | 0.00 |36.27

Jun | 36.27 | 1.06 | 1.24 | 0.33 | 0.21 | 0.53 | 0.00 |35.03

July [ 35.03| 046 | 343 | 055 | 0.21 | 0.53 | 0.00 |30.77

Aug | 30.77 | 0.44 | 250 | 0.50 | 0.21 | 0.53 | 0.00 |27.47

Sep | 2747 | 039 | 0.73 | 0.32 | 0.21 | 0.53 | 0.00 |26.08

TOT 2405 | 799 | 197 | 3.75 | 6.31 | 0.00 |20.86
2005| Oct |26.08 | 0.22 | 0.03 | 0.12 | 0.21 | 0.53 | 0.00 |25.40
Nov | 2540 | 0.59 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |25.26

Dec | 25.26 | 0.65 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |25.17

Jan | 25.17 | 050 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |24.88

Feb [ 24.88 | 0.68 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |24.69

Mar | 24.69 | 454 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |28.04

Apr | 28.04| 353 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |30.43

May | 30.43 | 294 | 0.05 | 0.12 | 0.40 | 0.53 | 0.00 |32.27

Jun | 32.27 | 0.70 | 1.24 | 0.30 | 0.21 | 0.53 | 0.00 |30.70

July | 30.70 | 0.13 | 3.43 | 049 | 0.21 | 0.53 | 0.00 |26.17

Aug | 26.17 | 0.12 | 250 | 043 | 0.21 | 0.53 | 0.00 |22.62

Sep | 22.62| 0.10 | 0.73 | 0.28 | 0.21 | 0.53 | 0.00 |20.97

TOT 1471 | 799 | 1.76 | 3.75 | 6.31 | 0.00 |20.97
2006| Oct [ 2097 | 0.25 | 0.03 | 0.10 | 0.21 | 0.53 | 0.00 |20.35
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. | Mon. | Stor. 3 3 Water 3y | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm?®)

(hm (hm

Nov | 20.35| 1.92 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |21.53
Dec | 21.53 | 1.24 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |22.03
Jan | 22.03 | 0.84 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |22.08
Feb | 22.08 | 456 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |25.77
Mar | 25.77 | 543 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |30.01
Apr | 30.01| 442 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |33.28
May | 33.28 | 1.43 | 0.05 | 0.12 | 0.40 | 0.53 | 0.00 |33.61
Jun | 3361 | 025 | 1.24 | 0.30 | 0.21 | 0.53 | 0.00 |31.58
July [ 3158 | 042 | 343 | 050 | 0.21 | 0.53 | 0.00 |27.32
Aug | 2732 | 0.14 | 250 | 045 | 0.21 | 0.53 | 0.00 |23.77
Sep |23.77| 019 | 0.73 | 0.29 | 0.21 | 0.53 | 0.00 | 22.21
TOT 21.08 | 799 | 1.80 | 3.75 | 6.31 | 0.00 |20.35
2007| Oct | 2221 | 1.18 | 0.03 | 0.11 | 0.21 | 0.53 | 0.00 |22.50
Nov | 2250 | 2.01 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |23.78
Dec | 23.78 | 0.78 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |23.81
Jan [ 23.81| 095 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |23.97
Feb | 23.97 | 1.41 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |24.51
Mar | 2451 | 3.56 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |26.88
Apr | 26.88 | 235 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |28.08
May | 28.08 | 0.05 | 0.05 | 0.11 | 0.40 | 0.53 | 0.00 |27.05
Jun | 27.05| 036 | 1.24 | 0.26 | 0.21 | 0.53 | 0.00 |25.18
July [ 25.18 | 0.13 | 343 | 041 | 0.21 | 0.53 | 0.00 |20.73
Aug | 20.73 | 0.12 | 250 | 0.36 | 0.21 | 0.53 | 0.00 |17.24
Sep | 17.24| 0.07 | 0.73 | 0.23 | 0.21 | 0.53 | 0.00 | 15.62
TOT 1297 | 799 | 151 | 3.75 | 6.31 | 0.00 |15.62
2008 | Oct | 1562 | 0.37 | 0.03 | 0.09 | 0.21 | 0.53 | 0.00 |15.13
Nov | 1513 | 0.39 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 | 14.79
Dec | 1479 | 0.96 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |15.01
Jan | 15.01| 0.75 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |14.97
Feb | 1497 | 052 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |14.62
Mar | 1462 | 2.18 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |15.61
Apr | 1561 | 2.60 | 0.00 | 0.02 | 0.60 | 0.53 | 0.00 |17.07
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. |Mon. | Stor. 3 3 Water 3, | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm®)

(hm (hm

May | 17.07 | 1.02 | 0.05 | 0.08 | 0.40 | 0.53 | 0.00 |17.04
Jun | 17.04 | 057 | 1.24 | 0.18 | 0.21 | 0.53 | 0.00 |15.45
July | 1545 | 046 | 343 | 0.29 | 0.21 | 0.53 | 0.00 |11.45
Aug | 11.45| 0.44 | 250 | 0.24 | 0.21 | 053 | 0.00 | 8.42
Sep | 842 | 0.39 | 0.73 | 0.14 | 0.21 | 0.53 | 0.00 | 7.20
TOT 10.66 | 799 | 1.03 | 3.75 | 6.31 | 0.00 | 7.20
2009| Oct | 7.20 | 0.05 | 0.03 | 0.05 | 0.21 | 0.53 | 0.00 | 6.43
Nov | 6.43 | 0.08 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 | 5.77
Dec | 577 | 0.12 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 | 5.15
Jan | 515 | 479 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 | 9.16
Feb | 9.16 | 2.47 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |10.76
Mar | 10.76 | 9.59 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |19.15
Apr | 19.15| 582 | 0.00 | 0.02 | 0.60 | 0.53 | 0.00 |23.83
May | 23.83 | 501 | 0.05 | 0.10 | 0.40 | 0.53 | 0.00 |27.76
Jun | 27.76 | 1.02 | 1.24 | 0.26 | 0.21 | 0.53 | 0.00 |26.54
July [ 2654 | 0.30 | 3.43 | 043 | 0.21 | 0.53 | 0.00 |22.24
Aug | 22.24 | 0.13 | 250 | 0.38 | 0.21 | 0.53 | 0.00 |18.74
Sep |18.74| 0.11 | 0.73 | 0.24 | 0.21 | 0.53 | 0.00 | 17.14
TOT 2948 | 799 | 149 | 3.75 | 6.31 | 0.00 | 5.15
2010| Oct | 17.14| 0.17 | 0.03 | 0.09 | 0.21 | 0.53 | 0.00 |16.46
Nov | 16.46 | 1.73 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |17.45
Dec | 17.45| 2.65 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |{19.36
Jan | 19.36 | 3.62 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |22.19
Feb | 22.19 | 3.71 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |25.03
Mar | 25.03 | 3.24 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |27.07
Apr | 27.07 | 353 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |29.46
May | 29.46 | 1.17 | 0.05 | 0.11 | 0.40 | 0.53 | 0.00 |29.54
Jun | 2954 | 089 | 1.24 | 0.27 | 0.21 | 0.53 | 0.00 |28.18
July [ 28.18 | 0.61 | 3.43 | 045 | 0.21 | 0.53 | 0.00 | 24.16
Aug | 2416 | 0.11 | 250 | 040 | 0.21 | 0.53 | 0.00 |20.63
Sep | 20.63| 0.07 | 0.73 | 0.26 | 0.21 | 0.53 | 0.00 |18.98
TOT 2150 | 799 | 162 | 3.75 | 6.31 | 0.00 |16.46
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Table Al (Continued)

. Cro River .

Initial Inflow Watgr Evap. | Water Drink. Spill End.

Yrs. | Mon. | Stor. 3 3 Water 3y | Stor.
(hm®) (hm?) Req3. (hm?) Req3. (hm®) (hm?) (hm?®)

(hm (hm

2011| Oct | 1898 | 043 | 0.03 | 0.10 | 0.21 | 0.53 | 0.00 |18.54
Nov | 1854 | 0.43 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |18.24
Dec | 18.24 | 414 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 | 21.64
Jan | 21.64 | 3.61 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |24.46
Feb | 24.46 | 6.77 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |30.36
Mar | 30.36 | 5.81 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |34.98
Apr | 3498 | 584 | 0.00 | 0.03 | 0.60 | 0.53 | 0.00 |39.67
May | 39.67 | 358 | 0.05 | 0.15 | 0.40 | 0.53 | 0.00 |42.12
Jun | 4212 | 388 | 1.24 | 0.39 | 0.21 | 0.53 | 0.00 |43.63
July | 43.63 | 225 | 343 | 0.68 | 0.21 | 0.53 | 0.00 |41.03
Aug | 41.03 | 057 | 250 | 0.64 | 0.21 | 0.53 | 0.00 |37.72
Sep | 37.72| 046 | 0.73 | 042 | 0.21 | 0.53 | 0.00 |36.29
TOT 3777 | 799 | 241 | 3.75 | 6.31 | 0.00 |18.24
2012| Oct [36.29 | 0.71 | 0.03 | 0.16 | 0.21 | 0.53 | 0.00 | 36.07
Nov | 36.07 | 1.01 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.35
Dec | 36.35| 1.11 | 0.00 | 0.00 | 0.21 | 0.53 | 0.00 |36.72
Jan | 36.72 | 1.18 | 0.00 | 0.00 | 0.27 | 0.53 | 0.00 |37.10
Feb | 37.10 | 1.13 | 0.00 | 0.00 | 0.34 | 0.53 | 0.00 |37.37
Mar | 37.37 | 6.43 | 0.00 | 0.00 | 0.67 | 0.53 | 0.00 |42.60
Apr | 4260 | 7.16 | 0.00 | 0.04 | 0.60 | 0.53 | 0.48 |48.13
May | 48.13 | 1.16 | 0.05 | 0.17 | 0.40 | 0.53 | 0.01 |48.13
Jun | 4813 | 131 | 1.24 | 043 | 0.21 | 0.53 | 0.00 [47.03
July | 47.03| 0.32 | 343 | 0.73 | 0.21 | 0.53 | 0.00 |42.46
Aug | 4246 | 0.25 | 250 | 0.66 | 0.21 | 0.53 | 0.00 |38.81
Sep |38.81| 0.11 | 0.73 | 043 | 0.21 | 0.53 | 0.00 |37.02
TOT 21.89 | 799 | 262 | 3.75 | 6.31 | 0.49 |36.07
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