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ABSTRACT
CONJUNCTIVE USE OF SURFACE WATER AND GROUNDWATER WITH DIFFERENT

SALINITIES IN THE INDUS BASIN OF PAKISTAN

A mathematical model for optimal conjunctive use of surface water
and groundwater is developed to determine canal and tubewell installed
capacities in three different groundwater salinity zones. The objective
is to minimize the total capital investment, and the operational and
maintenance costs, for the system to satisfy a given irrigation water
requirement.

The Lower Jhelum canal command, one of many similar hydrologic
areas in the Indus Basin, is selected as the area for testing the mathe-
matical model. The System is decomposed into a two-level approach for
easier problem solving by separating the design variables and the oper-
ational variables. In the design level, the flexible tolerance algorithm
is used to search iteratively for the optimal design alternative. Each
time a design alternative is chosen, the design variables are considered
as fixed parameters and a sequential decision process is used to deter-
mine the optimal operational decisions within a time interval. During
each subperiod, direct river diversion will be the most feasible solution
whenever the available river flow can satisfy the water requirement with-
out causing water logging in the three areas and lateral salt water move-
ment to the relatively fresh water area. Otherwise linear programming
is adopted to allocate the available river flow and usable groundwater
subject to constraints of water availability, canal capacity, water log-
ging, salt water coning, lateral salt water movement and the watei

requirement.
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The study shows that through conjunctive use of groundwater and
surface water, an irrigation system can be designed as an '"on demand"
system providing sufficient water to meet a cropping intensity of at
least 150 percent without waterlogging and salt water contamination.
An optimal conjunctive use policy would transfer available surface water
to the more saline groundwater areas, and the existing canal capacity
would have to be expanded. Generally groundwater in each of the three
different areas would be pumped for their own use except the amount which
must be exported for salt balance and control of the water table.

The mathematical model is applicable to other canal commanded areas
in the Indus Basin, Pakistan and other areas with similar groundwater

salinity -problems.

Fang Hong Wu

Civil Engineering Department
Colorado State University
Fort Collins, Colorado 80521

June, 1974
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CONJUNCTIVE USE OF SURFACE WATER AND GROUNDWATER WITH DIFFERENT

SALINITIES IN THE INDUS BASIN OF PAKISTAN

CHAPTER I

INTRODUCTION

General

Water shortage due to an inadequate water supply has been a key
factor in the low agricultural production and the shortage of food that
occurs in Pakistan. The population increase - at about three percent a
year - has intensified the food problem and calls for the development of
additional water supplies and proper water management.

Rainfall and river run-off in Pakistan are highly variable and con-
centrated in a short period during the summer months when water avail-
ability is more than adequate for irrigation, while in the other months
water becomes very scarce or unavailable. Due to the small land surface
slope existing over most of the area, river flow cannot be regulated at
this time due to limited numbers of reservoirs for storage of excess
water during the monsoon season. Accentuating the problem for the
future are the limited number and high cost of suitable reservoir sites.
Groundwater is another important source of water for irrigation in Pak-
istan, and the groundwater aquifer can provide the huge storage capacity
needed for regulating the water supply.

Improper management and poor practice connected with the use of
groundwater might lead to some serious problems such as waterlogging due
to the rise of water table from recharge of surface water. The maximum
conservation utilization and regulation of the available water supply
must be through the proper management of the conjunctive use of ground

water and surface water.



Water quality is another important factor for proper management.
A conjunctive use system which considers quantity alone might not produce
the optimum results, since water salinity will put a constraint on the
use of some water and thus reduce the amount of water which might be
considered available when quality is not considered. Hence, in areas
where some parts of the groundwater are too saline to be used, it is
necessary to allocate the available fresh water from surface water
sources and the fresh groundwater aquifer while preventing the salt
water contamination due to salt water coning and lateral salt water
movement. It will also be necessary to export portions of the recycled
water out of the area to achieve a long term salt balance.

Objective and Scope

This study involves the redesign and operation of an irrigation
system for optimizing conjunctive use of ground and surface water
resources of part of the Indus Basin in Pakistan with consideration of
groundwater quality. Due to the complexity of the existing irrigation
system of the Indus Basin, the overall system is decomposed into individ-
ual canal subsystems for easier study and problem solving. This study
will thus be limited to lower level optimization of the individual canal
subsystem. The available surface water at the head of the canal and
groundwatei with different salinities beneath the area are allocated
optimally to satisfy the given water demands during each subperiod. The
optimal decisions for the individual canal subsystem can then ﬂe fed back
for the overall system optimization which is defined as the master problem

and is not included in this research.



Within each canal subsystem, the area is divided into three differ-
ent groundwater quality zones, i.e. nonsaline, intermediate and saline
zones, according to the quality-of-water standards adopted by Tipton
and Kalmbach, Inc. U.S.A. (T§K, 1967). These zones are classified on
the basis of the mineral content of the water defined from the water
quality data available at depths from 100 to 600 feet. The mineral
concentrations of the groundwater, commonly referred to as salinity,
is expressed in terms of parts per million (ppm) of total dissolved
solids (TDS). The three zones are defined as follows:

1. Nonsaline zone, TDS < 1500 ppm ;

2. Intermediate zone, 1500 ppm < TDS < 4000 ppm ;

3is Saline zone, TDS > 4000 ppm

The groundwater can also be divided vertically into two layers;
i.e. the upper fresh water layer and the lower saline water. The fresh
water layer varies in thickness within each of the three zones. In the
nonsaline zone the fresh water layer is sufficiently thick to support
withdrawal by tubewells of large volumes of water having a TDS content
of less than 1500 ppm . In the intermediate zone the fresh water layer
is thinner and of poorer quality and water pumped by tubewells must be
diluted with surface water prior to use for irrigation. In the saline
zone most of the water pumped is from the lower layer and is discharged
as drainage water as it is unfit for irrigation. Special low capacity
skimming wells are being developed to skim off the shallow fresh water
layer in the saline zone and this water is mixed with other surface
water for irrigation.

To reach the objective of this study it is essential to formulate

a mathematical model to determine the optimal design capacities of the



canals and tubewells in a canal commanded area having three different
ground water quality zones. The optimal solution would minimize the
total cost of the system, including capital, and operational and main-
tenance costs within the given time span to meet irrigation water demands.

The Lower Jhelum canal commanded area has been selected for testing
the mathematical model. It covers a total cultivable area of 1.5
million acres, and has a serious groundwater salinity problem. Data
related to the three groundwater quality zones are available for form-
ulating the mathematical model.

The available surface water from the three main rivers of the Indus
Basin is assumed to be allocated to the area in proportion to the mean
historical withdrawal of the area. Monthly irrigation water demands at
heads of watercourses are available from a T§K study based on a cropping
intensity of 150 percent (i.e. 1.5 crops per year).

The recharge to the aquifer takes place by seepage from the canal
distribution system and watercourses, and from the deep percolation of
irrigation water and rainfall. Additional recharge of the aquifer in
the nonsaline area can be provided by increasing paddy rice acreage,
over-irrigation of other crops or flooding the fallow lands to store the
surplus water from rivers.

The objective function and constraints are assumed linear based on
the physical model developed in this study for the Lower Jhelum canal com-
manded area. The optimization problem, however, can not be efficiently
solved directly by linear programming due to the large number of vari-
ables involved. It is necessary to simplify the problem using some
intuitive judgements. The simplified problem is still too large and

needed to be decomposed. The problem has been further decomposed into



a two level problem, i.e. the design problem and the inner operational
problem. The design alternatives are searched in an optimal manner,
while within each alternative the inner operational problem has been
divided into a number of independent sub-periods, and determined optimal-
ly within each subperiod. Direct diversion of the available surface
water turns out to be the most feasible scheme during the high flow
seasons as long as the constraints of the system can be satisfied.
Otherwise, a linear programming subroutine is used to determine the
optimal allocation of surface water and tubewell water for satisfying
given water demands in three different groundwater quality zones.

The mathematical model developed can also be applied to other canal
commanded areas in Pakistan or other areas of the world with similar
groundwater salinity problems.

In this dissertation, Chapter II reviews briefly the literature of
the conjunctive use of groundwater and surface water. Chapter III des-
cribes briefly the Indus Basin Irrigation System, its problems and con-
siderations  toward conjunctive use of groundwater and surface water. A
physical model then is defined and described in Chapter IV. The cost
functions for defining the objective function is also described in detail.
The fifth chapter presents the mathematical model including simplifica-
tions and descriptions of the objective function and constraints. Solu-
tion techniques and procedures are also described. The sixth chapter
presents the results of the computation. The last chapter summarizes
the research endeavor, and suggests items for future studies. Symbols,
notations and special terms used in this research are summarized in
Appendix A. Appendix B gives a review on the flexible tolerance method

which was used for searching the optimal design alternative. Some of



the associated analysis and developments such as salt water coning,
lateral salt-water movement, recharge coefficients and development of
cost functions related to the formulation of the problem are presented
in Appendix C. A listing of the computer program is included as Appen-
dix D. Appendix E provides the results for four of the different com-

puter runs.



CHAPTER II

LITERATURE REVIEW

The increasing pressures throughout the world for better management
and higher efficiency of water use to satisfy the increasing food demands
have called for comprehensive development of water resources and also
the consideration of aquifer development for conjunctive use of surface
water and groundwater. With more understanding of the characteristics
of the groundwater aquifer and the recent advance in system analysis and
computer programming techniques providing more efficient tools, the sub-
ject has received much attention in water development and management
project.

The literature on conjunctive use of surface water and groundwater
covers a very broad spectrum from concepts to actual field applications.
System analysis and optimization techniques have been applied to con-
junctive water use since 1960. The mathematical models developed deal

mostly with concepts rather than with actual field application.

Development of General Concepts

Conkling (1946), Kazmann (1951), Banks (1953), Thomas (1955), Todd
(1959), and ASCE Committee on Groundwater (1961) are among many of the
prominent hydrologists and organizations who have discussed the potential
of conjunctive use in general terms. The physical, engineering, finan-
cial, economical and legal complexities of the problem had been explored
and delineated. The important aspects of accessibility, availability
and dependability have been identified with respect to groundwater use.
The advantages and methods of artificial recharge have been discussed.

The prevention and control of seawater intrusion have also been

considered (Todd, 1959; ASCE Committee, 1961) .



Fowler (1964) emphasized the need of conjunctive use for optimum
water resource management and the need for knowledge of the geology,
hydrology, available water supplies, existing water supply facilities,
and future water demands for the area under consideration. Furthermore,
he emphasized the need for adequate institutional arrangements to con-
trol and coordinate the system.

Kazmann (1965) classified aquifers in accordance with their primary
function. He recognized that an aquifer can function as a filter plant,
a reservoir and a mine. Hall and Dracup (1967) explained further that
a groundwater aquifer has six properties which must be considered.

They are:

1. Safe yield to ensure a balance between inflows and withdrawals.

2. Volume of groundwater which is capable of being mined.

3. Reservoir for long term storage.

4. The ability of the basin to act as a water distribution
system. That is aquifers have economic value as a trans-
mission system in partial replacement for surface distribu-
tion systems.

5. Energy resource represented by modified pumping lift through
management (i.e. conserving energy by reducing pumping 1ift).

6. Water quality management through use of the filtering char-
acteristics of the aquifer.

Chaudhry (1973) cited that a seventh property as a recycling fac-

ility can be added. However, deteriorating water quality will be a

factor which will put a constraint on the amount of recycling.



Economic Approaches

Economics is considered the major factor in the study of a project
for optimal water resources allocations. In a study of the Coastal Plain
of Los Angeles County, California, for the conjunctive use of ground and
surface water (Chun, Mitchell and Mido, 1964), a general cost equation
was derived to obtain the most economical combination of pumping and
storage facilities. Alternative plans were studied and the one with the
least total cost was selected as the most economical plan. The approach
used was actually a trial and error procedure and, since it is impossible
to try all possibilitieé, one cannot be sure that the final solution
was the one with the lowest cost.

Renshaw (1963) argued that the decisions concerning the use of
groundwater resources should be based on their cost. The problem deals
with the comparison of present values associated with present use, i.e.
mining of groundwater and the value of groundwater left in the ground.

It is noted that the wafer left in the ground has a greater value than
can be obtained for certain low-value uses above the ground. Kelso
(1961) provided another example with the same reasoning. On the contrary
Koenig (1963) stated that the current rate of withdrawals in the USA

is too conservative and argued that groundwater overdrawn in an area

is compensated through import from ample groundwater elsewhere. However,
problems such as seawater intrusion and land subsidence were not con-

sidered.

Legal and Organizational Considerations

Groundwater law is much less developed than that for surface water.

This is in general due to the lack of thorough understanding of the
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mechanics of groundwater movement; the lack of specific information on
the physical characteristics of the aquifer; slow development of ground-
water use; and the lack of effective control over the movement of ground-
water. The conjunctive use of groundwater and surface water undoubtedly
creates other legal problems in addition to the existing ones, such as
water rights and adjudication.

For an efficient groundwater management program, the governing
agency must have the legal authority (ASCE committee, 1961) to do the
following:

1. Purchase water supplies.

2. Spread water for recharge.

3. Acquire lands and improvements by eminent domain.

4. Protect the basin with regard to water level and water quality.
B, Influence pumping practice.

6. Obtain revenue.

Water Qaulity Considerations

In the past, the investigations and planning of water resources
have been quantity-oriented to develop additional water supplies for
meeting water demands, often disregarding water quality. But as more
and more water resources are developed, quality becomes important and
inseparable from quantity. Water must be of suitable quality for the
specific beneficial use. The quantity of water used may be limited due
to quality constraints. Deterioration of water quality results from,
and depends on, both natural and man-made causes. Agriculture land use
and waste water discharge to the basin affect and degrade both surface
and groundwater quality. Loss of water through evaporation from the

ground surface and transpiration through plants leave salts underground
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and cause the increase of groundwater salinity. The degree of salinity

is further increased as the groundwater is recycled. The quality of
groundwater also changes gradually by natural mineral solution or chemical
reaction in the aquifer, or by contamination due to lateral salt water
movement from more saline areas to fresh water areas, or due to sea

water intrusion into coastal aquifers.

The Upper Santa Ana River Basin groundwater quality simulation
model was developed in 1967 through the joint efforts of California
State Department of Water Resources and Water Resources Engineers, Inc.
to study the change iﬁ water quality as a function of time and space.
The measure of total dissolved solids was used to represent the water
quality (California Department of Water Resources, 1967).

The Harvard Water Resource Group (1965) constructed a salt flow
simulation model for Pakistan determining the build-up characteristics
of salt in the irrigation waters for various values of the well field
parameters including well spacing; well depth; percentage of tubewell
effluent to drainage; pumping rate; initial groundwater concentration;
and amount of salt on or near the surface of the ground. They concluded
that, in general, drainage should be provided at a rate of about 10%
of the pumped water in all cases to keep the concentration of applied
irrigation water within reasonable limits. The assumption made in this
study for a long term salt balance was based on this conclusion.

They also developed a mathematical model for determining optimum
allocations of surface and ground water supplies between two areas of
high and low groundwater salinity in the Punjab and Bahawalpur region,
Indus River Basin, Pakistan. The simulation model mentioned above and

several simulation models, with their hydraulic interactions under
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various pumping schemes, were introduced as a foundation for the optim-
ization model. Salinity, sodium, mixing, mining-export, and areal
loading constraints were defined. The nonlinear objective function was
linearized in the vicinity of a feasible solution and linear programming
was used to maximize the net return. This problem is relevant to this
research. But it is oversimplified in a large complex area by simply
deciding how much water should be transferred from the nonsaline area to
the saline area on a yearly basis. The decision of how much water to be
pumped from the nonsaline area was predetermined. This excluded the
possibility of optimum conjunctive use. The study was based on time
intervals of one year, but the availability of water during the wet
season and the dry‘season is quite different and this will greatly affect
the allocation policy and the groundwater pumping decision.

The water quality problem has also drawn great attention in Israel
in connection with its water resources development (Buras, 1963b, 1967).
The use of an aquifer with good quality groundwater in conjunction with
more saline surface water was analyzed. The system state included con-
sideration of the amount of water stored in a surface reservoir, the

amount of water in the aquifer and the salinity of surface water.

Application of Optimization Techniques

The conjunctive use system has been analyzed as a lumped or as a
distributed system. In the distributed models the aquifer parameters are
distributed into nodes throughout the basin. In the lumped mode}s the
parameters of the system are considered as aggregated for the entire
basin. Simulation techniques have been widely used for the distribut d

models while other mathematical programming techniques such as linear



13

programming and dynamic programming have been mainly used for the lumped
ones.

A general purpose analog and digital computer model representing
the water supply, distribution and replenishment system of the Los Angeles
Basin in California was developed by applying a simulation technique in
the early 1960's (Tyson and Weber, 1964, Weber, 1968). The basin was
divided into polygons for the detailed simulation study. From the results
it was concluded that the electronic differential analyzer or analog
computer were advantageous in the modeling phase, while the digital
computer was best suited for operation analysis of the model.

Eshett and Bittinger (1965) prepared a computer simulation program
to analyze the stream aquifer system. Useful relationships between the
components of the system were developed for analyses and design purposes.

Applying linear programming, Castle and Lindeborg (1961) tried to
allocate water between two agricultural areas for maximizing beneficial
use of the resource. The benefit function was assumed linearly propor-
tional to the amount of water use.

Dracup (1966) used parametric linear programming to find the optimal
groundwater and surface water allocation for a 30-year period in the
San Gabriel Valley of California. Five sources of water were utilized
optimally to satisfy three water requirements. Cost coefficients and
water demands were varied for parametric analysis.

Milligan (1969) formulated several linear programming models for
groundwater and surface water systems in order to maximize the net-return
from the system. The models which were developed included a general
deterministic model, a general stochastic model in which hydrologic

inputs were allowed to be probabilistic, and models of two simple, but
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real, river basins. The aquifer was divided into several layers so that
the pumping lift from each layer could be assumed constant.

Rogers and Smith (1970) formulated a deterministic linear programming
model for planning an irrigation system. The objective was to maximize
the annual net return considering crop return and project cost. The
canal, tubewell and drainage capacities, project size and cropping pat-
tern were selected from the program. The operation was based on a month-
ly schedule and extended only for one year. Mining of groundwater was
not allowéd between years. Their sensitivity studies showed that the
optimal solution was insensitive to a wide range of canal and tubewell
capital and maintenance costs, but was sensitive to the cost of energy
for pumping. The inclusion of surface reservoirs, recharge facilities,
water quality and salinity intrusion were discussed but were not consider-
ed in their study.

Longenbaugh (1970) formulated a linear programming model for the
stream-aquifer system. Instead of using lumped parameters for the aquifer,
he divided the basin into blocks and finite difference equations were
used to define the set of constraints. A small hypothetical problem
with only four blocks was demonstrated.

Buras and Hall (1961) first introduced dynamic programming to the
conjunctive use aspect of groundwater and surface water. The problem
was to determine operational allocations from surface and ground water
reservoirs and evaluate surface storage requirements. It was assumed
that demands were known over the life of the project. In their study,
the operational problem was first considered on the basis of whether to
allocate water to the surface reservoir or to the groundwater reservoir.

It was shown that allocation of water to both storage facilities should
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be an "all or nothing'" decision. Secondly, they demonstrated the use
of dynamic programming to determine the optimum surface storage capacity.

Buras (1963a) postulated a simplified one reservoir - one aquifer
system each with an independent irrigation area and benefit function.
Three states which represent the amount of water available in the surface
reservoir, in the aquifer, and the amount of water in transit to the
aquifer were involved in determining the optimum operating policy. The
model is far from the real situation where both sources of water need to
be used on the same area. This application of dynamic programming to
the water resource problem was a major contribution. It was also pointed
out that by changing the design parameters, the optimum system design as
well as its optimal policy could be determined through comparison of all
design alternatives. Buras also extended his work to other similar
problems (Buras 1963b, 1965).

Burt (1964a) used dynamic programming to derive approximate decision
rules in the form of a functional equation for optimal resource alloca-
tion with a fixed or only partially renewable groundwater resource over
time. The decision rules in general specified that production should be
expanded until marginal net output equals marginal recovery cost. This
was defined as optimal safe yield of the aquifer. Several other problems
including the temporal allocation of groundwater and stochastic consider-
ations were also studied by Burt (1964b, 1966, 1967a, 1967b, 1970).

Aron (1969) developed a model for regional water conservation and
distribution with conjunctive use of groundwater and surface water. The
northern portion of the Santa Clara Valley was chosen as the physical
model. The whole system was decomposed into several subsystems which

were preoptimized to give optimal parameters in overall system
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optimization, There were three state and 12 decision variables. The
multidimensional character of the decision vector required inner optimiz-
ation by a steepest descent method within each stage of the dynamic pro-
gramming solution.

Clausen (1970) applied quadratic programming to solve the water
supply problem in the Tucson Basin, Arizona. The objective was to maxim-
ize the gains from the sale of water from surface and underground to
the users within the basin. The concept of economic demand was used to
estimate the amount of water that different users would purchase at
different prices. The objective functions were in quadratic forms.

Chaudhry (1973) formulated a mathematical model for an area within
the Marala-Ravi Link Canal system in the Indus Basin, Pakistan. The
objective of his study was to determine the size of the canal, the capac-
ity of the surface reservoir and the tubewell installation capacity so
that the overall capital and operation and maintenance costs of meeting
the given monthly irrigation water requirements were minimized. He
emphasized the need for integrating an empirical approach into the
theoretical optimization techniques in order to simplify a complicated
water resources system. The problem was divided into a two-level problem,
the design problem and the inner operational problem. The inner oper-
ational problem was optimized through the use of dynamic programming for
the wet and dry seasons separately. Some apriori decisions were made
from physical considerations. He pointed out that the irrigation water
obtained by direct river diversion into the canal system is the cheapest.
For a given capacity of the canal system the optimal policy is to divert
water directly from rivers to the maximum possible extent so that the

cost of groundwater pumping can be minimized. The model area was
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underlain by a fresh water aquifer and he assumed groundwater quality
was satisfactory for irrigation. A systematic search method was developed
to obtain the optimal design alternative.

Other literature which relates to the conjunctive use of ground and

surface water but not cited here is included in the bibliography.



CHAPTER III
CONJUNCTIVE USE OF GROUNDWATER AND SURFACE WATER

IN THE INDUS BASIN OF PAKISTAN

General Description of the Indus Basin.

The Indus Basin, a vast and flat alluvial plain extending south
from the Himalaya Mountains, is traversed by the Indus River and its
tributaries - the Kabul, Jhelum, Chenab, Ravi, Beas and Sutlej. These
tributaries converge gradually and ultimately join the main Indus in
the northern part of Pakistan. Below Gudu, the Indus River extends
southward to the Arabian Sea. The basin is formed of alluvium, depos-
ited by the rivers to depths of several thousand feet, forming an
essentially featureless level plain with an average slope of about one
foot per mile toward the sea. Figure 3.1 is a map showing the Indus
River System and locations of barrages, links and canals.

The climate of the Indus Plain is arid to semi-arid and is charac-
terized by large seasonal fluctuations in temperature. Maximum daily
temperatures of 100 to 120 °F are common during the summer months.
Winter months are generally cool with daily temperatures ranging from:
35 to 75 °F . Evaporation is high, and the highest evaporation occurs
during the summer season from April to September. The annual lake
evaporation varies from 57 to 75 inches in the north and from 72
to 87 inches in the south. Rainfall is highly variable with respect
to time and location, and therefore, not a dependable source for crop
moisture. Annual rainfall ranges from more than 30 inches at the
foothills of the Himalayas in the north to less than 6 inches in th.

south. About 50 percent of the total annual rainfall falls in the



19

. . .
L all]
=]
os 001 os o
x
e
=== /././
) »'
N, v | (4] N | -
\ %
. LY
!;-
v
.
2
K
i
g .
. ot
Begateet

.
7 vy gyoo &
“re whgtuww.u TR A0

7 uvne0

NVYLIsSINV 4 1S3Im

(SUNVE 1w21N ONV 1431)
\m!—(.b TIVIINO QISOd0Ue  --oco -

"= <= 7 NISYS SOGNI 40 AWVANNOS —:— —

Oiomarvmvy &, INIT 3W143SVID IUYWIXONedY

i O overmrs o AUVONNOR WINMSYN ONV PhwP —e——o—+

& AUVONNOR TYNOILVNIINI  seereveses
5§ "l o

2 WG e o - SUINIY =

WILSAS TWNYD ONILISINI .

S 72

| ; SINIY ONILISIX] — — — ——
i~ 4 Se s w .;.f.- SINIT 03504048 — — — — —
\ 3 Sovses ......... ..... % ..-.. $311S WY 035040¥¢ -
4 N0 e ..-.-. ---. -..-.
v " R .
§ e .-.:o..cooﬂo.-.- l'-
o~ NVISINVHOD v, .
4 ] -
\w ) \ ‘/ \n . J/ .:o.r

S RS SINIT ANV STVNVD 40 NOILVIO1-NISvE SNANI

1968).

(Adopted from Lieftinck, et al.,

Figure 3.1.



20

months of July and August. As a consequence of the relative high temper-
ature; low and uneven seasonal and areal variation of rainfall, irriga-
tion is necessary throughout the entire basin.

The rivers of the Indus system have great seasonal variation in
discharge. Run-off in the rivers can be divided into two periods, i.e.
high flow period and low flow period. The high flow period, or the so-
called kharif season, starts in April and ends in October. The low flow
period, or the so-called rabi season, starts in November and continues
through March. Eighty percent or more of the annual run-off occurs
during the kharif season, and 50 to 60 percent during the summer
months - June through August for the Indus and Chenab Rivers, and May
through July for the Jhelum River.

The Indus Water Treaty of 1960 entitles India to divert all flows
of the eastern tributaries - Ravi, Beas and Sutlej - for her own use
after 1970. Pakistan in turn has the right to the full use of the
Indus itself and the two western tributaries - Jhelum and Chenab. The
total flow potentially available annually from these three rivers is on
the average of 135 million acre feet (MAF), of which 40 MAF present-
ly runs off into the sea unused. Construction of new reservoirs and
enlargement of the existing canal system would be required to provide
greater use.

Brief History of Canal Irrigation.

Since irrigation is a prerequisite for extensive agriculture pro-
duction in the Indus Basin, throughout the recorded history of the area
man has contrived ways to divert water to the lands. In the early
period ir;igation was restricted to the active flood plains by utilizing

flood water. About the end of the seventeenth century irrigation was
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extended with the so-called inundation canals which drew water from
rivers during periods of high flow stage to convey water to lands lying
along the rivers above the flood plains. This kind of irrigation, how-
ever, was limited to the summer season and to a relatively narrow belt
along the rivers. Late in the middle of the nineteenth century when
the British entered the subcontinent, they conducted extensive experi-
ments and research to enhance the usage of river flows. This led to the
construction of the largest irrigation system in the world. Permanent
headworks and barrages were constructed on the rivers to place the
innundation canals under weir control. This made it possible to divert
large quantities of river water out onto a broader area and some canals
were able to divert continuously throughout the year.

The partition of India into two sovereign states, Pakistan and
India, in 1947 resulted in a long dispute of the water rights on the
Indus River System. A plan was established in 1960 along with the sign-
ing of the Indus River Treaty. It included the construction of two
major storage reservoirs, Mangla Dam on the Jhelum River and Tarbela
Dam on the Indus River; and, construction of new or remodeling of exist-
ing barrages and link canals to transfer water from the western rivers
to meet the irrigation water requirements of the eastern portion of
Pakistan. This project is now virtually complete with the last phase,
Tarbela, to be commissioned in 1975.

At present, the irrigation system of the Indus Plains commands a
gross area of about 38 million acres and comprises some 38 thousand
miles of canals and a series of river barrages and canal headworks which
control the diversion of river flows into the canals. The total irri-

gated area is covered essentially by 42 principal canal commands which
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cover 33.5 million acres of the culturable commanded area (CCA). Table
3.1 gives the data on principal canal commands.

It was realized in 1950 that a basin-wide comprehensive plan was
necessary for the development of water and power resources for the area
and international efforts have been involved. In 1958 the Water and
Power Development Authority (WAPDA) of West Pakistan was organized to
take charge and unify the resources development of the area. The Indus
Basin Replacement Plan mentioned above was one of the first efforts to
implement the concept of the comprehensive development. Harza (1963,
1968), Revelle Group of the U. S. White House Panel (1964), Huntings
(1966), Irrigation and Agricultural Consultants Association (IACA, 1966);
Tipton and Kalmbach (T§K, 1967), Lieftinck Group of World Bank (1969)
and USAID are the major organizations which have contributed to the
development of the area. The present research and studies conducted by
Colorado State University under USAID sponsorship continue the multi-
dimensional international efforts. A multi-disciplinary approach is
being utilized to combine the efforts of engineers, economists, agronom-
ists, and other experts to improve the use of the agricultural water of
the basin.

The Problems.

Despite huge investments which have been made over the years in
irrigation works, agricultural production - especially food grains - has
increased quite slowly. The rate of increase in population has exceeded
the rate of increase in food production. In Pakistan, agriculture is
the major economic factor and more than 50 percent of the labor force
is employed by agriculture, but food still has to be imported to provide

an adequate diet for 60 million people.
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TABLE 3.1
Data on Principal Canal Irrigation Systems

West Pakistan
(in 1000 Acres)

Capac-
ty
River Headworks(?) Canals Cusecs
- (1) Peshawar Vale
Swat Amandara Upper Swat 1,800
Munda Lower Swat 800
Sub-totals 2,600
High level
Kabul Warsak Left bank 45
dam Right bank 455
_— Kabul River 450
Sub-total 950
Total Peshawar Vale . 3,550
(@) Northern Zone—Indus Plans
Jhelum Mangla . Upper Jhelum .. 1,900(1)
Rasul .. Lower Jhelum . 5,300
Sub-total .. 7,200
Marala .. M-R Link .. 2,000(1)
" .. Upper Chenab .. 4,100(1)
Chenab Khanki Lower Chenab .. 11,500
Trimmu .. Rangpur . 2,700
e .. Haveli-Sidhnai .. 5,200
Sub-total .. 25,500
Madhopur (=) Central Bari Doab 2,600
Ravi Balloki .. Lower Bari Doab.. 7,000
Sidhnai .. Sidhnai . .(4,500)
Sub-total .. 9,600
Ferozepore(?) Dipalpur .. 6,100
Suleimanke  Pakpattan .. 6,600
o Fordwah .. 3,400
Sutlej - Eastern Sadiqia .. 4,900
Islam .. Mailsi . 4,900
o Qaimpur . 600
Bahawal 5,400
Sub-total . 31,900
Panjnad  Panjnad .. Panjnad . 9,000
" Abbasia 1,100
Sub-total .. 10,100
Indus Jinnah .. Thal . 10,000(3)
Sub-total .. 10,000
tadus - .. Paharpur 500
Sub-total 500
indus Taunsa . D. G. Khan .. 8,800
Muzaffargarh . 7,300
Sub-total . 16,100
Total Northern Zone
..110,900

Commanded Area

Operat- Culturable Area irrigated 196061
ing Peren- Noa-
Since Gross nial perennial Total Kharif Rabi Total
1915 319 276 — 276 192 136 328
1890 147 134 - 134 e 72 188
466 410 —_ 410 308 208 516
1962 13 H — 1] - —_ -
1962 125 108 — 108 — — —
1890 92 77 —_ 77 8 30 68
230 196 — 196 38 30 68
696 606 - 606 346 238 584
1915 580 367 174 541 292 247 539
1901 1,622 1,284 215 1,499 658 732 1,390
- 2,202 1,651 389 2,040 950 979 1,929
1956 179 160 — 160 3 15 46
1912 1,511 613 832 1,445 549 341 8%0
1892 3,703 2,831 156 2,987 1,424 1,654 3,078
1939 380 — 347 347 105 126 231
1939 1,123 668 343 1,001 538 547 1,085
- 6896 4272 1,678 5950 2,647 2,683 5330
1859 704 642 - 642 321 249 - 570
1913 1,822 1,417 43 1,460 827 811 1,638
1887 — — (Included in Haveli data) — —
- 2,526 2,059 43 2,102 1,148 1,060 2,208
1928 1,045 — 983 983 321 256 577
1927 1,39 920 341 1,261 525 535 1,060
1927 465 60 365 425 138 122 260
1926 1,134 915 22 937 429 355 784
1928 751 —_ 688 688 287 215 502
1927 45 —_ 42 42 4 I5 29
1927 791 274 374 648 248 228 476
— 5,627 2,169 2815 4984 1962 1,726 3688
1929 1,505 444 895 1,339 624 SI15 1,139
1929 131 68 42 110 48 41 89
- 1,636 512 937 1,449 672 55 1,228
1947 1,855 1,473 - 1,473 275 474 749
- 1,855 1,473 - 1,473 275 474 749
1909 102 —_ 100 100 24 41 65
- 102 —_ 100 100 24 41 65
1958 730 729 — 729 160 210 370
1958 721 714 —_ 714 164 266 430
— 1,451 1,443 —_ 1,443 324 476 800
— 22,295 13,579 5962 19,541 8002 7995 15997

(?) Madhopur and Ferozepore headworks are in India.
(%) Ultimate capacity 10,000 cusecs; present capacity 6,000 cusecs.

(Continued)
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TABLE 3.1 continued

Data on Principal Canal Irrigation Systems

West Pakistan
(in 1000 Acres)

Commanded Area

Capa- Operat- Culturable Arez Irrigated 1960/61
city ing Peren- Non-
River Headworks Canals Cusecs Since Gross nial perennial Totzl Kharif Rabi Total
(3) Southern Zone—Indus Plains
Pat . 8300(*) 1962 766  — 712 712¢) — —_ —
Desert . 12,900 1962 479 — 420 420 159 150 309
Indus Gudu Begari-Sind .. 15,500 1962 1,019 — 890 890 426 419 845
Ghotki . 8,500 1962 1,004 — 995 995 138 130 268
Sub-total .. 45,200 - 3,268 — 3017 3,017 723 699(6) 1,422(6)
North West . 5,100 1932 946 928 - 928 214 403 617
Rice . 10,200 1932 537 — 520 520 340 230 570
Dadu . 3,200 1932 593 549 — 549 19 241 360
indus Sukkur Khairpur West .. 1,900 1932 323 304 — 304 9l 166 257
Rohri . 11,200 1932 2,614 2,604 — 2,604 845 1,010 1,855
Khairpur East 2,700 1932 531 335 — 385 150 184 334
Eastern Nara . 13,400 1932 2,381 2,237 — 2,237 739 569 1,308
Sub-total . 47,700 - 7925 6,957 520 7477 2498 2,803 5,301
Pinyari . 14,400 1955 802 — 786 786 217 15 232
Ghulam . Fuleli . 13,800 1955 1,065 — 929 929 413 44 457
Indus Mohammed Lined Channel .. 4,100 1955 675 487 —_ 487 29 30 _ 59
Kalri-Baghar . 9,000 1955 733 352 252 604 7 72 143
Sub-total  ..41,300 — 3,275 839 1,967 2,806 730 1] 891
Total Southern
Zone .. 134,200 - 14468 7,796 5,504 13,300 3,951 3663 7614
Total Indus Plains '
2)4-3) ..245,100 — 36,763 21,375 11466 32,841 11,953 11,658 236!
Total West Pakistan T )
(H+@)+(3) ..248,650 — 37,459 21,981 11,466 33,447 12,299 - 11,896 24.195

(4) Ultimate capacity 8,300 cusecs; present capacity 6,300 cusecs.
(%) New area 509,000 acres; old area 203,000 acres.
(6) Partially irrigated.

Summary

Headworks - 20 including Warsak Dam; and Madhopur and Ferozepore in India. The Kabul River and Paharpur

canals have only minor diversion facilities.

Canal systems—43, of which seversl function mainly as links but supply irrigated area directly,

Canal capacities—represent authorized full-supply discharges.

(Adopted from HARZA, 1963)
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Water shortage is a major reason for the low production rate and
low cropping intensities experienced in Pakistan. There is no doubt that
other kinds of farm inputs such as fertilizer and pesticides for plant
protection and growth are also essential for an increase of agricultural
production. However, effective utilization of these inputs will be
limited until more water becomes available. The farmer must be assured
of the reliability of the available water before he will increase his
investment in fertilizer and other farm inputs. Consequently, inadequate
water supply is the primary constraint on crop production in Pakistan.

The lack of storage capacity and the inadequacy of parts of the
present canal system are major factors causing the general water shortage.
The present irrigation system was designed on the basis of water scarc-
ity for a very low cropping intensity. The canal system was set up by
and large to prevent famine, at a time when it seemed more effective to
spread the water thinly to provide each area a measure of famine insur-
ance. Thus the existing canals are not able, at their full capacities,
to divert and deliver sufficient water throughout the commanded areas to
support high levels of trop production on all the land even when suffic-
ient surface water is available at the diversion points during the kharif
season.

Water logging and salinity of the lands commanded by the existing
irrigation system is another important factor contributing to the very
low crop yield. But this was not always so. Prior to the construction of
the canal system, groundwater tables in the Indus Basin were at a con-
siderable depth ranging from 60 to 80 feet below the ground surface.
The infiltration of water from rivers and the deep percolation of rain-
fall within any particular area was in equilibrium with the underground

outflow from the area.
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However, once the irrigation system came into operation, the pre-
irrigation hydrological equilibrium was destroyed. The permeable soil
which favors canal seepage had dissipated about 50 percent of canal
diversions within the irrigation distribution system. The deep percol-
ation of seepage from canals not only caused the losses of supply avail-
able for irrigation, but also formed a new increment of recharge. The
overall recharge from the irrigation system, river and rainfall exceeded
the rate at which water could flow out of the aquifer; As a result,
water tables have steadily risen over the years at a rate of 1 to 2
feet per year. This trend persisted until the water table rose to with-
in a few feet of the land surface and established a new equilibrium
under which recharge from seepage losses is balanced by discharge to
evaporation. The poor drainage condition and the upward evaporation of
water from the water table resulted in a progressive salinization and
waterlogging of the soil.

The salinity and waterlogging hazards were amplified by the man-made
irrigation practice due to the application of insufficient water to a
broader area as mentioned previously. The water applied was transpired
by the crops leaving very little water to pass below the root zone with
the result that most of the salts contained in the irrigation water
remain in the uppermost soil layer. By 1958, about 5 million acres
of the culturable commanded area was seriously affected by waterlogging
and soil salinity problems (Revell, 1964). Furthermore, the hazards of
waterloggins and salinity are increasing at the rate of 50,000 to
100,000 acres per year, of which about half goes out of production, and

the rest is affected sufficiently to reduce crop production severely.
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Groundwater Utilization.

Groundwater has, in fact, been a traditional source of water to
help satisfy the need for irrigation water. Persian wheels, normally
powered by animals, have always made an important contribution to
irrigation especially in the rabi season. It is estimated that there
are about 200,000 Persian wheels in the basin, but the discharge is
so small and the operating time is so short that more efficient techni-
ques and equipment are needed to draw more water from underground aqui-
fers to cope with increasing demands. Installation of tubewells to pump
more groundwater from a deeper depth for irrigation has increased in the
last twenty years. IACA (1966) estimated that about 32,000 private
tubewells, with an avefage capacity of about 1 cfs each, had been
installed in the Indus Basin by 1965. About one-third of the tubewells
are operated by electric power and the remainder by diesel engines.

A comprehensive program of groundwater and soils investigations
was begun in 1954 under a cooperative agreement between the Government
of Pakistan and USICA the predecessor of USAID. The investigators were
to inventory the water and soil resources of the Punjab and to describe
the relationships between irrigation activities, natural hydrologic
factors, and the incidence of waterlogging and subsurface drainage
problem. As a result, several salinity and reclamation projects (SCARP)
were formulated and constructed. More than 6000 public tubewells with
capacity ranging from 3 to 5 cfs have been installed.

Alluvial Aquifer Characteristics.

About 1030 test holes drilled by WASID over 47,000 square miles
of the Punjab region during the 1950's defined the nature of the alluv-

ium to depths of about 600 feet and provided water quality data to
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depths of 400 to 500 feet. Since 1962 WASID has also drilled about
95 deep test holes, 600 to 1500 feet deep, in the Punjab area
(Bennett, 1967).

Geologic studies show that virtually all of the Indus plains are
underlain to a depth of 1000 feet or more with unconsolidated sediment
of alluvial origin. Scattered hills and bedrock outcrops have been
found in some of the area. But, in general, sediments vary in texture
from medium-grained sand to silty clay, with the sandy sediments pre-
dominating. The alluvial deposits are heterogeneous and anisotropic
due to the random distribution of clay strata, but, generally, have the
characteristics of an unconfined aquifer. According to WASID's exper-
ience, large capacity wells yielding 4 cfs or more can be developed
almost everywhere.

The horizontal permeabilities ranged from 0.001 to 0.008 cfs
per square foot and are commonly between 0.0025 to 0.004 . The
vertical permeabilities are considerably less than the lateral perme-
abilities. In general, the ratio of the horizontal permeability to
that of the vertical is on the order of 50 to 100 . The few calcul-
ations of vertical permeability which could be made indicate that the
vertical permeability is in the range of 0.00001 to 0.001 cfs per
square foot.

The storage coefficient, equivalent to the specific yield in an
unconfined aquifer, is an important parameter in estimating the storage
capacity of the groundwater aquifer, and the rise and fall of the water
table due to tubewell pumping and recharge. For a broad aquifer area,
a small change in the storage coefficient will have a great effect on

the estimate of the volume of water stored and water table changes.
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In 106 tests made by WASID, 90 percent of the storage coefficients
were in the range of 0.02 to 0.26 and the average value was 0.14 .
According to Greenman, et al. (1967), assuming an effective porosity of
20 percent for the saturated sediment, the volume of usable groundwater
in storage in the Indus Basin is on the order of 2 billion acre-feet.

Groundwater Quality and Its Distribution.

The quality of groundwater is best considered in two contexts: that
of the native or the deep water which occurred in the alluvial aquifer
prior to the inception of irrigation, and that of the shallow groundwater
due to seepage from the irrigation system.

Data from the extensive groundwater quality investigations indicate
a gradual increase in mineralization of groundwater with depth and dis-
tance from sources of fresh water recharge. Thus, even extensive fresh
water areas appear to be underlain at different depths by saline ground-
water in most of the Indus Basin.

There are factors affecting the distribution and concentration of
highly mineralized groundwater. They include not only variation of the
recharge from the river bounding the doab, and the areal pattern of rain-
fall and evaporation but also the physiographic characteristics such as
direction, slope, symmetry and width of the doabs, size and position of
bar land and the abandoned flood plains. Some of the local factors also
affect the regional distribution pattern. For example, the presence of
clay deposits within the alluvium are normally associated with higher
salt concentrations surrounding that area.

The pattern of the chemical composition of groundwater reflects the
geochemical evolution of the ground water in the hydrologic environment.

Near the source of recharge, groundwater is of the calcium-magnesium
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bicarbonate type which commonly has a total dissolved solids content of
200 to 500 ppm. Away from the recharge source, sodium content grad-
ually increases. Groundwater from 500 to 1000 ppm commonly contains
a large amount of sodium bicarbonate. With increasing mineralization
from 1000 to 3000 ppm, the relative proportion of chloride and
sulphate increases. The salt in highly mineralized groundwater, con-
taining 4000 ppm or more is generally a dominantly sodium chloride
water.

The horizontal distribution of the groundwater quality in the
aquifer of the Northern Indus Plain can be described from the contours
shown on figure 3.2 which were drawn to represent the average conditions
at depths of about 100 to 450 feet according to samples collected
between 1957 and 1965 by WASID. In general, the groundwater quality
varies from less than 200 ppm of the total dissolved solids (TDS)
adjacent to the river and increases with the distance from the river to
over 20,000 ppm TDS in the central part of the doab.

The quality of the shallow groundwater up to about 100 feet depth
is largely controlled by local recharge and the depth to the water table.
In general, the quality of the shallow groundwater supplies tends to have
a regional pattern similar to that of the deep groundwater. However,
the shallow groundwater in the saline area is of considerably better
quality than the underlying deep groundwater. It appears that there may
be considerable scope for developing irrigation water from parts of the
area with deep saline groundwater by means of low capacity skimming
wells. Skimming wells in the saline area would have two advantages.
They would lower the water table in the saline area while supplementing

the irrigation water supplies.
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Figure 3.2. Area Distribution of Ground Water Quality (Adopted iiom

Tipton and Kalmbach, 1967).
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The general pattern of groundwater quality distribution in the
southern zone is one of a band of good quality water immediately adjac-
ent to the Indus River and of increasing salinity away from the river.
Some of the most saline groundwater of the area is found in the delta.

Groundwater Quality Zones and Quality Criteria for Irrigation.

The primary criterion for classifying the quality of irrigation
supplies is the mineral concentration of the water, commonly referred
to as salinity and expressed in terms of 'parts per million of total
dissolved solids'". Secondary criteria are based on the ionic composition
of the water - commonly the sodium adsorption ratio (SAR) and the resid-
ual concentration of sodium carbonate'" (RSC), and the concentration of
toxic ions, principally boron.

According to the quality-of-water standards which have been adopted
by T§K (1967) for the Northern Indus Plains, the utilization of the
groundwater supplies is classified on the basis of the mineral content
of the water. Three general zones have been established horizontally
according to the TDS contours which were drawn based on groundwater
quality at depth greater than 100 feet. They are defined as:

1. Nonsaline Zone - Groundwater containing less than 1500 ppm

salinity, classified as safe for use under normal approved irri-
gation and water management practices, which implies that about
one-third of the applied irrigation water is derived from canal
supplies.

2. Intermediate Zone - Groundwater containing 1500 ppm to

4000 ppm salinity classified as marginal which requires dilution

with canal supplies or special water and soil management practices.



33

3. Saline Zone - Groundwater containing more than 4000 ppm
salinity classified as unfit for economic development for irrigation
supplies under present or assumed future conditions.

Invariably, a lower layer of more saline groundwater exists under-
neath the relative fresh water in the nonsaline and intermediate zones.
The shallow groundwater in the upper layer of the saline zone can also
be withdrawn and mixed with surface water for irrigation use. It is
assumed that an abrupt interface exists between the upper relative fresh
water layer and the lower more saline water layer in each zone.

For the southern zone, T&K (1967) also suggested that water can be
used safely with salinity less than 1500 ppm TDS and sodium absorption
ratio (SAR) less than 7.5 . Waters that are more saline and alkaline
can be used only after mixing with surface water so that the resultant
mixture meets the above criteria.

IACA (1966), according to their own experiments, derived a set of
criteria for classifying irrigation water which is slightly different
from that of T§K. For this study, the groundwater zones set up by T§K
were adopted. The primary reason for selecting the T§K classification
was that data are available on areas and distributary capacities for
the three different zones in the model area mentioned in the next chapter.
The mixing ratio for the intermediate zone and the upper layer of the
saline zone will be assumed at 1:1 according to the analysis of SCARP
1 data made by the Harvard Water Resource Group in 1964.

It is not possible to specify a definite groundwater quality cri-
teria for irrigation application based on water quality data available.
If the criteria is set too léosely, crop production might be reduced

due to the application of more saline water which exceeds the tolerance
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of plants. On the contrary, if the criteria is set too tightly, portions
of the groundwater will not be made available for use to meet the water
demand. Further research on these criteria will be necessary so that
groundwater can be utilized as much as possible without reducing crop
production.

Groundwater Recharge.

Recharge is the input to the groundwater aquifer. It is an import-
ant factor in evaluating groundwater resources and potential utilization
of the aquifer as a reservoir. The sources of recharge can be from the
percolation of rainfall, from losses through line sources such as rivers,
canal distribution systems, watercourses on the farm lands, and percol-
ation of irrigation water.

Many factors affect the magnitude of recharge. Among them are the
characteristics of the soil and other deposits above and below the ground-
water table, especially permeability, thickness of soils, the topography,
the depth to water table; hydraulic gradient, land use and vegetative
cover, rainfall intensity, duration and seasonal variation, temperature,
and also, the man-made pumping activities and water diversion through
the conveyance system.

Artificial recharge is the other possibility in adding water to the
aquifer. Many kinds of methods have been developed, including recharge
through modified streambed, percolation basin, ditches and furrows, pits,
excavations, shafts, injection wells, and pumping to induce recharge from
surface water bodies (ASCE Committee, 1961). The importance and the need
for artificial recharge have been brought about by an increasing demand
for groundwater as a source of water. Artificial recharge can serve the

purposes of conserving and disposing of runoff and flood waters to prevent
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floods, supplementing available groundwater, reducing or eliminating the
decline of groundwater level to prevent land-subsidence and reducing
costs of pumping and piping, reducing or preventing salt-water intrusion,
and disposal of solid waste (Walton, 1970). There are also many problems
encountered in using the artificial recharge facilities. Siltation and
plugging of the recharge surface reducing infiltration, and the high
maintenance cost involved are but two of the major problems.

Recharge through natural rainfall and river runoff, and through the
irrigation system in Pakistan have been reported by various agents such
as Harza (1963), IACA (1966) T&K (1967). In general, their results are
similar and can be summarized as follows:

1. Recharge from Rainfall and River - Deep percolation of rainfall

is considered not to be a significant contributor of recharge in
Pakistan. On the average, it varies from 1 inch to 5.6 inches
per year. River losses probably also make a comparatively small
contribution to recharge at the present time due to the high water
table. A series of empirical coefficients for each river reach
relating loss or gain in the reach to discharge at its head had
been investigated and derived by Harza (1963) for WAPDA. T&K (1967)
reported the same method. T&§K (1967) also estimated that the over-
all recharge from rainfall and rivers is on the average 0.2 feet
per year.

2 Recharge from Canal System and Irrigation Field - Seepage

losses from the canal system have made the most significant contrib-
ution to recharge and the recent rise of the water table. There
will be a tendency for the net addition of recharge to increase as

the water table is drawn down to more than 10 feet below the
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surface by tubewell pumping. Seepage losses are generally expressed
as a percentage of discharge at the diversion point, and recharge

is also expressed as a percentage of seepage loss. Table 3.2 shows
the recharge criteria proposed by Harza (1963), IACA (1966) and

T&K (1967) in their respective studies and summarized by Chaudhry
(1973). The overall recharge to the canal command area in the
Northern Indus Plains can be estimated as the sum of 54% of the
volume of water delivered to the heads of watercourses, 22% of
tubewell supply at the heads of watercourses and 0.2 feet per

year from other sources such as rainfall and river runoff.

Aquifer Storage and Conjunctive Use of Surface and Ground Water.

The fresh groundwater aquifer represents a large natural subsurface
storage reservoir which will play an important role in the development
of water resources in the Indus plains. The total volume of water stored
in the aquifer will depend on the gross area, depth and specific yield
of the fresh groundwater aquifer. In the intermediate zones, tubewells
cannot operate without surface water for mixing, and in the saline ground-
water areas tubewells can only skim the relatively fresh water from the
upper layer for mixing. The remaining needs will be dependent on trans-
fer of surface water or water from adjoining fresh groundwater area.
The reasons and advantages for the conjunctive use of groundwater
and surface water in Pakistan can be summarized as follows:
1. Only half of the canal commanded areas proposed for development
in the Indus Basin is underlain by fresh groundwater which can be
applied directly to the crops, but surface water supplies could be
improved throughout the remainder of the canal commanded areas by

transfer from fresh groundwater areas. A further 15% of the
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TABLE 3.2

COMPARISON OF WATER LOSSES AND GROUND WATER RECHARGE ESTIMATES
USED IN THE VARIOUS STUDIES

Item Harza IACA T&K

C-1.

D-1.

Losses from link canals in cfs/
million ft2 of wetted perimeter
for

a. lined canals 6 - 2

b. wunlined canals 8

Recharge as percentage of

above losses 90% 90%

Losses from irrigation canal

system as percentage of water

supply at the head of the

system

a. Main canals and branches As in
A-1.b
above

b. Distributaries and minors 15%

c. Total canal system up to

water course head 30% 20 to 30% (28%)
Recharge as percentage of
above losses 80% 80% 80%
Losses from water courses as
percentage of water supply at
water course head 10% 10% -
Recharge as percentage of the \
above losses 50% 50% -
Farm losses as percentage of
water delivered at the field 25% 30% <
Recharge as percentage of the
above losses 75% 67%
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canal commanded areas is underlain by groundwater which will require
mixing with_surface water before being applied to crops. The inte-
grated control of surface and groundwater is necessary to ensure
the good quality irrigation water (IACA, 1966).

2, From the viewpoint of short term development, tubewells can

be installed relatively rapidly and will provide a large amount of
additional water. From the long term viewpoint tubewells provide
means of regulating the huge aquifer of the Northern Indus Plains.
In this sense, tubewells should not be regarded merely as accessor-
ies to irrigation works that may be used for supplemental supply,
but rather as major devices that make possible a much more complete
integration and ultimate control of the entire hydrological regime.
3. Due to the flatness of the land, suitable reservoir sites for
surface storage are rare and the storage capacities are small and
can only be used as storage regulation within a year. The reser-
voirs are remote from the areas of water use, and they are relative-
ly short lived because of the high sediment load of the river.
Groundwater storage is the alternative for water storage and because
of its vast natural storage capacity it will provide long term
storage. It is near the demand areas, thus, the length of convey-
ance is largely reduced.

4. Canal seepage becomes less of a problem in usable groundwater
areas because ground water pumpage can control both the effect of
leakage and salvage the losses from the canal.

5. Storage underground eliminates the evaporation losses encoun-

tered in surface storage.
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6. Use of aquifers provides flexibility in the timing of water

supplies and increases the irrigation water supply.

T Waterlogging and salinity can be controlled more effectively

by lowering water table and reducing salt concentration in the root

zone.

8. Tubewell pumping provides a more flexible and controllable

drainage scheme.

Remodeling of the existing canal system is a necessity under this
conjunctive use policy. Especially in the saline area where groundwater
is too saline to be used, irrigation must be accomplished largely with
surface water or usable groundwater brought in and distributed through
the canal system. Additional canal enlargement beyond that required to
meet the water requirement for the given cropping intensity also can
deliver water for artificial recharge. This applies only to the non-
saline area where the quality of groundwater is suitable for direct use.
The canal in this nonsaline zone can be enlarged so that the recharge
from the surface water deliveries during the summer months would be
capable of supplying the irrigation water demands during the rabi season
from tubewell pumping without inducing possible salt water intrusion

from the saline groundwater area.



CHAPTER IV

DEVELOPMENT OF THE PHYSICAL MODEL

In an optimization study, the formulation of a mathematical model
depends on the selected physical system. The objective criteria in the
mathematical model must be defined in terms of the system variables.
Constraints must also be expressed in terms of system variables and
parameters so that the physical system is closely described. Modifica-
tions and simplifications are often necessary so that the system can be
expressed mathematically and systematically in order to devise a feasible
solution technique for the mathematical model.

System Decomposition and Multilevel Approach.

The irrigation system of the Indus Basin consists of more than 33
million acres of culturable commanded area, 43 major canal systems
including link canals, and several major reservoirs. It is one of the
largest and most complex systems in the world. The complexity of the
system gives rise to the need for developing a method of optimal analy-
sis of the system and the need for the decomposition of the entire
system into several subsystems. Chaudhry (1973) proposed that a multi-
level optimization scheme be employed to sub-optimize the subsystems and
the results combined to obtain an optimal solution for the overall
system.

The basic idea inherent in the decomposition and multi-level
approach is to decompose the large scale system into the more or less
independent subsystem (Lasdon and Schoeffler, 1966; Haims, etc., 1968).
Instead of optimizing the entire system with large dimensionality, each
subsystem with smaller dimensionality can be solved more easily and

rapidly by the available optimization techniques and within the limit
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of existing computer capacity. These lower level optimal subsystems are
tied together through some coordinating parameters, which are responsible
for the whole system optimization and defined as the master problem.
Through the master problem, a set of parameters are released to each sub-
system. Then each individual subsystem will be optimized accordingly

and fed back to the master problem. The master problem evaluates the
overall results from each individual system and releases another set of
parameters in order to improve the solution for the overall system. This
process is iterated until the overall system is optimized.

The Indus Basin is decomposed into subsystems for each individual
canal. The reservoirs are also treated as a separate subsystem which is
not considered in this study. Water delivered from the rivers to the
head of each canal will be treated as coordinate parameters. For each
canal subsystem the available surface water at the head of the canal and
the groundwater beneath the area is allocated optimally to minimize cost.
This solution is fed back to the master problem, which evaluates another
surface water release pattern. This procedure is iterated until the
optimal solution is found.

The objective of this study will be limited to the lower level
optimization of the subsystem, i.e., the optimal conjunctive use of
groundwater and surface water for each canal subsystem. Results could
be utilized in the overall system optimization.

Requirements of the Physical Model Area.

Water distribution for conjunctive use of ground and surface water
requires the following general conditions:
1. The area chosen should be as independent as possible so that

the interaction between the chosen area and its neighboring areas
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can be neglected. The inflow and outflow of water into and out of
the area is well defined. If the subsystem cannot be isolated,
reasonable estimates of interflow bewteen neighboring areas must be
made.

2 The system is underlain by an aquifer of sufficient yield and
storage capacity and can be pumped out readily. The aquifer is
recharged naturally with water or is capable of being recharged
artificially. The data concerning the aquifer characteristics are
available. The groundwater quality zones according to the criteria
mentioned previously are well defined.

3. There are sufficient river flow and precipitation data.

4. Conveyance systems exist which could be remodeled to transfer
surface and ground water to the demand areas.

5. Water demands are well recorded, or the planned water demands
are well estimated.

Selected Study Area.

The canal systems in the Indus Basin irrigation system have many
similarities. The development of the physical model will be for a
selected area in particular, but to a large extent, it is applicable to
other canal systems in the Basin.

The Lower Jhelum Canal within the Indus River Basin was chosen as
a typical subsystem. The reasons for choosing the area are as follows:

1; The area is surrounded by the two rivers and a main canal, the

Lower Jhelum, to form a more or less natural hydrologic subregion.

Uncontrolled or unmeasured surface and ground water outflow is

negligible. The surface inflow is well controlled and delivered

entirely by canal.
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2. The area is underlain by a groundwater aquifer. It has been

under study in the project SCARP 2. The Mona pilot project is being

conducted within this area. Data from investigation of the installed

tubewell performance are available. The groundwater quality changes

gradually from the sources of recharge to the central part of the
area. The total dissolved solids (TDS) concentration and the three
groundwater quality zones are well defined. Data concerning thick-
ness of fresh water, depth to water table, and area of each zone
are all available;

3. Data on meanvannual diversions to the canal and river flows
of the Indus Basin have been recorded.

4. Total capacities at the heads of watercourses within each
groundwater quality zone are available.

5. The water demands can be computed from the designed cropping
pattern and cropping intensity. Certain cropping patterns with

the cropping intensity of 150% have been proposed by some consult-
ants to Pakistan. The water requirements at this level of cropping
intensity have been calculated and are available.

General Description of the Model Area.

The Lower Jhelum Canal command area is located in the Chaj Doab of
the Northern Indus Plain. It covers about three quarters of the doab
and is separated from the northeastern part by the Lower Jhelum Canal.

The climate is fairly uniform over the area, except that humidity
is slightly higher in the north, and the temperature is a few degrees
lower. The mean day maximum temperature varies from 106°F in summer
to 65°F in winter. The mean annual rainfall varies from 10 inches

in the south to 20 inches in the north (two-thirds of which falls in
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the summer). From June to October it varies from 6 to 16 inches.
Mean annual evaporation from a free water surface is about 60 to 65
inches.

The canal commands a total culturable area of 1.5 million acres
(MA) and is supplied from the Rasul Barrage on the Jhelum river and
through the Rasul Hydroelectric Plant. The canal command and its water
distribution network are shown on figure 4.1.

The soils have adequate water holding properties for irrigated agri-
culture. They are potentially fertile and the texture varies from heavy,
on which rice is grown, to light, on which crops are usually not irrigated
but dependent mainly on rainfall. Soil salinity problems occur in about
24% of the area and are usually associated with a high water table and
waterlogging.

The Lower Jhelum Canal command area is considered to be one of the
more advanced agricultural areas of the Punjab. Cotton is the main cash
crop in the area, and wheat is the most important food crop grown during
the rabi (winter) season. In the nonperennial areas, where water is
normally delivered only during the summer period, grain is sown in rabi.
Fodders, particularly rabi fodders, are grown over large areas. The most
important perennial crop which grows all year round is sugarcane whereas
fruit is of minor importance. The average cropping intensity at present
is about 105%.

The whole of the Lower Jhelum Canal area is already covered by a
network of surface drains. New drains or extension and enlargement of
existing drains will be necessary to convey the excess effluent from

drainage tubewells.
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System quppnents.

The major components of the system are a surface water supply, an
aquifer and tubewell system, a canal distribution system, and water
demands. Figure 4.2 shows the schematic diagram representing the simpli-
fied physical system.

A. Surface Water.

The only three sources of surface water supply to the plains
are the Indus, Jhelum and Chenab Rivers. A 42 year record (1922-1963)
of monthly runoff from these rivers at rim stations is available (IACA,
1966). How much of the available water should be allocated to each area
is a problem that must take into consideration the known obligations for
water supplies in the various parts of the basin, the tubewell develop-
ment and seasonal needs. It must be continuously reviewed whenever a
new project is brought into operation.

The following criteria will be assumed for allocating surface water
to each area. However, the final decision on allocation of water is the
master optimization problem mentioned previously.

1. The available water supply from records will be adjusted by a

coefficient for each month to account for upstream reservoir regu-

lation. These coefficients are roughly calculated according to

the T&K study (1967) on their reservoir release plans in a median

year.

2. The amount of water allocated to the Lower Indus Basin will be

based on the required flow at Gudu suggested by T§K (1967) in their

study. The rest of the flow is allocated to the Northern Indus Basin.

3. The allocated water in the respective Northern and Lower Indus

Basin then is divided proportionally to the mean historical diver-

sion to each canal commanded area.
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Mean historical surface diversion to the canal for the internal use
of the Lower Jhelum Canal command is shown in Table 4.1. A period from
1947 to 1960 has been adopted as being generally representative for
recent surface deliveries.

TABLE 4.1
Mean Historic Diversion for Internal Use of
Lower Jhelum Canal (in 1,000 cfs unless

otherwise noted) (T§K, 1967).

Mean Historic Mean Historic

Month Month

Withdrawal Withdrawal

Oct. 4.9 Apr. 4.5
Nov. 3.6 May 5.1
Dec. 3.4 Jun. 5.3
Jan. 3.3 Jul. 4.6
Feb. 3.4 Aug. 4.6
Mar. 3.8 Sep. 4.9
Rabi : Kharif

Subtotal 1.361(MAF)  Subtotal 1.769 (MAF)

Annual Total 3,130(MAF)

The quality of the river flows are excellent. The average total
dissolved solids is about 250 ppm, and will be assumed constant at
this value for this study. At this level of quality, there is no restric-
tion on their use for irrigation.

B. Canal Distribution System.

The existing canal command and its distribution network is

shown in figure 4.1. The river flow is diverted from the main canal



49

through branch canals and then delivered through distributaries to the
heads of watercourses in each of the three different groundwater quality
zones. The capacities at heads of distributaries and watercourses will
be assumed aggregated and considered lumped within each area. These
aggregated capacities will be the decision variables to be determined
in the mathematical model. The existing capacities at heads of distrib-
utaries and water courses for the three different zones are shown in
Table 4.2.
TABLE 4.2
Area Distribution and Capacities at Heads of Distributaries and

Watercourses for Divided Zones, Lower Jhelum Canal Command (T§&K,

1967) .
Nonsaline Intermediate Saline Zone Total
Zone (0- Zone (1500- (4000 ppm) Command
1500 ppm) 4000 ppm)
Gross area 1,077,100 330,100 330,000 1,737,200
(acres)
Culturable Area 990,000 304,400 303,000 1,596,700
(acres)
Culturable
Commanded Area 929,800 285,000 284,900 1,499,700
(acres) |

Capacity at Heads

of Distributary 2,534 963 963 4,460
(cfs)

Capacity at Heads

of Watercourse 2,154 819 819 3,791

(cfs)
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C. Ground Water.

C.1. The Alluvial Aquifer.

The area is underlain to a depth of at least 1,000 feet
by an alluvium consisting of unconsolidated fine sands and silts with
intermittent clay layers. The aquifer is anisotropic with the higher
permeability in the horizontal plane. The horizontal permeability ranges
from 0.0018 to 0.0034 , and averages about 0.0028 feet per second
from tests carried out by WASID, Pakistan (Bennett, 1967). Very few
vertical permeability tests have been made, but they indicate a ratio
of 25-50 to 1 between horizontal and vertical permeabilities for this
area. In general, the aquifer can be considered unconfined and the mean
specific yield from tests is about 0.16 (IACA, 1966).

C.2. Tubewells Development.

There were about 410 private wells in operation in 1965.
The public tubewells have been constructed under the SCARP 2 project in
the usable groundwater area, and about 514 wells with a total capacity
of about 2,000 cfs have been completed (IACA, 1966).

C.3. Ground Water Quality Zones.

The area is divided into three groundwater quality zones,
i.e., the nonsaline, intermediate and saline zones, according to criteria
mentioned in Chapter III. The area covered for each water quality zone
will be assumed unchanged within the time span studied. The average salt
concentrations within each zone are estimated as 500 , 2,600 , and 9,000
ppm respectively. Table 4.2 also shows the gross area, culturable area
and culturable command area within each zone. Figure 4.3 shows the area

distribution of the three groundwater quality zones.
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The nonsaline zone, can be pumped out for use directly as long as
contamination due to salt water coning does not occur. In the intermed-
iate zone and the upper layer of the saline zone, the water can be pumped
for use only when mixed with surface water with a mixing ratio of at
least 1 to 1 . It is assumed that the relatively fresh water can be
transferred to the relatively more saline areas through the heads of
distributaries.

C.4. Interflow and Base Flow.

There is very little data available on the amount of
interflow between areas and base flow to the river. For a boundary of
200 miles between two areas, a horizontal permeability of 0.003 feet
per second, a depth of 500 feet and a hydraulic gradient of 1 foot
per mile, the interflow is only about 300 cfs which is relatively
small and assumed insignificant. The base flow to the river was estimated
to be around 150 cfs for February during the 1947-1955 period (IACA,
1966) and is also relatively small compared to recharge to the aquifer.
For this study both the interflow between areas and base flow to the
river will be neglected. However, these flows could be easily added to
the model whenever more reliable information becomes available.

C.5. Recharge to the Aquifer.

Recharge is derived mainly from losses through line
sources such as the river and the canal system and from deep percolation
of irrigation and rainfall. The other possibility is through artificial
recharge. It is assumed that recharge to the aquifer is uniformly dis-
tributed over each area. Due to the possible evaporation and consumptive
use of the crop, recharge to the aquifer will only be a fraction of the

seepage loss. Recharge criteria adopted for this study are as follows:
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Seepage Loss Recharge
Canal System up to 30% of water diverted 80% of loss
Watercourse Heads from river
Distributary Heads up to 15% of water diverted 85% of loss
Watercourse Heads at distributary heads
Watercourses *10% of water delivered 50% of loss
at heads
Irrigation Fields *25% of water delivered 75% of loss
at fields

*Recent field studies indicated that the values are greater than

the value shown here.

The above criteria are based on HARZA's study (1963) except that
from the head of distributary to the heads of watercourse they are based
on a T§K study (1967). Since main canal and branches cover three differ-
ent areas, it is assumed that recharge from these sources to the respec-
tive aquifer will be proportional to the length of the main canal and
branches within each of the three areas. This proportion is approximately
5:1:2 for the nonsaline, intermediate and saline zones. Deep percol-
ation of rainfall and other sources of recharge is estimated approximately
as 0.2 feet per year.

D. Irrigation Water Requirement.

The only water demand for this study is water for irrigation.
The irrigation water requirement at heads of watercourses is determined
by consumptive use of the crop, the cropping pattern and cropping inten-
sity, pre-planting irrigation requirements, effective precipitation,
water use efficiency on the farm, leaching requirement, depletion of soil

moisture, watercourse losses and the size of the area. The water
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requirements for each of the three groundwater quality areas would be
different due to the different leaching requirements.

An optimal cropping pattern and intensity can be determined by
maximizing the total net return of the crop yields subject to constraints
of available water supply, water requirement for each crop, total avail-
able area, area required for subsistence food and other agricultural
constraints. This would be a lower level subsystem optimization of the
present problem. For this study, a final level of cropping pattern and
intensity is assumed. A 150% cropping intensity is used as suggested
by T&K (1967) in their Northern Regional Plan study. Their study showed
that considerable change can be made in the cropping patterns and in the
Kharif-Rabi ratios without significantly affecting the total irrigation
water requirement or the net value of harvested crops. Accordingly,
differences in cropping patterns are not of great significance, and great
precision in predicting the details of future cropping patterns, even if
it were possible, is not essential.

IACA (1966) also suggested in their proposals for development that
an intensity of 150% would be approaching the optimal level of cropping,
when an additional supply of irrigation water from tubewell water and
surface water becomes available.

The monthly water requirements at heads of watercourse for three
water quality zones of the Lower Jhelum Canal commanded area are shown
in Table 4.3 according to T§K (1967). They were adopted for this study.

E. Cost Functions.

The two kinds of costs involved in the system are fixed costs
and variable costs. In order that the system be comparable, all the

fixed costs must be converted to an annual basis by multiplying various
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TABLE 4.3
Monthly Water Requirements at Heads of Watercourses
for the Lower Jhelum Canal Commanded Area at 150%

Cropping Intensity (T&K, 1967).

Water Requirements (1,000 cfs)
Nonsaline Intermediate Saline

Month

Zone Zone Zone
Oct. 6.49 1.87 1.87
Nov. 4.67 1.34 1.34
Dec. 2.43 0.70 0.70
Jan. 3.51 1.00 1.00
Feb. 5.54 1.59 1.59
Mar. 5.82 1.67 1.67
Rabi Total 1.722 0.494 0.348
(MAF)
Apr. 2.98 0.85 0.85
May 3.92 1.12 1.12
Jun. 5.36 1.54 1.54
Jul. 4.16 1.17 1.17
Aug. 5.22 1.45 1.45
Sep. 7.72 2.21 2.21
Kharif Total 1.788 0.508 0.309
(MAF)
Annual Total 3.510 1.002 0.657

(MAF)
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capital recovery factors which depend on the interest rate and the lives
of various structures. The cost figures indicated here are based on
1966 to 1967 data.

E.1. Cost of Canal Remodeling.

The remodeling of a canal cross-section to increase its
delivery capacity also requires the remodeling of existing structures
including regulators, offtakes, falls, crossing structures and outlets.
The remodeling costs will be either due to enlargement of the existing
capacity or the construction of a new canal along with the existing
canal. Cost will vary considerably depending on the increase in capacity,
the condition of the existing system and structures and other factors.

IACA (1966) established a general relation between cost per acre
of canal commanded area and percentage of enlargement of capacity at
heads of watercourses for distributary and minor canals as shown in
figure 4.4. This relationship was based on the calculations for the
Vahn distributary at the tail of the central Bari Doab canal in the
Indus Basin with a commanded area of 56,000 acres and capacity of 200
cfs. The design of the enlarged canal cross-section was based on Lacey's
regime theory. The cost of enlargement for the main canal and branch
canals are estimated to be about 50% of the costs estimated for enlarg-
ing the distributary and minor canals obtained from the curve of figure
4.4. The curve indicates that it will be cheaper to enlarge the exist-
ing canal cross-section up to 60% and from then on a second canal will
be cheaper.

For an interest rate of 8% and a 100 year canal life, a capital
recovery factor of 0.08 is obtained and the annual costs of remodeling

according to the curve are as follows:
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1. For enlargement at watercourse head up to 60%:

Annual Capital Cost (RS) = 97.5 « CCA + 43.5 * CCA * RM

24 For enlargement at watercourse head greater than 60%:
Annual Capital Cost (RS) = 64.1 « CCA + 93.0 * CCA - RM s
where

RM = Percentage of enlargement at watercourse heads.

CCA Canal commanded area in acres.

The construction of distributary and minor canals throughout the
Indus Basin is similar since there is little variation in slope within
the canal commanded areas. Therefore the above estimation of general
equation can be applicable to all distributaries and minor canals.

The operation and maintenance costs of the canal distribution sys-
tem are considered somewhat constant with respect to the quantity of
water supplied. These costs tend to be related to the size of the area
served, and are included in fixed costs for this study.

E.2. Costs of Tubewell Pumping.

The cost of tubewell pumping includes fixed costs of
tubewell installation and variable cost of energy for pumping. The fixed
cost of a tubewell installation includes amortization, depreciation,
operation, and maintenance costs. For a given tubewell installation
fixed costs are essentially constant irrespective of the volume of water
pumped, whereas the variable costs of energy are a function of the volume
of water pumped and the pumping 1ift. The size of public tubewells range
from 2 to 5 cfs and serve an area ranging from 200 to 600 acres.
The average size for a public tubewell used in this study is 4 cfs,

based on IACA (1966) estimation.
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E.2.1.Capital, Operational and Maintenance Costs.

The capital costs of the public tubewell for 2 to
5 cfs have been estimated by IACA (1966) based on the information from
the contracts for tubewells in the Khairpur and SCARP 2 and 3 areas in
the Indus Basin.

The capital cost for a 4 cfs tubewell is RS (Rupees) 90,000 which
includes construction cost and is increased 30% to take into account
contingencies and engineering, local currency and foreign exchange. The
annual cost then is RS 9,167 based on the 8% interest rate and a life
of 20 years, with a capital recovery factor of 0.10 .

The annual operation and maintenance costs for public tubewells
based on the IACA (1966) study is equal to RS 3,000 per well, including
costs of additional engineering staff, repairs and maintenance of tube-
wells and maintenance of transportation.

The total annual costs for a 4 cfs well including annual capital
and annual operation and maintenance costs then is RS 12,167 .

E.2.2.Annual Power Cost.

The annual power cost depends on the unit charge of the
power, total volume of water pumped, pumping head and the overall pumping
efficiency of the tubewell. Since the water table changes from period
to period due to recharge and pumping, the cost will vary from time to
time. A general formula for calculating power cost for any period, k ,
is:

Power Cost = U « VP(k) -+ H(k) >
where U = Power cost for pumping per acre foot of water per foot
of 1ift, and is equal to RS 0.184 for this study

(T&K, 1967).
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VP (k) Total volume of water pumped during period k (AF)

H(k) Total pumping head during period k (feet)

Detailed derivation of H(k) and power cost are presented in Appendix C.

This cost function is a nonlinear quadratic equation. For a pumping
period as short as one to three months, it is reasonable to assume that
the pumping head is more or less constant during that subperiod. The
pumping head at the beginning of each subperiod will be used as the con-
stant pumping head throughout that subperiod, and the pumping cost, there-
fore, becomes linearly related to the pumping rate.

E.3. Cost of Drainage Works.

A tubewell drainage system is adopted for this study.

According to T§K (1967), for a typical 6 cfs drainage tubewell with a
rated head of 60 feet, the total capital cost will be RS 115,400 .
For an average life of 20 years and 8% interest rafe, the annual
capital cost is RS 10,250 . The annual operation and maintenance costs
of the drainage tubewell are assumed the same as the irrigation tubewell
at a cost of RS 3,000 . So the total annual fixed cost of a drainage
tubewell will be RS 13,250 .

The annual power cost can be estimated in the same way as it is for
the irrigation tubewell.

The annual cost of extra drainage capacity for drainage tubewell
effluent beyond that of the existing drainage works was estimated at
RS 4,600 per cfs of the well capacity according to T§K (1967).

E.4. Cost of Artificial Recharge.

No special artificial recharge facility is stipulated in
this study. It is assumed that the extra water for artificial recharge

will be delivered through the main canal and branches to distributaries
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and watercourses in the nonsaline zone. Besides the increase of recharge
in the canal distribution system, recharge is assumed to be performed by
over-irrigation and flooding of the fallow land. The operational and
maintenance costs for artificial recharge diversion are not available
and will be assumed constant, and thus, not necessary in the study.

E.5. Cost of Shortage.

The cost of shortage can be measured by the cost of water
for agricultural development. Little quantitative data are available for
determining the cost of water in the Indus Basin. For the present it is
necessary to rely entirely on estimates of crop yields, crop values, and
costs of production. T&K (1967) has studied the value of water at present
and in the future from the annual value of agricultural production and
irrigation supplies for different agriculture zones. For the Lower
Jhelum Canal command, the average future annual value of water with
cropping intensity at 150% for an average depth of water applied at
3.6 feet per year, is RS 177 per acre-foot. This figure will be
adopted as the annual cost of shortage for this study.

Summary of Assumptions for Development of the Physical Model.

1. The total available surface water from river runoffs in the
Northern Indus Basin will be allocated to the model area in propor-
tion to its historical withdrawal which is shown in Table 4.1.

2. The irrigation water requirements during each time period are
given and determined from an assumed level of cropping pattern and
150% intensity (see Table 4.3). Irrigation is the only beneficial
water use considered.

3. Due to the salinity of groundwater, the aquifer in the model

area is decomposed into three zones horizontally according to the
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quality-of-water standard adopted by T&K, i.e., nonsaline, inter-
mediate and saline zones. The area of each zone is considered con-
stant with time.

4. Vertically, the groundwater within each zone is also divided
into upper fresh-water and lower salt-water layers and it is assumed
that an abrupt interface exists.

5. Assume uniform properties within each zone of the aquifer such
as storage coefficient, permeability, water quality, cropping pattern,
soil property, groundwater level, ground surface slope, and so on.
6. Assume recharge to aquifer through the seepage loss from the
canal distribution system, deep percolation of rainfall and irriga-
tion water are uniformly distributed to the whole area within each
zone.

s Some of the components in the system are considered as aggre-
gated. For example, capacities at heads of watercourses and tube-
well installation capacities within each zone will be considered
lumped.

8. Assume a constant quality of surface water supply at 250 ppm
TDS. The average quality of groundwater in each zone are also
assumed constant at 450 , 2,600 , and 9,000 ppm TDS for the
respective nonsaline, intermediate and saline zones.

9. Assume that only the aquifer in the nonsaline zone will receive
artificial recharge.

10. Assume an average size of four cfs irrigation tubewells in the
nonsaline and intermediate zones, six cfs drainage tubewells and

0.25 cfs skimming wells in the saline zone. The calculation of
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tubewell installation costs and energy costs will be based on these
average sizes.

11. There is no constraint on available electric power for tubewell
pumping during any time interval and power rates remain constant.
12. Assume groundwater interflow between areas and base flow to

river are small and insignificant, and will be neglected.



CHAPTER V

FORMULATION AND SOLUTION OF THE MATHEMATICAL MODEL

The objective of this study was to determine the optimal design
capacity and operational decisions for the conjunctive use of groundwater
and surface water to satisfy the water requirements in the canal sub-
system. Since water requirements are specified according to some pre-
determined cropping pattern and intensity, the objective is to minimize
the capital, operational and maintenance costs of the system.

In this chapter, a mathematical programming problem is formulated
based on the physical model developed previously. The objective function
and constraints are all linear according to the assumptions made in the
physical model. The optimization problem, however, cannot be efficiently
solved directly by linear programming due to the large number of variables
involved, and therefore must be decomposed. Spatially speaking, the
model area was decomposed into three zones, according to the water quality
standards adopted by T§K (1967) for the Northern Indus Basin, as mentioned
in the previous chapter on development of the physical model. The model-
ing period was also divided into a number of independent subperiods of
monthly duration.

Two kinds of decision variables are involved in the problem: design
capacity variables and operational variables. There are eight design
capacity variables and seventeen operational variables within each sub-
period. The problem was further decomposed into two optimization problems
by separating the design capacity variables and operational variables.

The first level problem is defined as the inner operational problem ~nd
the second level problem is the design problem. The flexible tolerance

method (Paviani and Himmelblau, 1969) was used to search the optimal
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design alternative iteratively. Each time a setof design capacity vari-
ables were chosen, they were treated as known parameters for the inner
operational problem. During each subperiod, the operational decisions
were determined independently, and linear programming was used to allo-
cate the available surface water and usable groundwater subject to the
applicable constraints described later. Engineering judgements were
used to simplify the problem and reduce the computational time.

General Formulation of the Mathematical Programming Problem.

A. Decision Variables.

The schematic diagram of the physical model, figure 4.2,
illustrates both the design capacity and operational variables. The

eight design capacity variables are:

DCWi - The lumped capacity at heads of watercourses for zone i
(i=1,2,3).

DCH - Capacity at the head of the main canal.

DIPi - Total tubewell installation capacity for zone i (i=1,2,3).

DISK - Total skimming well installation capacity for zone 3.

(Note: zones 1 , 2 , 3 correspond to the nonsaline, intermediate
and saline zones.)
The seventeen operational variables occurring during each subperiod

k , for k=1,2,...,n , are:

Cwi(k) - Delivery rate to heads of watercourses for zone i
(i=1,2,3).
AR1(k) - Delivery rate at the head of the main canal for artific-

ial recharge to zone 1.
P.. (k) - Rate of tubewell or skimming well pumping from zone i
delivered to heads of watercourses in the same zone

(i=1,2,3).
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Pij(k) - Rate of tubewell pumping from zone i delivered to heads

of distributaries of zone j (i=1,2 ; j=2,3).

PD3(k) - Rate of pumping for drainage from zone 3.
SHRTi(k) - Shortage of water in zone i (i=1,2,3).
DGWi(k) - Depth to water table in zone i (i=1,2,3).
B. Objective Function.

The various assumptions previously made for the physical model
result in a linear model, which can be solved by linear programming.
As pointed out later, direct solution is infeasible and the problem must
be decomposed. The objective function minimizes the capital, operational
and maintenance costs of the total conjunctive use system over the chosen
time period for the total model area, including all three groundwater

quality zones. It can be stated as

Minimize Z = Minimize [CD+*y + CO°x] (5.1)
Y,X y,X
where Z = Total capital, operational and maintenance costs of the

system over the chosen time period.

y = Vector of design variables.
= [(DCWi, DCH, DIP., DISK), i=1,2,3)1"' (5.2)
X = Vector of operational varia?les.
= [CWi(k), SHRTi(k), DGWi(k), AR1(k), PD3(k), (Pij(k),
j=i,...,3); i=1,2,3 ; k=1,2,...,n]" (5.3)
CD = Row vector of cost coefficients for the design variables.
CO = Row vector of cost coefficients for operational variables

over the chosen time period (k=1,2,...,n).
(Note: all vectors are column vector unless otherwise stated

and superscript, ' , means transpose of the vector.)
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C. Constraints.

The objective function is minimized subject to both physical
and management constraints.

C.1. Non-negativity Constraints.

All the design capacity and operational decision variables
must be greater than or equal to zero,

C.2. Design Capacity Constraints.

The design capacities must be greater than or equal to
the existing capacities, since the proposed cropping intensity will be
greater than the present cropping intensity. Described in vector nota-
tion, y z_b2 ,» Where bz is the column vector representing existing
capacities of the design capacity variables.

The design capacities must also be less than or equal to some
selected upper limits. These limits are based on judgement of the neces-
sary capacities of the canal system and/or tubewells in each zone needed
to satisfy the maximum water requirements within each zone. Expressed
in vector notation, y f_bu , where bu is the vector of the upper limits
of the design capacity variables.

C.3. Operational Constraints.

Operational constraints include both physical and manage-
ment limitations.

C.3.1.Constraints on canal and tubewell operational

decisions.
The total delivery rate at heads of watercourses must

be less than or equal to the design capacity.
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CW, (k) + CLHW + AR1(k) - DCW, <0

CW,(k) + CLFD + P ,(k) - DCW, < 0 (5.4)

2
CWg(k) + CLFD * P (k) - CLFD = P, (k) - DCW < 0

where CLFD and CLHW are the seepage loss factors from the head of the

main canal down to the heads of distributaries and watercourses.

The total delivery rate at the head of the main canal must be less

than or equal to the design capacity at the head of the main canal.

[Z CW,(k)/CLHW ] + AR1(k) - DCH < 0 . (5.5)
i=1

The total pumping rate must be less than or equal to the tubewell

installed capacity within each zone.

Py(K) + P (k) + P o(k) - DIP; <0
Pyy(K) + Pyo(k) - DIP, < 0
Pys(K) - DISK < 0
PD3(k) - DIP, < 0 ) (5.6)

C.3.2. Constraints on availability of river water.

The total delivery rate at the head of the main canal

must be less than or equal to the available surface water from the river.

[ Z Cwi(k)/CLHW 1 + AR1(k) < RIN(k) (5.7)
i=1
where RIN(k) is the available river flow allocated to the model area
during period k .

C.3.3. Constraints on water requirements.

The total water delivered from the river and tubewells

plus shortage during each period must be equal to the water requirement
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during the same period.

CWl(k) + Pll(k) + SHRTl(k) = WRl(k) (5.8)

sz(k) + CLFD - Plz(k) + Pzz(k) + SHRTZ(k) = WRz(k)

ch(k) + CLFD - Pls(k) + st(k) + P33(k) + SHRTS(k) = WRS(k)
where WRi(k) , i=1,2,3 are water requirements in zones 1, 2, and 3
during subperiod k .

C.3.4. Constraints on water shortage.

It is assumed that water shortage during any period

can not exceed a certain limit due to the need to fulfill the goal of
the proposed cropping intensity. Chaudhry (1973) assumed that a shortage,
not to exceed 10% of the water requirement during each subperiod, would
not substantially affect the crop production. The same assumption is
used in this study. These constraints are not applied in the operational
study, but are used as a check. Whenever water shortage in any of the
three zones is greater than 10% , the design alternative is considered
infeasible and other design alternatives must be chosen.

SHRTi(k) < 0.10 WRi(k) s for 1=1,2,3 , (5.9)

C.3.5. Constraints on mixing requirement.

The water pumped from the aquifer in zones 2 and 3
must be mixed with surface water or fresh groundwater at certain mixing
ratios in order to maintain proper salinity control.

Pzz(k) - RMIX2 - [sz(k) + Plz(k)] <0

st(k) + P33(k) - RMIX3 - [Cws(k) # Pls(k)] <0 (5.10)
where RMIX2 and RMIX3 are the mixing ratios of the pumped ground water
in zones 2 and 3, with respect to the total surface and ground water

from zone 1.
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C.3.6. Constraints on prevention of salt concentration.

For a long term salt balance, the input of salt must be
equal to the output of salt. A salt balance equation can be formulated
with respect to the average salt concentrations and volumes of surface
water, rainfall and groundwater. According to the study made by the
Harvard Water Resources Group (1964), at least 10% of the pumped water
must be exported out of the area to preserve the long term salt balance.
Due to the lack of complete information on groundwater quality, and for
simplicity, their criteria will be used in this study.

PER1 - Pll(k) - P12(k) —Pls(k) <0

PER2 - P22(k) - st(k) <0 (5.11)
where PER1 and PER2 are the fractions of water pumped from zones 1 and 2
to be exported for long term salt balance and assumed to be equal to 0.10
in this study.

C.3.7. Continuity constraints.

Depth to water table at the end of any period k+1 is
equal to the depth to water table at the end of the previous period k-1
plus the change of water table due to pumping and recharge during period k .

DGWi(k) = DGW, (k-1) - RECH, (k) + PDC; (k) for i=1,2,3

(5.12)
where RECHi(k) = Rise of water table due to recharge during period
k for zone i , i=1,2,3 .,
PDCi(k) = Decline of water table due to pumping during period

k for zone i, i=1,2,3 .
Detailed equations for obtaining values of RECHi(k) and PDCi(k) are in

Appendix C.
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C.3.8. Constraints on the water table related to waterlogging.

The depth to water table must be greater than or equal
to the minimum allowable depth to water table.
DGWi(k) 3_DMIi , for i=1,2,3 . (5.13)

C.3.9. Constraints on maximum allowable depth to water table.

The depth to water table must be less than or equal to
the maximum allowable depth to water table considered to be economically
feasible for pumping of tubewells. According to the T§K (1967) study,
this value should be set at 90 feet.

DGWi(k) _<__DMAi , for i=1,2,3 " (5.14)

C.3.10.Constraints on lateral salt water movement.

Control on the groundwater gradient between different
aquifer zones will prevent salt contamination of the fresher water.
Constraints on the relative groundwater elevations in each zone are as
follows:

DGWl(k) = DGWZ(k) j_Rle(k)

DGwz(k) - DGWs(k) f-RTzz(k) (5.15)
where Rle(k) and RTZS(k) are the limits of the relative difference
between zones 1 and 2, and zones 2 and 3.

D. Magnitude and Structure of the Problem.

The objective function and constraints described above are
all linearly related to the decision variables. The problem consists of
eight design capacity variables and seventeen operational variables for
each subperiod k . The constraints include 15 wupper and lower limits
for the design variables, spanning the entire chosen time period, and

30 constraints related to the operational variables for each subperiod.
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As previously stated, linear programming can be directly applied
to the problem. An advantage of the direct application of linear program-
ming is that the design variables and operational variables can both be
included in the model and solved simultaneously. The primary disadvant-
age is that only a few operational periods can be included; otherwise,
the size of the problem becomes excessively large. Take, for example,
a ten year planning time period for monthly operation, there are 120
subperiods. This would result in a total of 2,048 decision variables
(including design capacity variables and operational variables) and the
total number of constraints would be 3,617 . This shows how large the
problem can become, and the need for decomposition of the entire period
into independent subperiods.

Simplification of the Problem.

Problem simplification must be based on sound judgement and practical
engineering experience. An approach which combined the scientific and
empirical points of view was emphasized repeatedly in recent research by
Chaudhry (1973). The following are the major simplifications made in
this study.

A. Strategies for Surface Water Diversions.

If water requirements during the period, after making allowance
for seepage losses, are less than the available river inflow and the de-
sign capacity at the head of the main canal, then it is possible to
satisfy all the demands from the available surface water. This will
always be the least-cost alternative, since the operational and mainten-
ance cost for the diversion of surface water in the canal distribution

system is relatively small and constant compared to the pumping cost
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from tubewells. Thus,
Cwi(k) = WRi(k) , for i=1,2,3 and k=1,2,...,n . (5.16)

Diversion for artificial recharge is possible for certain situations
and will depend on the following three conditions:

1. The available river flow is greater than the amount required

to satisfy the water demand in the three zones.

2. The capacity of the main canal is greater than that needed for

the diversion requirements plus the seepage allowance.

3. Aquifer space is available for storing recharged water in the

nonsaline zone.

If direct diversion of surface water to meet the water demand and arti-
ficial recharge will cause the water table in the three zones to rise
higher than the allowable 1limit for preventing waterlogging, then it is
necessary to consider pumping from the aquifer. Thus, artificial recharge
is no longer feasible.

In considering direct river diversion, the lateral salt water move-
ment should also be taken into account. If artificial recharge in the
nonsaline area cannot raise the water level high enough to satisfy the
relative water level constraints, it is necessary to pump some water from
the intermediate and saline zones to reduce the water level to meet these
constraints.

If the design capacity is less than the water requirement and the
available river flow, then the water inflow is limited by the capacity
of the canal system. Pumping from tubewells is necessary to try to
satisfy the total water requirements,

When the available water is less than the water requirement, it is

always necessary to pump water from aquifer to meet the requirements.
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Once groundwater pumping is necessary, such as described above, or
when the water table is higher than the allowable limit causing water-
logging, it is necessary to allocate the available surface water and
usable groundwater to satisfy the irrigation water requirements, subject
to the applicable constraints. A linear programming subroutine is used
to determine these optimal operational decisions within each subperiod.

B. Relation Between Artificial Recharge and Pumping in the Non-

saline Zone.

During the dry season when the available water from the river
is less than the water requirement, artificial recharge is not feasible.
Water pumped from the aquifer must be supplied to satisfy the demand.
Artificial recharge and pumping from the nonsaline zone thus becomes
mutually exclusive.

AR1(k) - pli(k) =0, for i=1,2,3 " (5.17)

C. Capacity and Pumping Rate of Skimming Wells.

In the saline zone, due to the recharge of fresh water from
the canal distribution system, the quality of the groundwater in the
upper layer, depth of 100 to 150 feet, is usable if mixed with other
good quality water. Pumping by skimming wells from this relatively fresh
water is feasible as long as local saltwater coning from the lower saline
groundwater layer does not occur.

The rate of pumping from skimming wells during each period depends
on the rate of recharge to the aquifer in this area. It is shown in
Appendix C that a well capacity of 0.25 cfs will be safe from salt
water contamination. Assuming that the wells are uniformly distributed
and each covers and area of 200 acres, the total allowable installed

capacity for the 330,000 acres in the saline zone is about 400 cfs.
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This is within the estimated minimum recharge from surface water delivery
to this area. For safety purposes it was assumed that the total installed
capacity of the wells was 300 cfs, and a pumping rate of 200 cfs was
used to allow possible failure of some of the wells. The design capacity
of skimming wells and the operational decision for pumping during each
period were determined apriori, and were excluded from decisions to be
made in the optimization formulation.

D. Design capacity at Heads of Watercourses - Saline Zone.

In addition to the available water pumped from skimming wells
in the saline zone, an amount of water must be supplied either from
surface water or groundwater imports from the nonsaline or intermediate
zones. ThisAwater is delivered through the heads of distributaries.

For a fixed amount of pumping from the skimming well, the design capacity
at the heads of watercourses in the saline zone can be readily determined
from the maximum water requirements during the subperiods. Expressed
mathematically,

DCW, = Maxima of [WR;(k) + P, (K)] k=1,n (5.18)

where Pss(k) was determined apriori, as mentioned above.

E. Relative Water Levels Between the Three Zones.

One of the mgthods for preventing salt water contamination due
to lateral salt water movement is to control the water levels between the
three zones (see Appendix C). During the dry season when there is insuf-
ficient surface water for irrigation, withdrawal of groundwater from the
nonsaline zone is necessary in order to satisfy the irrigation water
requirement. The water level in the nonsaline zone can thus be t-mporar-
ily lowered below that in the intermediate zone within a certain limit

which will prevent the contamination of the relatively fresh water in
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the nonsaline zone. The same situation also applies between the inter-
mediate and saline zones.

During the wet season, when there is excess water from the river,
delivery to the nonsaline zone should be increased and artificial recharge
initiated in order to raise the water level and reduce intrusion of salt
water. In some cases, when it is not possible to raise the water level
in the relatively fresh water area high enough to prevent salt water
movement, pumping of salt water from the saline zone for drainage must
be undertaken to satisfy the water level constraints. After all the
pumping decisions have been made for the entire study period, the design
capacity of the drainage tubewell, DIP3 , 1s determined to be the maximum
drainage pumping rate among all subperiods and is excluded from the de-
sign capacity variables to be chosen.

F. Groundwater Consideration.

In the operational study, the optimal least cost policy for a
given set of design parameters must minimize the groundwater pumping,
with the condition that water requirements must be satisfied within some
allowable limits (Chaudhry, 1973). For a number of consecutive subper-
iods, as long as groundwater pumping during each subperiod is minimized,
the lowering of the groundwater table, and thus the total pumping head,
is the least during that subperiod. It is obvious that when the lower-
ing of the groundwater table is less in the previous subperiods, then
the cost of pumping will be less for the current subperiod due to the
reduced pumping head. In this way, the optimal operational decision for
the entire period is to optimize the decision during each subperiod
separately by keeping the groundwater table as high as possible. The

groundwater level then will not need to be considered as a state variable,
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and the optimal operational decisions during each subperiod can be deter-
mined independently.

It is assumed that recharge froﬁ the diversion of surface water in
the canal distribution system and diversion for artificial recharge to
the nonsaline zone will keep the water table as high as possible without
waterlogging. Under this condition the cost of pumping will be small
compared to the water ghortage, which is within the allowable limit.
Only the groundwater aquifer in the nonsaline zone will receive artific-
ial recharge, and only the water level in this area is considered in
minimizing the cost of groundwater pumping. The depth to water table
in the intermediate and saline zones are restricted by limits relative
to that of the nonsaline zone (see Appendix C).

Under this operational policy, the constraints on upper and loﬁer
limit on depth to the ground water table still must be considered. If
the depth to the groundwater table exceeds the maximum allowable pumping
depth, there is no way to satisfy the demands from pumping underground.
The design alternative under consideration is then infeasible and the
capacity of the canal system must be increased to supply more surface
water to the area. For this study the maximum depth to water table
constraint (90 feet according to T§K) is neglected. Since it will
seldom occur when the aquifer is considered as a storage reservoir to
keep the water table as high as possible within the waterlogging con-
straint. A check can be made in the final solution. If the water table
is higher than that allowable then it is necessary to reduce the supply
from the river flow and increase the pumping from tubewells to lower the

water table to the required minimum allowable depth.



78

G. Mixing Criteria.

The proposed water requirements in each zone were assumed to
include the leaching requirements for preventing salt accumulation in
the root zone in each area. Under this assumption it is not necessary
to have that mixing criteria satisfied during each subperiod. Since the
main sources of water supply will be from the relatively fresh surface
water and groundwater in the nonsaline zone, it can be expected that the
overall mixing of surface water and groundwater in a longer period, such
as three months or a year, will meet the required criteria. This con-
straint will therefore be neglected in the operational study. A check
can be made to see if the constraint has been violated under an optimal
policy.

H. Design €Capacity at the Head of the Main Canal.

The capacity at the head of the main canal can be reasonably

expressed as follows:

3

DCH = & DCWi/CLHW ‘ (5.19)
i=1

The assumption here is that during some of the wet summer seasons, the

diversion of surface water to the three zones will be at their full

capacities in order to satisfy the water demand and necessary artificial

recharge in the nonsaline zone.

General Formulation of the Simplified Problem.

A. Decision Variables.

There are four design capacity variables after simplification:
DCWi - The lumped capacity at heads of watercourses for area

i (i=1,2).
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DIPi - Total tubewell installation capacity for area i (i=1,2).
There are still sixteen operational decision variables to be deter-
mined for optimal operational policy within each subperiod. The pumping
rate of skimming wells, P33(k) , in area 3 was determined apriori as
stated previously.

B. Objective Function.

The simplified objective function is:
Minimize Z = Minimize (CD+y + CO-*Xx) (5.20)

column vector of design variables,

where y

[DCWi, DIPi, i=1,2]

x = column vector of operational variables,
= [ CW.(k); SHRT. (k), DGW. (k), AR1(k), PD3(k), P..(k)]
i i i ij (5.21)
i=1,2,3
j=1,...,3

k=1,2,...,n
and Z , CD and CO are the same as previously defined.

C. Constraints.

All decision variables must be greater than or equal to zero.
These are referred to as the non-negativity constraints.

Two types of design capacity constraints must be considered to
assure that the capacities are greater than existing capacities but less
than or equal to some preselected upper limit. They are expressed as
y _>__b2 assuring the capacity is greater than the existing and vy f_bu
for the upper limit.

C.1. Operational constraints for each subperiod k , k=1,2,...,n.




80

C.1.1. Constraints on canal and tubewell operation decisions.

The total delivery rate at heads of watercourses must
be less than or equal to the design capacity,
1 20
sz(k) - CLFD - Plz(k) - DCW2 <0

CW (k) - CLHW - AR1(k) - DCW

CW5(k) - CLFD + P (k) - CLFD + P, (k) - DCW, <0 . (5.22)

3

Similarly the total delivery rate at the head of the main canal must be

less than or equal to the design capacity at the head of the main canal,

3 3
I CW;(k) + CLHW - AR1(k) - I DCW, <0 (5.23)
i=1 i=1

and the total pumping rate must be less than or equal to the tubewell
installed capacity within each area,

P (k) + P ,(k) + P (k) - DIP; <0

P,, (k) + P, (k) - DIP, < 0 . (5.24)

C.1.2. Constraints on availability of river water.

[ CW, (k)/CLHW] + AR1(k) - RIN(K) < 0 : (5.25)
i=1 .

C.1.3. Constraints on water requirements.

CWy (k) + P, (k) + SHRT,(K) = WR, (K)
CH, (k) + CLFD + P (k) + P, (k) + SHRT,(K) = WR, (k)
CW, (k) + CLFD = P, (k) + CLFD = P, (k) + SHRT,(K)
= WRy(k) - P,y (K) ) (5.26)

C.1.4. Constraints on water shortage.

SHRTi(k) j_SUWPTi(k) , for i=1,2,3 . (5.27)
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C.1.5. Constraints on prevention of salt concentration.

PERL + P (k) - P ,(k) - P 5(k) <0

PER2 *+ P,, (k) - P,5(k) <0 . (5.28)

C.1.6. Continuity of water tables.
DGW, (k) = DGW, (k-1) - RECH, (k) + PDC,(k) , for i=1,2,3
(5.29)

C.1.7. Constraints on water table related to waterlogging.

DGWi(k) i.DMIi , for 1i=1,2,3 . (5.30)

C.1.8. Constraints on water table related to lateral salt

water movement.

DGW, (k) - DGW,(k) < RT;,(k)
DGHW,, (k) - DGW,(k) < RT, (k) ) (5.31)

Reformulation of the Problem.

In order to deal with the large scale linear programming problem,
it was necessary to simplify the problem using some intuitive insight
and judgement. The simplified problem presented in the above section
was still too large, so it was necessary to decompose the problem into
two levels of optimization. The large problem was replaced with an
equivalent problem involving solution of several smaller problems. The
design and operational aspects were separated and the operational problem
associated with each subperiod was solved independently. A more detailed
description is presented in the following sections.

Projection is a problem manipulation device which takes advantage
of the relative simplicity introduced by temporarily fixing the value
of certain variables (Geoffrion, 1969). Observing the structure of this
problem, it can be seen that if the design variables are fixed temporar-

ily, then the problem reduces to an operational problem. The inner
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operational problem is a time sequential type problem which can be re-
formulated as a multi-stage sequential decision process resembling dynamic
programming.
The problem is restated in the following general form:

Min [CD+y + CO<+x]

¥ X
Subject to:
G(y) +g(x) <0
xeX
yeY (5.32)

where G(y) and g(x) are vector-valued functions, X and Y are the
sets which define the upper and lower bounds of x and y , and the
constraints stated above are equivalent to the constraints stated in the
previous section.

Through projection onto the space of design capacity variables y

alone, the result is

Min w(y) = Min CD-y + V(y) (5.33)
yeYaW yeY
where V(y) = Min CO-x (5.34)
xeX
Subject to:
gx) < - G(¥)

Assuming a minimum exists for yeY which defines the greatest lower
bound of CO+*x for given y , over x . Define W(y) = « , if the inner
problem is infeasible. So y must be in the set

W

{y |wly) <=}

{y | gx) <- G(y) for some xeX } ’ (5.3%)
The problem now has two parts: the design problem and the inner

operational problem. The design capacity variables in the design problem
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are treated as parameters in the inner operational problem. Each time
the design problem assigns a set of design capacity variables, the inner
operational problem is solved optimally. This result is fed back to the
design problem to obtain the overall results. Another set of design
capacity variables are assigned to the inner operational problem to find
another set of results, and so on, until the best result is found accord-
ing to some convergence criteria.

Details of the solution procedures will be described in subsequent
sections. The inner operational problem is discussed first, assuming a
given design alternative, followed by discussion of the overall optimal
solution with regard to design capacity variables and operational deci-
sions. Figures 5.1 and 5.2 show the computational procedures.

Optimal Operational Policy for a Given Design Alternative.

For a given design alternative, the design capacities of the system
are the known parameters. Under the simplified assumptions made in the
previous section, the number of the decision variables and constraints
are greatly reduced. The formulation of the simplified operational
problem will be described first, then the solution procedures will be
presented.

A. General Statement of the Operational Problem.

The operational problem including constraints can be expressed

mathematically as:

n
Min C = Min z CO'xk
xeX x, €X, k=1
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Figure 5.1. Problem Decomposition and Solution Procedures.
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for Optimal Allocation
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k=1,..., n.
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Figure 5.2. Inner Operational Decisions During Each Subperiod.
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n 3
Min C =Min £ { COS*[ Z CW.(k)] + CAR * AR1(k)
X x eX, k=1 i=1 !
Xe K Xk
3
+ CTIl-[ § Plj(k)]-(DGwl(k) + Hl)
j=1
3
+ CTIZ-[ z sz(k)]-(DGwz(k) + Hz)
j=2
+ CTI; - PDS(k)~(DGW3(k) + HS)
3
+ CSTe[ & SHRTi(k)] } (5.36)
i=1
where:
Xy is the decision vector during period k and set X
represents the bounds on X -
COS = Unit cost of operation and maintenance for the canal
distribution system.
CAR = Unit cost of operation and maintenance for artificial

recharge.
CTI1, CTI2, CTI3 = Unit cost of energy for pumping from zones
1,2,3.
CST = Unit cost of shortage in zones 1,2, and 3, assumed to be
the same in each zone.
H

H,, H, = Dynamic heads including drawdown and head loss

1* T2* 73

for tubewells pumping in zones 1,2, and 3.
This formulation is subject to the operational constraints described
in the general formulation of the simplified system, except that desi/n
capacity variables are now put on the right hand side of the equations

and considered as known parameters.
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B. Formulation as a Multi-Stage Sequential Process.

The general operational problem stated above can be reformu-
lated as a sequential decision problem. The whole operational problem
is divided into stages with each subperiod as a stage. Within each stage,
there are decisions on the allocation of available surface water and
groundwater to meet irrigation water demands in the three different
groundwater quality zones., Decisions on surface water diversions and
groundwater pumping in each zone for a particular period will transform
the groundwater levels at the beginning of the period to a new level at
the end of the period. Figure 5.3 shows the diagram describing this

process. Figure 5.4 shows the transformation of groundwater table between

two consecutive periods, k-1 and k . The state transformations are
DGWi(k) = DGWi(k-l) - DTi(k) 5
DTi(k) = RECHi(k) - PDCi(k) (5.37)

where DTi(k) Net change of water table during period k ,

RECHi(k) = Rise of water table due to recharge during period
k and is dependent on operational variables x(k) ,
PDCi(k) = Decline of water table due to pumping during period

k and is dependent on operational variables x(k)

As mentioned previously, the optimal least cost operational policy
is to minimize the groundwater pumping and yet satisfy the water require-
ments. As long as groundwater pumping during each period is minimized,
the net lowering of the groundwater level will be minimized during that
period and the groundwater table will remain as high as possible within
the waterlogging constfaint. In this way, the operational decisions can
be determined independently within each period. The operational problem

can now be simplified as



88

x{1), x(2), x(n-1), x(n),
DT DT(2) DT(n-1) D Ti(n)

DI, l DGW(I) DGW,;(2) DGW;(n-2) l DGW,(n-1) l DGW,(n)
— | 2 4% n-1 o)
Initial .

Water
Table g (1) WR/(2) WR;(n-1) WR(n)
Water Demand
Figure 5.3. Sequential decision process.
Ground Surface
DGW;(k) DGW,(k-1)
<
DTi(k) REC*ﬁ(k)SZ Deep Aquifer
= ]PDC(k)

Figure 5

4.

State transformation of water table.
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Min  CO-x ) (5.38)

Min Z = B

n
X
zeX k=1 xkeXk
This objective function is subject to the operational constraints stated
in the general formulation of the simplified problem.

C. Optimal Solution Procedures.

C.1. Available Surface Water Exceeds the Water Requirement.

During the summer season when the available surface water
from the river is greater than the total water requirement, the following
policy will be followed:

1. If the capacity of the canal system is greater than the water
requirement, then , direct diversion of river flows to the three
zones is the most feasible.

CW, (k)

WRi(k) , 1=1,2

Cws(k) WRS(k) - P33(k) (5.39)
where Pss(k) is constant throughout the whole study period, and
the other decision variables are zero.

2. The extra available surface water then will be diverted for

artificial recharge in the nonsaline area. The amount of artificial

recharge will be limited to:

3
AR1(k) = Minima of {[RIN(k) - ( & WR. (k) - P33(k)]/CLHW} .
f=1
[DCW, - WR, (K)] , ASPACE (k) } (5.40)

where ~ASPACE(k) is the available aquifer space in the nonsaline

aquifer during period k .
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3. It is necessary to check the relative groundwater levels in

the three zones. If the constraints are violated, pumping from

zone 2 and/or 3 is needed to lower the water table to satisfy the
relative water level constraints.

4. If capacity of the canal system is less than the water require-
ment, there is no extra capacity available for artificial recharge
and AR1(k) = 0 . Groundwater is pumped to supplement the irrigation
water requirement. A linear programming subroutine, described below,
is then used to determine the optimal decisions.

C.2. Available Surface Water Less Than the Water Requirement.

During some of the periods, especially the dry season,
when the available surface water from the river is less than the total
water requirement, tubewell pumping is required to satisfy the water
demand. The optimal decisions are determined by solving a linear
programming problem. The decision variables, objective function and
constraints are those representing the multistage sequential process
problem.

C.2.1. Decision variables.

The decision variables for the inner operational
problem are the same as stated in the decision variables of the simpli-
fied problem considering only one period, except that AR1(k) is equal
to zero. Totally, there are fifteen decision variables.

C.2.2. Objective function.

Min C = CO-x " (5.41)

K
X &Xy
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C.2.3. Constraints.

There are sixteen constraints for the simplified

operational problem which can be grouped as follows:

1.

Design capacity constraints.

CH, (k) < bW,

CW,(k) + CLFD + P (k) < DCW,

CW(k) + CLFD P, (k) + CLFD « P, (k) < DCW

3
Py (K) + P (k) + P (k) < DIP,

P,y (k) + Pq(K) < DIP

| A

2 (5.42)

Capacity or available river flow constraint.

3 3

I CW, (k) < Minima of [CLHW-RIN(k) , X  DCW,] (5.43)

i=1 o R

Constraints for preventing salt concentration.

PER1 . Pll(k) - Plz(k) - PlS(k) <0

PER2 . P22(k) - st(k) <0 (5.44)

Relative water level constraints.

DGWl(k) - DGWz(k) j_Rle(k)

DGWZ(k) - DGws(k) j_RTZS(k) (5.45)

Water requirement constraints.

CWl(k) + Pll(k) + SHRTl(k) = WRl(k)

sz(k) + CLFD'Plz(k) + Pzz(k) + SHRTZ(k) = WRz(k)

Cws(k) + CLFD-Pls(k) + CLFD-PZS(k) + SHRTS(k) = WRS(k) - PSS(k)
(5.46)

Continuity constraints.

RECH, (k) - PDC, (k) + DGW, (k) = DGW, (k-1) , for i=1,2,3.

(5.47)
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The above procedures are performed for each subperiod through the
entire planning period depending on the conditions of the available river
flow, the design capacity of the canal system and water requirements.
The connection between two consecutuve subperiods is calculated through
the continuity equation stated in equation 5.47.

The conjunctive use system of surface water and groundwater is
designed to satisfy the irrigation water requirements. If water defic-
iency does occur at times, it must be less than the specified 10%
limit, otherwise the chosen design alternative is considered infeasible.
Once this situation occurs, the operational study will be stopped and
other design alternatives must be chosen. This helps to save computa-
tional time in searching for the optimal design alternative.

Numerical Search Techniques for Design Alternatives.

As previously described, operational costs are evaluated at

the first level for a particular design alternative. There is no func-
tional way to express this operational cost related to the design vari-
ables, and it is not possible to evaluate derivatives of the objective
function explicitly. Because of this, gradient search methods requiring
analytic derivatives are not applicable. Search methods that numerically
estimate the gradient from objective function values must be utilized.

The constrained optimization problem can be attacked by one of two
approaches. First, the search for an optimum, constrained by some
inequalities, is carried out ensuring that each new point is a feasible
one, and to direct the search in a feasible direction when a nonfeasible
point is found. The second approach is to convert the constrained
problem into the form of an unrestricted problem and use an unconstrai.ed

optimization technique directly.
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Penalty function methods have been widely used to transform a con-
strained problem into an unconstrained one, when the penalty terms are
used to incorporate the constraints into a modified objective function.

An example penalty function (Himmelblau, 1972) is:

m 2

Min Z(y) = £(y) + I H(g;)*P;*(g; (")) (5.48)
i=1

where f(y) = original objective function.
gi(y) = original ith constraint function.
Pi = a positive-valued constant for constraints, for
i=1,2,...,m .
H(gy) = 1, if g, (y) 20

= 0, if gi(y) <0 . (5.49)

During the minimization process performed by any of the unconstrained
solution methods, the decision vector, y , is forced by the penalty to
satisfy the constraints to some degree, depending on how the value of the
penalty factor, Pi , is chosen. Clearly, as long as g(y) 1is satisfied,
and, as y reaches the optimal value, the value of Pi becomes neglig-
ible and the minimum Z(y) approaches the minimum of f(y)

The general procedure for use of this method is:

1. Choose the penalty factors Pi , i=1,...,m , starting with

small values.

2l Use a suitable unconstrained search technique to determine the

optimum of Z(y)

3. Adjust values of Pi , i=1,...,m , based on some other search

techniques. In general, these values are gradually increased.
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4. Repeat steps 2 and 3 until some convergence criteria are satis-
fied.
For this study, the modified objective function is

Min Z(y) = CDey + C*(x)

yeY
2 " 2 )
*Z Pi(DCWi - EDCWi) + ? Pi+2(DCWi - DMCWi)
i=1 i=1
2 2
- 2 - 2
+% P, ,(DIP, - EDIP,)? + I P, (DIP; - DMIP,)
i=1 i=1
2
- . - 2
+ ? Pi+8(DCWi + (1 PERi) DIP, WRMi) (5.50)
i=1
n
where C*(x) = I min CO'xk is the minimum cost of operation under a
k=1

certain design alternative, and Pi for i=1,...,10 are penalty factors
for each constraint. Parameters WRM1 and WRM2 are the maximum water
requirements during a subperiod for area 1 and 2 respectively.

Once the constrained problem had been transformed to an unconstrained
problem, Powell's method (Powell, 1964) for minimizing unconstrained
problem was applied. In addition, direct solution of the constrained
problem was carried out by the flexible tolerance method (Paviani and
Himmelblau, 1969). A systematic search method (Chaudhry, 1973), based
on intuitive judgement to exclude the obviously nonoptimal solution, was
also attempted.

Powell's method is based on the properties of conjugate directions,
and does not require analytical derivatives. Beginning from an initial
point, a series of linearly independent directions for searches are gen-

erated. Before proceeding from one direction to another, a check is made

to see if the new direction is more effective or not. If it is not, the
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old direction is followed again, Starting from the last best point, the
procedure is repeated again until the required convergence is reached.
Detailed development of the theory is available in the publication by
Powell (1964).

The flexible tolerance method is an extension of the flexible poly-
hedron search for unconstrained optimization proposed by Nelder and Mead
(1964). Additional rules are added to take care of the equality and/or
inequality constraints. A flexible tolerance criterion which combines
all restrictions into a single tolerance is set up for constraint viola-
tion throughout the search. New points are checked to ensure that they
improve the objective function and that they satisfy the tolerance. The
tolerance limits are gradually decreased and become more restrictive as
the search progresses toward the final solution. A review of the develop-
ment and theory are presented in Appendix B.

The systematic search method is the straight forward enumeration
search. But based on physical reasoning, a large number of design alter-
natives can be excluded in the course of the search. The criteria of
search are:

1. Grid points are set up for each design capacity variable.

Starting from the lowest value of each variable, the possible design

alternatives are obtained through different combinations of grid

points by an iterative procedure.

2 Before the operational study, the combined design alternative

is checked to see if the alternative is feasible or not. If it is

not, another feasible one must be found by increasing the value of

one of the variables successively.
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3. During the operational study of any feasible design, if
shortages of water requirement exceed the specified limits during
any period, the design is dropped immediately. The next higher
value of the variable is chosen.

4. For any alternative which is feasible in both design and oper-

ation, if increase of any variable results in a higher cost, further

increase of that variable should not be made.

One of the particular features of the solution procedure is that in
the course of searching the best design alternative, the operational
study will be stopped immediately when the selected design alternative
is unfeasible for system operation (i.e. when the shortage of water
requirement exceeds the allowable 1limit). Under this condition, it is
not possible to evaluate the actual operational cost. A very large cost
value is then assigned to this alternative to ensure the exclusion of
this infeasible solution.

With Powell's method there is the possibility of obtaining negative
values during the search, and the assignment of a large cost to assure
the exclusion of the infeasible design has caused irregularity in evalu-
ating search gradients in the solution procedure. The systematic search
method does not have the disadvantage of Powell's method, but with more
design variables, the search becomes prolonged if there are too many
grid ppints for each variable. A large number of grids may be required
for accuracy. The flexible tolerance method does not have either of the
above disadvantages and it appears to be the most promising technique

for the solution of this problem. It was adopted for this study.



CHAPTER VI

COMPUTATION AND RESULTS

The simplified mathematical model developed in Chapter V was pro-
gramed in Fortran IV language and was solved using the CDC 6400 computer
available at Colorado State University. A description of the computer
program and the program itself are included as Appendix D. In this
chapter, the general computational procedures are described, selected
results are presented and a general discussion of all results follows.

General Computational Procedures for Overall System Optimization.

The general computational procedures are depicted in the flow chart
of figure 6.1. The computer program was adopted from Himmelblau (1972)
for the flexible tolerance method and was modified to include two other
subroutines for optimizing the inner operational policy. The original
program which includes the main program and five subroutines - WRITEX,
SUMR, PROBLEM, START and FRASBL was used mainly for searching the optimal
design alternative. They calculate the overall capital and operational
and maintenance costs, compute the sum of the squares of the violated
constraints which are compared with the tolerance criterion and search
for the new design variables which minimize the sum of the square value
for the violated constraints. For each design alternative, subroutines
DYP and SIMPLEX were used to determine the optimal operational decisions
during each subperiod. These are described in detail in Appendix D.
The following general computational procedures are performed in the
computer program:

1. The main program will read input data, calculate the required

parameters and also make the initial guess of the design capacity
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Read Input Data, Choose
Initial Design Alternative
and set up Initial Toler-
ance Criterion

Inner Operational

Problem for Period k,
k=1,..., n.

Tolerance
& Convergence
Criteria for
Stage i

Reached?

Search for
New Design
Alternative

Print out Final Design
Alternative § Operational
Decisions for Period k,
k=1,..., n.

Figure 6.1. Flow Chart of General Computational Procedures.
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variables. The tolerance criterion used during each iterative
stage of calculation is assigned in the main program.

2. Determine the optimal inner operational decisions during each
subperiod k(k=1,2,...,n) for the current design alternative by
calling subroutines DYP and SIMPLEX.

3. Compute total capital, operational and maintenance costs for
the current design alternative.

4, Search for a new design alternative (outer design problem) by
utilizing the flexible tolerance method. The search procedures are
included in the main program and subroutines are called whenever
they are needed.

5. In each iterative stage of search, the new design alternative
will be considered as given parameters and steps 2 and 3 above for
determining the optimal inner operational policy and computing the
overall capital and operational costs will be repeated. The new
tolerance criterion is also calculated during each new iterative
stage of calculation for the new improved design alternative. The
tolerance criterion is reduced with each iteration as mentioned in
the numerical search techniques of Chapter V.

6. The search is continued until the required tolerance criterion
is reached. The final optimal design alternative and the final
optimal operational policy are printed out.

Application to the Lower Jhelum Canal Commanded Area.

The Lower Jhelum Canal Commanded area was selected to test the
mathematical model and the computer program. Several computer runs were
made for this specific area including different hydrological inputs for

the available surface water depicting the high flow and low flow



100

situations. Water demands in the saline area were varied for cropping
intensities of 100 and 150 percent. Monthly operational studies
were made for a three year period. The tolerance and convergent criteria
for the search of the optimal design alternative were set to be within
40 cfs of the design capacity variables. Detailed descriptions of the
various outputs for the different computer runs are presented in Appendix
E. Selected results for a low river flow situation with cropping inten-
sity of 150% for each of the three areas are as follows:
Run E.1. Cfopping intensities in the three areas are all equal to
150% , low river flows. Minimized total cost including fixed and
operational costs = RS 166 million.

Design Capacities

Zones
Item Nonsaline Intermediate Saline
Capacity at heads
of watercourses 5,156 cfs 915 cfs 2,010 cfs
Watercourse
Remodeling Ratio* 2.39 1.12 2.45
Installed Tubewell
Capacities 6,058 1,650 1045 cfs (drainage)

300 cfs (skimming)

*The modeling ratio is defined as the ratio of the new design
capacity with respect to the existing design capacity.
Design capacity at the head of the main canal = 11,544 cfs with a

remodeling ratio of 2.13 .
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The operational decisions were determined on a monthly basis for a

total period of three years. These monthly operational decisions are

listed in Appendix E and are graphed as lumped sums in figure 6.2. The

most significant features of this solution can be summarized as follows:

1. The total design capacity of the overall canal system must be
enlarged to increase surface water diversions to meet the water
demands and provide water for artificial recharge during the

summer months as indicated in the figure for the months of June

to August of the first year and months of July and August of the
second year.

2 The optimal operational decisions show that no water shortage
occurs in any month within the three year period. Generally speak-
ing, more groundwater withdrawal is necessary during the dry season
(October to March).

3. In some of the high flow months such as June and August, there
is enough surface water to satisfy the water requirement. But due
to the limited capacity of the canal design, pumping of groundwater
is still necessary. In the month of July, due to the lower demand,
canal capacity is large enough to carry part of the surface water
for recharge and no pumping of groundwater from the nonsaline and
intermediate areas is required.

4. During the months of April in each year and May of the first
and third year, the extra amount of surface water available was
diverted for artificial recharge.

5. In August of the third year, there is enough surface water to

satisfy the demand, however, groundwater still must be pumped and
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used in order to maintain the depth to water table in the non-saline

area in excess of A10 feet, thus preventing waterlogging.

6. In some months such as December of year 1 and 2, May of year

1 and 3, and April in each year, surface water can satisfy water

requirements except in the saline area where a fixed amount of water

is constantly pumped out from skimming wells. This is probably

due to the low water demand for the months of December and April

and the rising river flows beginning in May.

Figures 6.3 to 6.5 illustrate the monthly allocation of both surface
and ground water to each individual subarea for the three year period.
Data for the nonsaline area is presented in figure 6.3 and can be sum-
marized as follows:

1. The optimal operational decisions indicated that the expansion

of the existing canal capacity in this area serves both the purposes

of diverting more surface water to meet water demands and provide
artificial recharge.

2. Groundwater withdrawal is necessary in the high flow month of

August of the third year in order to lower the groundwater table to

staisfy the groundwater table constraint.

3. In the month of July, water demand for the area is small com-

pared to the other high flow months of June and August, so there

is extra canal capacity for diverting water for artificial recharge.

4. The available surface water for April is not large compared to

the other high flow months, but the water demand is also comparatively

small so that diversion of water for artificial recharge occurred.

Figure 6.4 shows the water allocated from surface and grouna water

for the intermediate area. It is summarized as follows:
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1. The required expansion of the existing canal capacity in this
area is small. Only a 12% increase of the existing capacity is
needed.

2, Groundwater pumping is concentrated in the months of September,

October, November, February and March of each year. The major part

of the pumped groundwater is obtained from the aquifer beneath the

area.

3. The export of groundwater from this area to the saline area is

limited to the amount required to satisfy the salt balance constraints.

4. Water requirements can be satisfied by surface water diversions

during the high flow months such as July and August of the first two

years and July of the third year and during some of the low flow
months of December and January because of lower demands.

Figure 6.5 depicts the amount of water allocated from surface and
ground water supplies to the saline area. It is summarized as follows:

1. A fixed amount of groundwater (300 cfs) is pumped constantly

from skimming wells in this area.

2. Most of the water requirements are supplied from surface water.

The existing canal capacity was increased to the maximum monthly

water requirement of September after excluding the amount of water

pumped from skimming wells.

Figure 6.6 presents the fluctuations of the water table for all
three areas during the three year period. The initial depth to water
table was assumed to be 15, 16.5 and 18 feet respectively for the
nonsaline, intermediate and saline areas. Analysis of the water table

data can be summarized as follows:
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1. In general, the groundwater tables in the three areas rise

with respect to time.

2. The groundwater level in the nonsaline area is lower than those
of the intermediate and saline areas during the dry season and rises
above those of the other two areas again during the wet season.

This is due to the operational decisions of pumping groundwater to
help satisfy demands during the dry season and diversion of surplus
river flows for artificial recharge during the wet season.

3. The rising trend of the water level can probably be explained
by the fact that the total net amount of recharge to the groundwater
aquifer during the wet season is greater than the total amount of
water pumped from the aquifer.

4. The water table in the nonsaline area during the month of
August of the third year reached the allowable limit of 10 feet
below the ground surface. This explains why it was necessary to
pump water from the nonsaline aquifer during this high flow month

as depicted in figures 6.2 and 6.3.

5. The water table in the intermediate and saline areas did not
reach the highest allowable limit due to the imposed water level
constraints between zones to prevent salt water movement.

Sensitivity Studies.

The cost coefficients and input parameters are seldom known with
complete certainty or to the desired degree of precision. It is neces-
sary to perform a sensitivity analysis to examine the effects on the
optimal solution by changing values for certain coefficients or para-
meters. If sensitivity studies show that the optimal solution is

sensitive to some of the coefficients or parameters, special care
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should be taken in estimating these values. A special effort must be
concentrated on collecting and analyzing data for estimating those coef-
ficients and parameters to which the optimal solution is most sensitive.

The optimal solution obtained when the cropping intensity in the
saline area was reduced from 150 to 100 percent (see Appendix E) are
similar to those discussed on figure 6.2 to 6.6. The design capacity at
watercourse outlets of the nonsaline area increases from 5,156 to
6,050 cfs while tubewell installed capacity decreases from 6,058 to
5,109 cfs. In the intermediate area design capacity at heads of water-
courses of the saline area reduces from 2,010 to 1,050 cfs due to
the reduced cropping intensity and the corresponding decrease in demand.
Drainage tubewell capacity in the saline area reduces from 1,045 to
705 cfs due to the reduced surface water recharge to this area. The
overall cost reduces to RS 144 million compared to RS 166 million
for 150% cropping intensity.

When the storage coefficient changes from 0.16 to 0.25 , there
are also some significant changes. The design capacity at heads of
watercourses of the nonsaline area is 6,198 cfs, an increase of about
20% , and the tubewell installed capacity reduced from 6,058 to 5,428
cfs. There is no change on the design capacity at heads of watercourses
of the intermediate area, while tubewell installed capacity in the same
area increases from 1,650 to 2,259 cfs. Drainage tubewell installed
capacity in the saline area increases to 1,342 crs, an increase of
about 30% . Total cost of this case increases to RS 175 million .

Discussion of Results.

The existing canal capacities in each of the three zones need to be

enlarged in order to divert more surface water to satisfy water demands.
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This is different from suggestions made by some of the consultants to
Pakistan such as Revell's group (1964) and T§K (1967). They suggested
only the expansion of the canal network in the saline zone to divert more
surface water to the area due to the unfeasibility of using its underlain
saline groundwater. Remodeling ratios at the head of the main canal and
at heads of watercourses are greater than 1.6 . This suggests that a
second new canal built along the existing one is more feasible according
to the cost curve shown in figure 4.4.

The optimal operational decisions allocating the available surface
and ground water to the three areas shows that water requirements can
always be satisfied. Whenever the available surface water is less than
the total water requirements, the full amount of available surface water
is diverted and the deficiency is supplied by groundwater.

There is no water shortage for a cropping intensity of 150% in
all three groundwater quality zones in this selected study. There is a
possibility of increasing cropping intensity above 150% in the model
area.

Artificial recharge is necessary to conserve some of the surplus
surface water during some of the wet season months when available surface
water is greater than water demands. Because of limited canal capacity
in the nonsaline area and the waterlogging constraints, it is not always
feasible to recharge surplus surface water to the aquifer.

In general, groundwater pumped in each of the three areas will be
utilized in its own area. The transfer of groundwater from the relative
fresh water area to the more saline area is limited to the amount required

to satisfy the salt balance constraint. It will be more feasible to
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transfer surface water than pumped water to the more saline groundwater
areas for satisfying its water requirements.

There is a trend for water levels to rise under the optimal conjunc-
tive use policy for the selected study as shown on figure 6.6. A longer
period of operational study must be evaluated to assess this trend. It
is expected that the water levels will continuously increase until the
upper limit imposed by the waterlogging constraint is reached and then
possibly fluctuates below this upper limit.

Water demands in the saline zone will be supplied from surface water
except for the amount of water pumped from skimming wells and that part
transferred from the pumped groundwater in the nonsaline and intermediate
zones.

The result of reducing the cropping intensity in the saline area
from 150 to 100 percent indicates that the capacities of the canal
distribution system in the nonsaline and intermediate zones can be
increased while tubewell installation capacities can be decreased. This
is because more surfa;e water can be allocated to the nonsaline and inter-
mediate areas due to the reduced water requirement in the saline area.
The total cost of capital and operation in this case as about 13% less
than that for 150% cropping intensity in the saline zone. Economic
studies should be conducted to determine which one is more feasible.

The results from different surface water availability studies
indicate that in periods of low river flows, higher capacities of the
canal distribution system and tubewell installation in the nonsaline area
were desirable. This probably is due to the need to pump more groundwater

to meet the demands. On the other hand, a larger canal capacity would
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be required to divert the water for artificial recharge to conserve the
surplus water whenever it is available.

The value of the storage coefficients have a great effect on the
optimal design of the conjunctive use system for both ground and surface
water. Careful evaluation of the storage coefficient by further investi-
gation is needed.

The results presented here are example results only. There was
little contact with Pakistan experts and reliable results must await the

review of persons more closely associated with the situation in Pakistan.



CHAPTER VII

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

Conclusions
In this research study, the irrigation system of the Indus Basin,
Pakistan and its problems were outlined. The complexity of the whole
Basin irrigation system required decomposing the system into several
subsystems which are essentially the canal commanded areas. A physical
model for the canal subsystem was defined and a mathematical model was
developed for the model area. The objective was to minimize the total
cost of construction, operation and maintenance of the canal subsystem
under the conjunctive use of groundwater and surface water delivered in
an optimal pattern. Following are the major conclusions drawn from this
study.
1. It was shown that under the conjunctive use policy, water
requirements for a cropping intensity of 150 percent for the
total model area can be met even under low flow situations. This
would enable the present water deficient irrigation system to be-
come,to a large extent, an 'on demand'" system, permitting higher
cropping intensity of at least 150 percent on all the existing
canal commanded areas.
2 In general, it is necessary to enlarge the existing design
canal capacities in three different groundwater quality areas in
order to divert more water supplies from river flows as available.
3. The increased canal capacity in the nonsaline area can be used
during surplus surface water periods for artificial recharg~ for
storage in the groundwater aquifer. However, the amount of recharge

will be limited by the waterlogging constraint.
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4. The minimum cost conjunctive use policy indicates that surface
water shoula be transferred to the more saline groundwater zones
rather than import relatively fresh groundwater from the non-saline
or intermediate zones. Generally, the groundwater that is pumped
would be used within the same zone except for that amount which
must be pumped and exported to maintain the salt balance require-
ments.

5: The results showed that the design of the conjunctive use sys-
tem is most critical during years of low flows of river water and
thus must be used in the optimal design of the irrigation system.
6. The aquifer storage coefficient (or drainage yield coefficient)
is a significant factor in designing the optimal system due to the
sensitivity of pumping costs, crop response to groundwater level
and the great fluctuation of groundwater level when the storage
coefficient is small.

7. Skimming well pumping is a promising measure to utilize the
relatively fresh water situated on top of very saline water. This
ground water is essentially recharged from surface water delivered
through the canal system. In addition to the increase of irrigation
water supply, skimming well pumping helps to lower the water table
in the saline zone and reduce the hazard of lateral salt-water
movement and contamination of non-saline areas.

8. In solving a problem of a complex water resources system,
engineering judgement and mathematical manipulation are equally
important. Intuitive engineering judgements are necessary in order
to simplify a complicated system to a manageable system. Mathe-

matical manipulation enables one to resolve an otherwise complex
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problem into subproblems with smaller dimensions which are more
amendable to solution.

9. The mathematical model for the Lower Jhelum canal command in
this study can be applied to other canal commanded areas in the
Indus Basin, Pakistan since most of them have more or less similar
properties. And it is hoped that through the coordination of all
subsystems, an overall system optimization of the Indus Basin under
the conjunctive use of groundwater and surface water can be achieved.
10. The mathematical model developed in this study can also be
applied to other areas in the world with similar groundwater salinity
problems.

Suggestions for Future Studies

1. The mathematical model developed in this study only includes
the conjunctive use system of groundwater and surface water for the
separate canal command areas. Further efforts are necessary to
combine all the canal commanded subsystems and surface reservoir
subsystems for overall system optimization.

2 The surplus surface water in a canal commanded area can be
exported to other areas that require more surface water. This also
calls for the need of overall Basin system optimization.

3. The water level tends to rise up to the limit of water logging
constraints under the optimal conjunctive use policy from the results
of a three year study. A longer period of operational study should
be evaluated to assess this trend.

4, It was assumed in thi$ study that on the average, a four cfs
well in the nonsaline area with fresh water thickness greater than

500 feet will be safe without salt-water coning contamination.
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In the intermediate zone, the four cfs well can also be used, but
the pumped water must be mixed with surface water before it is
applied for irrigation. 1In the saline area, the 0.25 cfs skimming
well can be used with relative fresh water layer of 100 feet thick-
ness. Details of the descriptions and assumptions were presented

in Appendix C. Further investigations on the groundwater quality
situations and experimental studies will be necessary to assess the
adoption of these well sizes.

5. The proposed measure for preventing lateral salt water contam-
ination in this research is to control the relative water levels

in three respective water quality areas within some limits by adjust-
ing pumping in three different areas, diversion for recharge in the
nonsaline zone whenever surplus water is available and pumping for
drainage in the saline area. From the long term salt balance and
groundwater utilization view points, this policy might be suitable.
The water quality in the saline area could possibly be improved
gradually through drainage of more saline water and eventually
eliminating the hazard of salt-water contamination due to lateral
movement. Experimental and numerical studies will be necessary to
determine these limits of allowable difference of water level in
three respective areas.

6. Other possible alternatives such as construction of pumping
troughs, recharge ridges and lining of canal distribution systems

in the saline area should be evaluated and compared to the alter-
native adopted in this study.

7.  Certain kinds of composite wells might be adopted to prevent

salt water coning contamination. The composite well will include
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a deep well portion which will pump the relatively saline water for
export to other areas or drainage to the river, and a shallow well
portion which will pump essentially the upper relatively fresh
water for irrigation use. Experimental studies should be carried
out to assess their feasibility. Several methods of artificial
recharge are available which include the selection of some possible
sites for percolation basins, induced recharge by locating more
pumping wells near the river flood plains and installation of
recharge wells. Studies are needed to determine the most feasible
and economic technique to recharge the aquifer.

8. Although considerable information is available on groundwater
quality in Pakistan, further information is needed to define the
areal and vertical groundwater quality distributions.

9. The water quality criteria for irrigation and mixing criteria
of different quality have been tentatively adopted, but much more
detailed research'is needed in order to determine the optimum mix-
tures so the groundwater can be most efficiently utilized.

10. Extensive field investigations on aquifer characteristics,
particularly storage coefficients which affect water level fluctua-
tion, should be carried out.

11. The proposed cropping pattern and cropping intensity in this
study was assumed optimally at a level of 150 percent. Another
study for determining optimal cropping pattern and intensity should
be conducted in which the objective is to maximize the net return
of the agricultural output, subject to limitations on the available

water and lands.
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12. The changes of sediment transport and flow characteristics

due to canal enlargement need to be studied to explore control
measures for preventing sediment deposition during low flow seasons.
The extra cost involved in sediment control should be included in
the cost of canal remodeling.

13. Power generation from surface reservoirs should also be includ-
ed in terms of providing part or all of the power needed for tube-
well pumping so that the power needed from other sources can be
reduced. Flood control aspect of aquifer storage should also be
included in the study.

14. The economic aspect of the model can also be extended to add
sets of constraints on the availability of fertilizer, labor, capi-
tal, and so forth during each operating period.

15. It was assumed in this study that 10 percent of the pumped
groundwater must be exported out of the area to preserve the long
term salt balance. Further studies should be made to assess this
value.

16. There are other alternate ways of exporting the saline water
out of the area such as diversion to an evaporation lake, etc..
Studies should be made on all the possible salt water exporting
alternatives and their feasibilities.

17. Numerical models and physical models should be used to study
the complicated nature of lateral salt water movement, salt water
coning under various depths of fresh water and functions of pumping

trough and recharge barrier.
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A. LIST OF SYMBOLS

Symbol
AR1(k)

CcD

CLFD

CLHW

co

cos

CST

CTI1,CTI2,CTI3

oW (k)

DCH

DGWi(k)

DI,
i

Explanation
Delivery rate at the head of the main

canal for artificial recharge to the
nonsaline area in period k (cfs).
Vector representing existing capacities
of the design capacity variables.

Vector of the upper limits of the design
capacity variables.

Unit cost of operation and maintenance
for artificial recharge (RS/cfs).

Row vector of cost coefficients for the
design variables.

Seepage loss factor from the head of the
main canal to heads of distributaries.
Seepage loss factor from the head of the
main canal to heads of watercourses.

Row vector of cost coefficients for
operational variables over the chosen
time period (k=1,2,...n).

Unit cost of operation and maintenance
for the canal distribution system.

Unit cost of water shortage (RS/AF/year),
RS is short for Pakistani money; Rupees.
Unit cost of energy for pumping for area
1, 2, 3.

Delivery rate of surface water at heads
of watercourses for area i (i=1,2,3)
during period k (cfs).

Design capacity at the head of the main
canal (cfs).

The lumped capacity at heads of water-

courses for area i (i=1,2,3) (cfs).

Depth to groundwater table from the ground

surface in area i (i=1,2,3) during
period k (feet).
Initial depth to groundwater table from

the ground surface in area i (i=1,2,3)

DIP.
1

DISK

DMCW

DMI .
i

DMIP,
1

T, (k)

EDCW

EDIP,
i

HysHy Hy

n

PDC, (k)

PER1, PER2

Pi(K)

P;5(K)

(feet).

Total tubewell installation capacities
in area i (i=1,2,3) (cfs).

Skimming well installation capacity in
area 3 (cfs).

Maximum allowable depth to groundwater
table from the ground surface in area
i (i=1,2,3) (feet).

Maximum design capacity at heads of
watercourses for area i (i=1,2,3)
(cfs).

Minimum allowable depth to groundwater
table from the ground surface in area

i (i=1,2,3) (feet).

Maximum design capacity of tubewells in
area i (i=1,2,3) (cfs).

Net change of water table in area i
(i=1,2,3) during period k (feet).
Existing design capacity at heads of
watercourses in area i (i=1,2,3) for
surface water delivery (cfs).

Existing tubewell installed capacity in
area i (i=1,2,3) (cfs).

Dynamic heads including drawdown and
head losses for tubewell pumping for
area 1, 2, 3.

Number of subperiods.

Decline of water table due to pumping
during period k for areav i (4=1,2,3).
Fractions of water pumped from area 1
and 2 that need to be exported.
Rates of tubewell pumping in area i
delivered to heads of watercourses in
area i during period k (i=1,2) (cfs).
Rate of tubewell pumping in area i
delivered to heads of distributaries in

area j during period k (1=2,3;j=i+1,3)
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PD3(k)

P33(k)

RECHi(k)

RIN(K)

RMIX

Rle(k),RTzs(k) Relative water table constraints between

SHRTi(k)

SLMITi(k)

VP

WRi(k)

WRMi
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Explanation

(cfs).

Rate of pumping for drainage in area 3
during period k (cfs).

Rate of skimming well pumping in area 3
during period k (cfs).

Rise of water table due to recharge dur-
ing period k for area i (i=1,2,3).
River flow allocated to model area during
period k (cfs).

Mixing ratio of the pumped groundwater
in area i (i=2,3) with respect to the
total surface and groundwater from area
) 19

areas 1 and 2, and areas 2 and 3
(feet).

Water shortage in area i during period
k (i=1,2,3) (cfs).

Limit of water shortage in area i (i=
1,2,3) during period k .

Unit charge of power for pumping per
acre foot of water per foot of lift.
Total volume of water pumped during
period k (AF).

Water requirements at heads of water-
courses for area i during period k
(i=1,2,3) (cfs).

Maximum water requirement during a sub-
period for area i (i=1,2,3) (cfs).
Column vector of operational variables.

Column vector of design capacity vari-

ables.

B. GLOSSARY AND ABBREVIATIONS

AP
Acre feet.

Barani
The agricultural practice which relies upon rain-
fall alone for crop water requirements.

Barrage
A low dam or weir equipped with a series of gates
to regulate the water surface level upstream from
the weir.

Branch

A large irrigation channel with a capacity general-
ly in the range of 3,000 to 6,000 cusecs taking
off from a main canal.

Canal (or Main Canal)

A channel for conveyance of water, generally in
Pakistan referring to a large channel which deliv-
ers water from a river to branches, lesser channels,
15,000

and having a capacity of 5,000 to cusecs

or more.
Consumptive use
The amount of water lost from a given area during
a specified time by transpiration from vegetation
and by evaporation from water and plant surfaces
and from the adjacent soil.

Crop water requirement

The total quantity of water required by a crop for
normal growth under field conditions.

Cropping intensity
The cropped area expressed as a percentage of the
CCA.

Cropping pattern
The sequence of crops grown in any given area
during a single year and the proportion of crop-
land devoted to each crop during the year.

Culturable area (CA)

That portion of the gross area which is cultivable.
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Culturable commanded area or canal commanded area (CCA)

The culturable area beneath a canal system which
can be irrigated by gravity flow from the canal
system.

Delta
The depth of irrigation water applied to cropped
land.

Distributary
An irrigation channel of intermediate size, gener-
ally with a capacity in the range of 100 to

1,000 cusecs, and usually taking off from a branch
or main canal.

Doab
The land between two river tributaries.

Gross area (GA)
The entire area within the irrigation project
boundaries.

HARZA
Harza Engineering Company International of USA,
General Consultants to WAPDA.

Headworks
The structures provided at the intake of a main
canal for controlling the flow of water into the
canal.

HUNTINGS
Hunting Technical Services Limited of United
Kingdom Consultants to WAPDA for Lower Indus Basin
area.

IACA
Irrigation and Agricultural Consultants Association
Consultants to International Bank for Reconstruc-
tion and Development - World Bank for the Indus
Special Study.

Inundation canal
A canal which is dependent upon the level of water
in the river for its supply.

Irrigation water requirement

The quantity of water required for normal crop

growth and leaching minus effective precipitation.
The irrigation water requirement includes losses
from the point of reference to the crop.

Kharif
The summer irrigation season; the six months from
April 15 to October 15. Also used to denote summer
crops and cropping season.

Kharif:Rabi ratio
The ratio of the total areas cropped in the two
cropping seasons.

Leaching requirement

The fraction of the water entering the soil that
must pass through the root zone in order to prevent
soil salinity from exceeding a specified value under

long term average or steady state conditions.

Lower Jhelum Canal.

Million acre feet.

Minor

A small irrigation channel, generally with a capac-

ity of 10 to 300 cusecs, taking off from a
distributary.
Monsoon

The rainy season associated with the southwest mon-
soon.

Nonperennial Canal
Irrigation channel which normally flows during the
summer (Kharif) period but may carry intermittent

supplies during other periods.

Perennial canal

An irrigation channel which normally carries water

throughout the year.

Persian wheel

A dug well equipped with an endless chain of buckets
or runs for lifting the water to the surface; usual-

ly powered by bullocks or camels.
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Rabi
The winter irrigation season; the six months from
October 15 to April 15. Also used to denote winter

crops and cropping seasons.

Residual-sodium-carbonate (RSC)

A term used to denote the amount of carbonate plus
bicarbonate anions remaining in an irrigation water
after deduction of an amount equivalent to the

concentrations of calcium and magnesium.

Pakistani money; Rupees.
SCARP
Salinity Control and Reclamation Program.

Sodium-adsorption-ratio (SAR)

A ratio used to express the alkali hazard of irri-
gation waters and soil solutions; also a measure
of the relative activity of sodium ions in soil

solutions:
Na*

SAR = ——— —
Ca™"+Mg

Specific yield
The ratio of the volume of water that will drain
under gravity from saturated rock or soil mass to
the volume of the mass.

Storage coefficient

The volume of water that an aquifer releases from

or takes into storage per unit surface area of

aquifer per unit change in head normal to that

surface. For an unconfined aquifer the storage
coefficient is identical to the specific yield.
T&K
Tipton and Kalmbach, Inc., WAPDA consultants for
the Indus Basin North Zone.

Total dissolved solids (TDS)

The concentration of dissolved minerals in ppm
obtained by evaporating to dryness a filtered
sample of water. Commonly referred to as 'dissolv-
ed solids."
Tubewell
A drilled well, cased and screened. SCARP project
tubewells are gravel-packed.
USAID
United States Agency for International Development.
USICA
United States International Cooperational Adminis-
tration.
NAPDA
Water and Power Development Authority, Pakistan,
Lahore.
WASID
Water and Soil Investigation Division, Pakistan.
Watercourse
An irrigation channel taking off from a distribu-
tary, minor or sub-minor; used to carry water to

farm fields.
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APPENDIX B

REVIEW OF FLEXIBLE TOLERANCE METHOD

The flexible tolerance method by Paviani and Himmelblau (1969) is
based on the unconstrained flexible polygon search technique of Nelder
and Mead (1964), and combines all constraints into a single tolerence
in the process of search. New points are searchéd iteratively to improve
the objective function and satisfy the tolerance criterion.

1. The Original Problem.

The original problem can be stated in general as follows:

Minimize y = f(x) x e E! (B-1)
Subject to
h; () = 0 , i=1,2,...,m (B-2)
gi(x) >0 5 i=m+l,...,p . (B-3)

where f(x) , hi(x) and gi(x) may be linear and/or nonlinear function,
and x 1is the vector of decision variables.

2. The Modified Problem.

A1l the violated constraints of equations B-2 and B-3 are combined
into one gross inequality. A certain tolerance criterion is set up to

limit the value of this gross inequality. The problem at any stage k

of the search becomes as follows:

Minimize vy = f(x) x e E"
Subject to
Q(k) -T(x) >0 : (B-4)
and
n p 1
T(x) = [ 2 hix)+z  uglx) 1° (B-5)
i=1 i=m+1
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where u;, = 0 5 if gi(x) >0

u; = 1 5 if gi(x) <0 (B-6)

and ¢(k) is the tolerance criterion at stage k which is selected as

a positive decreasing function of the vertices of the flexible polyhedron

n

in E , i.e.,
oK) = 5(K) [x{k) , xgk) o xék)] : (B-7)
- o) < ok-1) o < o(1) < 4(0) , (B-8)
3. The Tolerance Criterion.

The tolerance criterion in this algorithm is defined as follows:

T+l
s & ain [¢(k—1) ’ m+l | xgk) _ x(K) Il 1

r+l Sl r+2

and

»(0)

2(m+1)t (B-9)
where t is the size of initial polyhedron; xgk) is the ith vertex

of polyhedron in E" ; T = n-m is the number of degrees of freedom; and,

xﬁf% is the centroid of the polyhedron.

The second term in the bracket of equation B-9 represents the aver-

(k) 0 g

age distance from each X3 i

, i=1,...,r+l1 , to the centroid x

the polyhedron in E® . The ternm,

r+l r+l n
|| xgk) - xiﬁ% l|l=12 = (xgk) - xﬁf% )2 ]% ,
i=1 i=1 j=1 1 »J

is always positive. So Q(k) is a strictly positive decreasing function

of xgk) , (i=1,2,...,r+2) as presented in equation B-8.

After any change in xgk) , equation B-4 combined with B-6 is
checked regardless of any possible improvement in the value of the objec-

tive function. If it is not satisfied, the sum of the squared values
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of all the violated constraints is minimized by an unconstrained minimiz-
ation procedure of Nelder and Mead (1964) until the square root of this

sum is less than or equal to ¢(k)

Then the value of the objective
function is computed to determine whether the new point is improved or
not.

4. The Unconstrained Flexible Polygon Search.

The unconstrained flexible polygon search of Nelder and Mead (1964)
minimizes a function of n independent variables using n+l1 vertices
of a flexible polyhedron in E" . The vertex that yields the highest
value of the objective function, f(x) , is projected through the center
of gravity of the remaining vectors and is successively replaced by bet-
ter points in the process of search until the minimum of f(x) is found.

Let xgk) = [ x§¥) 54 S5y xgﬁ) ], i=1,2,...,n+1 be the point (ver-

tex) for which the value of the objective function is f(x(k)) at kth

stage. And define

f(x}(lk)) > s [f(xgk)) S o f(xﬁk))] for which xgk) = Xék)
f(xgk)) —— [f(xgk)) S %od g f(x&k))] for which xgk) = xgk)

Let xﬁi% be the centroid of all the vertices with i#h , the coordin-

ates of which are given by
+1
(k) _ PR A
X o= (/) - [( §=1 X35 ) Xp s ] , for j=1,2,...,n

(B-10)
Given the initial x vector for n+l vertices, the search proced-

ure involves four operations within stage k .

a. Reflection of xﬁk) through the centroid,
x _ (k) (k) (k)
X 3= Xt a(xn+2 - Xy ) (B-11)

where o 1is the reflection coefficient of a positive value.



137

x (K)

. (k) _
b. Expansion of (x +3 " X04o

) , if reflection has produced a

new minimum (i.e., if f(x(k)) < f(x(k))
k (k (k) _ (k)
£+3 n+% + y(X n+3 n+2 ) (212

where vy 1is the expansion coefficient of a value greater than unity.
c. Contraction of (x(k) (k)) , if reflection results in

f(x (k)) (x( )) , for all i=h ,
(k) x (K

*nes T *pa2 * B(X(k) sy (B-13)

n+2

where B 1is the contraction coefficient of a value between 0 and 1 .

d. Reduction or overall contraction of xgk) on xgk) if con-
traction failed to produce a better point than xék)
xgk) . xgk) + 0.5(x§k) - xgk)) , i=1,2,...,n+1 . (B-14)

The values of a=1 , B=0.5 , and y=2 have been recommended for the
unconstrained minimization problem.
The search is terminated if

n+1 1
f=d g N £y - exy12 ¥i < e (B-15)

n+l i n+2

where € 1is an arbitrarily small value.

S Initiation of Search.

The (n+l1) vertices of the initial polyhedron in E" are found from

0) _ (0) .
x; " xs Di s 21=1i.0 ayn*l (B-18)
where X is the starting vector and the elements of Di are the ele-
ments of the ith row of a (n+1) * n matrix. The row of this matrix

determines the n coordinates of each of the sought (n+l) vectors:
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0 0 0 0

u v v v
c vV uv ...v st

vV Vv u v

PR

where

u = (t/nv2) (/n+1 + n-1) (B-18)
v = (t/nV2)(/n+l - 1) (B-19)

and t is the distance between two vertices. Generally t is chosen

according to the following equation:

n
t=min { [ (0.2/n) * L Li 1, Ll’LZ""’Ln} (B-20)
i=1

where Li is the difference between the upper and lower bounds of the
independent variable X; - If the upper and lower bounds of x are not
known, any reasonable guess for t is acceptable.

6. Termination of Search.

The vertices of the flexible polyhedron are drawn near and near to
that of the minimum of f£(x) in the course of search, and in the final
1imit o8 - ¢ . (B-21)
X + x¥
For practical purposes, it is sufficient to carry on the search until
Q(k) becomes smaller than a selected small value € , and the following
inequalities are satisfied:

£(x) < £(x*ie) (B-22)

T(x)

| A

€ ‘& (B-23)
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7. Summary of the Flexible Tolerance Search Procedures:
1. Assume X and find t described in item 5.
2s Check the sum of the squares of the values of the violated

constraints, if any; if the square root of this sum is greater

(k)

than the current & , minimize the sum by means of the un-

constrained minimization algorithm until a vector x is found.
(k) .

3 Compute ¢ by equation B-9.

4. Use the unconstrained flexible polygon search described

in item 4 to find a new point with better objective function

within the tolerance criterion Q(k) :

5. Check convergence criterion.

£ o)

< € , the search is terminated.
If Q(k) > ¢ , return to step 3 to start the (k+1)th
stage.

Figure B-1 is the flow chart describing the above procedures which

is adopted from Himmelblau (1972).
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Choose x(°), t, a, 8, 7, €. and ®(®) = 2 (m + I)t.
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Y ' ;
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1
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Determine x( ) = =2 [ i;l Compute f(x i
\
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Figure B-1. Flow diagram of the flexible tolerance algorithm
(Adopted from Himmelblau, 1972).



141

APPENDIX C

DEVELOPMENT AND ANALYSIS PERFORMED TO FORMULATE THE PROBLEM

Salt Water Coning Beneath Fresh Water Wells in Pakistan.

The Indus Basin of Pakistan consists of a vast alluvial plain under-
lain by an unconfined aquifer in which relatively fresh water lies above
more saline groundwater. When a well, partially penetrating the upper
fresh water layer, is pumped, there is a tendency for an upward movement
of salt water called upconing. At some critical point depending on the
amount of discharge and length of pumping period, the salt water begins
to move into the well and the discharge water becomes a mixture of the
fresh and salt water, which might not be acceptable for irrigation.

Review of the Theory on Salt Water Upconing.

A. Steady State Salt Water Upconing.

For the sake of simplicity, the following assumptions had been
made in estimating the height of salt water upconing beneath a well:
1. The fresh water and salt water are separated by an abrupt
interface and have distinct and uniform densities on both sides.
2. The aquifer is homogeneous and isotropic and there is no
pressure discontinuity across the interface.
3. The flow is defined by Darcy's law.

The potential within each separated fluid can then be defined as

f
b, = — + 2 (C-1)
£ pe8

PS
<DS = "p——g- + Z i (C-2)



142

Where ¢ is the potential, P is the pressure, p 1is the density,
subscripts f and s denote the fresh water and salt water and z
is the elevation at the point of interest measured above some chosen
datum. The problem can further be reduced to solve the linear Laplace
equation in the fresh water layer subject to the boundary conditions
after combining with the continuity equation. Detailed derivation of
the equation can be obtained from other references such as Muskat (1965)
and will not be shown here. One which must be considered is the fluid
pressures at the interface. Since it is assumed that no pressure dis-
continuity exists across the interface, the pressure at all points on

the interface must be the same in both fluids at that point.
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¢f=¢e
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Fresh Water
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State Pumping
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S

Original Position .
of ‘Iitar face Salt Water Region ps

Figure C-1. Salt water coning below a fresh water well.
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Based on equations C-1 and C-2, the interface can be derived as:
(C-3)

where £ is the vertical coordinate of the interface at any point, Ap
is the difference between P and Pe and superscript i denotes the
value at interface. After combining the above equation with flux defined

by Darcy's law, then the slope of the interface is

i i
p q p q
. ek i E A R .
Sin 6 = 3= R E;- e ks (C-4)

where qi 3 qi are the velocities tangent to the interface, kf s ks
are horizontal permeability of the aquifer in the region of each fluid,
and 6 is the angle the interface makes with the horizontal.

For the case when there is only flow in the fresh water region, the

potential is constant throughout the salt water zone. Equation C-4

reduces to

i
P q
. T TRy B
Sin 6 = T kf (C-5)

For a partially penetrating well when only fresh water is pumped
from the well under steady state conditions as illustrated in figure C-1
with the thickness of fresh water equal to He, and taking the original
interface as a datum, fhe elevation of the interface at a distance T

from the well center is
E.=— [0 - o _] (C-6)

where Qe is the potential along any vertical line at a distance greater
than the well influence radius Ty - At r=0 , the elevation ¢ . the apex

of the salt water cone is
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(] o
=-£10 -4k ] . (C-7)

gr=0 T hp e f (at r=0)

The classical Ghyben-Herzberg relation stated that
- ¢ ] ‘ (C-8)

Equation C-7 will be identical to equation C-8 provided that the
potential of the interface helow the well is equal to the potential in
the well. Such conditions exist only if there is no vertical flow; i.e.
all the flow is horizontal. But actually the potential at the interface
directly beneath the well must be greater than the potential in the well
since there is flow into the well from below. Therefore, the use of
Ghyben-Herzberg relation essentially neglects the vertical component of
the flow and overestimates the height of salt water cone fbr the same
drawdown.

Muskat and Wyckoff (1935), Wang (1965) and Dagan and Bear (1968),
et:al. had tried to solve the upconing problem based on the above theory
with various approaches and assumptions. Recently, McWhorter (1972)
also tried to solve the salt water upconing problem based on the above
theory and assuming that the vertical component of flow is small. Then
the velocity Qs is not a function of vertical coordinate z , and for
sufficient flat slopes of the interfaces and a static salt water region

equation C-4 can be approximated as follows without superscript i .

e P
dr  Ap k¢ (C-9)

The well discharge then is

8 dg
Q*quBAB—f-kf-&? (C-IO)
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where A=2nth-§& r
r = radius from the center of the well
h = height of drawdown surface above the original interface

at distance r from the center of the well.
Based on the Ghyben-Herzberg' relation and the assumption that the vertical
component of flow is small
Ap
A=2r{m- (—+ 1)<E}er 4 (C-11)
Pe
By separation of variables, integration and the combination of equation

C-10 and C-11,

Y
€y 1
g _ 1 2 pr 'Q'n(r ) 2 1
- {( 5 )e + ¢ % } - S v (C-12)
1+ = xmzApkf (1 + = (1 + =
Pf P Pe

where d is the height of well bottom above the original interface.
The criterion to restrict the value of & so that the interface will
remain stable can be stated as

Emax < f(m-d) (C-13)
and the value of f must be determined. A value around 0.5 might be
reasonable and is assumed for this study. Substituting equation C-13
into equation C-12, the maximum allowable well discharge can be estimated

accordingly.

B. Nonsteady State Upconing Beneath Wells.

McWhorter (1972) derived the following approximate differential

equation:

2
. I

ar2

=

d d
Ei' ol 5% (C-14)
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m 2
v = ( - &) (C-15)
1+ 20
P
@ =pg - . S (C-16)
(bokg /)

s is the storage coefficient and ¥ is an estimated weighted average
of ¢ .
The above equation is based on the following assumptions:
1. The aquifer is homogeneous and isotropic.
2, The effect of flow in the saline zone on the distribution of
head on the interface is not accounted for.
3. The Ghyben-Herzberg relation applies.
4. Taking an estimated weighted average of y makes equation
C-14 linear.

The boundary and initial conditions are:

Limit oy Q
R né-p—(1+é£)k
Pe Pe f
V(=,t) =¥, = /(1 + dp/pg)}?

¥(r,0) {m/(1 + Ap/pf)}2 . (C-17)

]
<
o
1]

The solution is

b=, -[Q/{2m(80/0L) (1 + Ap/p )k} *w(u)

w(u) £ _ du . (C-18)

(o]
=/

o

4ot
By superposition, the above equation can be extended to any number of
time steps with different pumping rates so that the salt water cone will

not exceed the allowable limit.
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C. Electric Analog Model for Studying Upconing.

Bennett, et al. (1967) applied the graphical procedure developed
by Muskat (1935) to study the salt water coning beneath a steady state
fresh water well supplied by uniform areal recharge. They obtained the
required potential distribution through an analog model made up of a
network of electrical resistances. The model, in addition, was equipped
with a system of switches which were used to adjust the lower boundary
of the network to simulate the truncation of the fresh water zone by
the salt water cone. The highest possible stable position of the salt
water cone for different conditions was obtained by trial and error
using the adjusting procedure.

D. Physical and Numerical Models.

Sahni (1972) ﬁsed both physical and numerical models to study
the design and phenomenon of coning below a partially penetrating well
in the upper fresh water layer. Several graphs were presented in dimen-
sionless coordinates for different well penetrations, and different
ratios of the radius of well influence and fresh water thickness. These
graphs can be used for rough estimation of maximum allowable well dis-
charge and critical drawdown at a well without causing salt water con-
tamination.

Application of Upconing Theory to Pakistan.

McWhorter's equation for steady upconing beneath a fresh water well
was used to calculate the maximum allowable well capacity for different
fresh water thicknesses and the necessary fresh water thickness to sus-
tain certain pumping rates, The maximum allowable upconing in applying
McWhorter's equation is assumed to be half the distance between well
bottom and original interface. The results are shown on tables C.1, C.2

and C.3.
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Maximum allowable well capacity (cfs) for different fresh

water thickness (horizontal permeability = 0.003 cfs/ft? ,
radius of influence = 0.5 mile , well radius

1 foot).

Fresh Water Depth of Well = 200 feet Depth of Well =

250 feet

Thickness Density Difference (Ap) Density Difference (Ap)
(ft) 0.01 0.015 0.02 0.01 0.015 0.02
500 2.1 3.1 4.1 1.68 2.5 3.4
600 3.4 5.0 6.7 2.88 4.3 5.8
700 5.0 7.4 9.9 4.38 6.6 8.8
800 6.8 10.3 13.7 6.18 9.1 12.4
900 PO 13.5 -18.1 8.27 12.4 16.6
Table C.2. Minimum freshwater thickness for well. Capacity at 4 cfs .

(Horizontal permeability = 0.003 cfs/ft2, depth of well =

200 feet , radius of influence =

2500 feet , well radius =1

foot.)
Density Difference Freshwater Thickness
Ao (gn/cm3) (ft)
0.01 640
0.015 550
0.02 500
0.025 455
Table C.3. Minimum freshwater thickness for skimming well (horizontal
permeability = 0.003 cfs/ft? , depth of well = 30 feet, radius
of influence - 1500 feet , radius of well = 1 foot).
Density Q=0.5 cfs Q=0.25 cfs
Difference Freshwater Thickness Freshwater Thickness
Ap(gn/cm3) (ft) (ft)
0.015 162 107
0.020 143 119
0.025 130 97
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Sahni's graphs (1972) developed from his numerical model were used
to check the above calculations, and it was found that his maximum allow-
able discharges were almost double the above figures. The use of the
above figures will be conservative and on the safe side.

The electric analog model developed by Bennett, et al. (1967) had
also been applied to cﬁnditions in the Punjab region of Pakistan. The
results indicate that ﬁhere are good prospects for the development of
wells capable of discharging fresh water above a static cone in the
underlying salt water. They concluded that in areas where the original
thickness of fresh water is appreciable, say 500 feet or more, there
whould be little danger of serious contamination in reclamation projects
of the type presently under development in the Punjab. Where the fresh
water thickness is thin, the concept of skimming wells appear to be
reasonable.

McWhorter's unsteady flow equation was also used to check the time
at which unstable upconing for a certain pumping rate is reached.

Table C.4. shows the results.

Observing from the above calculations, it can be concluded that on
the average, a 4 cfs well in the nonsaline zone with freshwater thick-
ness of more than 500 feet will be safe without salt water upconing
contamination. In the intermediate zone, a 4 cfs well can also be
used, but the pumped water must be mixed with surface water before it
is used for irrigation. In the saline zone, a 0.25 cfs skimming well
will be used assuming that a relative fresh water layer of 100 to 150
feet exists. This pumped water is assumed to be mixed with surface water

before applying it for irrigation.
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Table C.4. Time for salt water cone to become unstable (horizontal
permeability = 0.003 cfs/ft2).

Pumping Freshwater Depth of Well Density Days to Reach
Rate Thickness (ft) Difference Unstable Upconing
(cfs) (ft) Ap(gm/cm3)
4 500 200 0.025 110
250 0.025 13
600 200 0.015 60
0.020 7300
250 0.020 7300
300 0.020 90
700 200 0.010 45
0.015 300
250 0.010 i5
0.015 300
300 0.010 4
0.015 300
800 250 0.010 300
0.5 200 40 0.015 75
0.020 180
0.25 100 20 0.025 7
150 25 0.015 180
30 0.015 180

200 40 0.015 180
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Alternative Measures for Preventing Lateral Salt Water Movement.

Despite the feasibility and inherent advantage of tubewell develop-
ment in the Indus Basin, Pakistan, the tubewell pumping will undoubtedly
disturb the existing environmental equilibrium and introduce new problems
that require solutions. One potential hazard which must be considered
in the deSign and management of the system is that excessive pumping in
the fresh water area might produce a reverse gradient from the saline
area to the fresh water area and the fresh water will be contaminated
gradually.

A. General Measures for Preventing Salt Water Movement.

Many kinds of measures are available to control the salt water
lateral movement. The most widely used measures applicable to the Indus
Basin, Pakistan are as follows:

1. Modification of pumping - This is done by rearranging the pump-

ing pattern to pump more water near the source line such as the
river to induce recharge and pump less near the saline zone. It
can also be done by reducing pumping in the nonsaline zone and pump
for drainage in the saline zone to maintain a gradient of ground
water movement from the nonsaline zone to the saline zone.

Either reduction or rearrangement of pumping, of course, might
not allow the full development and utilization of the available
ground water storage capacity. Pumping for drainage in the saline
zone will allow more extraction of fresh groundwater in the nonsal-
ine zone, but will result in an increased drainage cost in the
saline zone to prevent salt water movement and contamination.

2. Artificial recharge in the nonsaline zone - Whenever there is

excess surface water available during the summer season, the
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additional water can be diverted to the nonsaline zone for use as
artificial recharge to the aquifer. In this case the aquifer in the
nonsaline zone is functioning as a storage reservoir. It has the
advantage of storing and controlling the excess river flow for later
withdrawal by wells as needed. For an unconfined aquifer, recharge
by spreading is relatively inexpensive and technically feasible.

The possible limitations of the artificial recharge will depend on
the surplus water available, design capacity of the conveyance sys-
tem in the nonsaline zone and the available aquifer space to store
the additional river flow.

3. Pumping Trough - If a line of wells were constructed adjacent

to and along the boundary of the relatively fresh and salt water
zones, pumping froﬁ these wells would form a trough in the ground
water table. These control wells must be pumped at rates which

will intercept all the salt water moving from the relatively salt
water area toward the fresh water area. The necessary pumping rate
will depend on the spacing of the wells, gradient created due to
overdraft in the relatively fresh water area, the density difference
and the permeability of the aquifer.

The water pumped from the control wells is a mixture of salt
water and fresh water. The ratio of this mixture will depend on
the differential head between the two zones. There is no question
that part of the useful groundwater will be wasted.

4. Pressure Ridge - To create a pressure ridge adjacent to and

along the boundary of the relatively fresh water and salt water
zones is the exact opposite of the pumping trough control ieasure.

In an unconfined aquifer, surface spreading could create a water
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ridge to suppress the salt water movement instead of using recharge
well. The amount of fresh water required to create the necessary
pressure to repel the salt water will depend on the gradient of
salt water movement. To maintain a dynamic balance, a small amount
of the recharged water would flow to the saline zone.

This method of control has the advantage of not restricting the
usable ground water storage capacity in the nonsaline zone but the
supplemental water to create the pressure ridge must be available.
Due to the fact that surface water is already insufficient for
irrigation water requirements, it will not be possible to supply the
amount of water necessary to create such a pressure ridge.

B. Proposed Procedures for Preventing Salt Water Movement.

In view of the complicated nature of salt water lateral move-
ment, the lack of complete information concerning salt water and fresh
water distribution, the costly aspects of pumping through schemes, and
the insufficiency of the available surface water for creating a pressure
ridge, a simplified measure is suggested for this research. The reason-
ing and criteria are described below:

1. Artificial recharge will always be feasible in the nonsaline
zone, and it has the advantage of raising the water table and pre-
venting salt water moving into this zone. The amount of artificial
recharge delivery will depend on the extra canal capacity available,
the extra aquifer space available for storing recharge water, and
the available surplus surface water.

2. Due to the limit of canal capacity or the available surplus
water especially during the dry season, artificial rechar,c might

not be enough, or even not available at all, to keep the water table
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in the nonsaline zone high enough to prevent salt water contamin-
ation. In this case, it might be necessary to pump some of the
saline water and allow it to drain away thus lowering the water
table in the saline area. Deep drainage tubewells will be provided
to pump the saline water for drainage. For the full development of
ground water resource and providing more water for agriculture
development in the future, pumping of water from the saline zone to
supplement the irrigation water requirement might be necessary.
Pumping for drainage from the saline zone and recharge of the more
fresh water from surface and other fresh water zone will gradually
improve the water quality in this zone and in the long run eliminate
the hazard of salt water contamination due to lateral movement.
Drainage of this saline water at the present stage is a problem
that must be solved. Several measures have been suggested including
direct diversion to the sea, diversion to the river during the high
flow period and diversion to evaporation pans on some of the uncul-
tivated waste land. Each measure will have its own advantages and
disadvantages and involved different costs. The costs involved for
different measures are not available at present. In this study, it
is assumed that all drainage water will be diverted to the river.
How much water is allowed to drain to the river can be regulated,
however, the effect of this drainage on the river will not be con-
sidered.

3 Another advantage of deep well drainage is that pumping from
the deep salt water zone has the effect of lowering the interface
between the upper fresh water and saline water. If the 1. i1 screen

is well below the interface, the relative fresh water in the upper
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thin layer discharged into the deep well can be small and the skim-
ming wells of depth 30 to 50 feet with well capacity around
0.25 to 0.5 cfs can be provided for skimming the upper fresh water.
A multiple purpose well is being tested in Pakistan which combines
the deep drainage well and shallow skimming well together. The
upper part of the well will skim the upper fresh water, while the
lower part of the well will pump the saline water out for drainage.
The relative positions of the well screens on both parts must be
adjusted so that the loss of fresh water discharged from the deep
well for drainage will be minimized. 1In this study, separated deep
wells and skimming wells are considered and the loss of fresh water
to the deep well is assumed small and negligible.

4. The analysis of the lateral movement of salt water due to
different amounts of pumping and recharge to the three different
zones is quite complicated. In order to simplify the problem, the
Ghyben-Herzberg relation was used to estimate the change of the
interface‘between the salt and fresh water. The Ghyben-Herzberg
relation states that supposing the head at the salt water zone is
constant, then a change of water table at the fresh water zone will
cause the rise or fall of the interface according to the following
formula:

o
thy = o= £
Ps~Ps

(C-19)
where

Pe = density of fresh water

Py density of salt water

Ahf = change of water table in fresh water area

Ahi = change of interface.
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A rise of the interface in the fresh water area corresponds to
the lateral movement of salt water from the saline area toward the
fresh water area. The above estimate is always conservative.
Assuming the change of water table in each zone will be proportional
to the storage coefficient, amount of water recharged and amount of
water pumped in each respective zone, then the possible change of
the interface can be estimated according to the relative change of
the water table.

5. As mentioned at the beginning of this appendix, it is relatively
safe to have a 4 cfs well in the fresh water area with a thickness
of at least 500 feet . With approximately 700 feet thickness of
fresh water in the nonsaline zone, the relative changes in water
table for a density difference of 0.025 will be about 5 feet
without salt water contamination. Limits on the relative differ-
ences of depths to water table in the three zones are set up and

the constraints are simplified as follows:

DGWl(k) - DGWZ(k) < some limit within the range of 5 feet,

DGWZ(k) - DGWS(k) < some limit within the range of 5 feet,
where DGWl(k) 5 DGWz(k) 5 DGws(k) = depth to water table in the
nonsaline, intermediate and saline zones for period k

Due to the change of the available surface water, the inter-
face in the nonsaline zone will be fluctuating up and down within
a certain range. During the dry season, the water table is lowered
from tubewell pumping and causes the rise of interface. During the
wet season the water table in the nonsaline zone can bhe recovered
through artificial recharge and thus suppress further laterul move-

ment of the interface, Within this range the water is contaminated,
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but as long as this range is restricted within some limit by the

above constraints, there will be no salt water contamination from

the discharging wells.

Calculation of Recharge Coefficients for Water Delivery.

The surface water diverted from the head of the main canal through

branches, distributaries and watercourses to the irrigation field con-

tributes recharge to the groundwater aquifer. The pumped groundwater

distributed through heads of watercourses or heads of distributaries

also contributes part of the recharge. The amount of recharge from the

main canal and branches to the three different ground water quality areas

is assumed proportional to the total length covered in each area. This

proportion is estimated for the nonsaline, intermediate and saline zones.

where

where

Recha:ge to the Nonsaline Zone.

A.1.

CSWC

CRWC

CLHW

A.2.

CSIF

CRIF

Watercourses.

Total water delivered to heads of watercourses
= Pll(k) + Cwl(k) + CLHW <AR1(k)
Seepage loss = CSWC - [Pll(k) + Cwl(k) + CLHW -AR1(k)]

Recharge = CRWC * (seepage loss)

1]

seepage loss coefficient on watercourses,

recharge coefficient as fraction of CSWC,

delivery efficiency from the head of the main canal to
heads of watercourses.

Irrigation Field.

Seepage loss = CSIF « (1-CSWC)+[P (k) + CW, (K)]

Recharge = CRIF « (seepage loss)

seepage loss coefficient on irrigation field,

recharge coefficient as fraction of CSIF.
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where
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A.3. Distributaries.

Flow at distributary heads = [Cwl(k)+CLHW-AR1(k)]/CLFD 5
Seepage loss = (CSDH/CLFD)-[CWl(k)+CLHW-AR1(k)] g
Recharge = CRDH®(seepage loss)

delivery efficiency from the head of the main canal to

CLFD =

heads of distributaries,
CSDH = seepage loss coefficient within distributaries,
CRDH = recharge coefficient as fraction of CSDH.

A.4. The Head of the Main Canal to Distributary Heads.

Flow at the head of the main canal
3
= I [CWi(k)/CLHW] + AR1(k)
i=1
Seepage loss from the head of the main canal to heads of
watercourses for overall area
3
= CSHW « [ £ Cwi(k)/CLHw + AR1 (k)]
i=1
Recharge down to heads of watercourses for overall area
= CRHW - (seepage loss)
Recharge down to distributary heads for the nonsaline area
3
= 5/8 (CRHW+CSHW-CRDH*CSDH*CLHW/CLFD) * [AR1(k)+Z Cwi(k)/CLHW]
i=1
CSHW = seepage loss coefficient from the head of the main canal
to heads of watercourses.

CRHW = recharge coefficient as fraction of CSHW

A.5. Artificial Recharge = CPAR*CLHW-<AR1(k) ,

CPAR = portion of artificial diversion which contributes to

artificial recharge.
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Recharge to the Intermediate Zone.

B.1. Watercourses.

Total water delivered to heads of watercourses
= CW,(k) + P, (k) + CLFD + P, (k)
Recharge = CRWC-CSWC-[sz(k)+P22(k)+CLFD-P12(k)]

B. 2. Irrigg;ion Field.

Recharge = CRIF°CSIF°(1-CSWC)'[sz(k)+P22(k)+CLFD°P12(k)]

B.3. Distributaries.

Flow at distributary heads ='CW2(k)/CLFD+P12(k) "
Seepage loss = (CSDH/CLFD)°CW2(k)+CSDH-P12(k) s
Recharge = (CRDH'CSDH/CLFD)°CW2(k)+CRDH‘CSDH'P12(k)

B.4. Canal Head Down to Distributary Heads.

Recharge = 1/8 (CRHW*CSHW-CRDH*CSDH*CLHW/CLFD)
: 3
*[AR1(k) + I Cwi(k)/CLHW]
i=1
Recharge to the Saline Zone.

C.1. Watercourses.
Total water delivered to heads of watercourses
= CWS(k)+CLFD-P13(k)+CLFD-P23(k)+P33(k) 5
Recharg§ = CRWC-CSWC-[CWS(k)+CLFD-P13(k)+CLFD-P23(k)+P33(k)]

C.2. Irrigation Field.

Recharge = CRIF*CSIF* (1-CSWC) * [CW, (k) +CLFD*P, (k) +CLFD*P, (k)

+P33(k)]

C.3. Distributaries.

Flow at distributary heads = Cws(k)/CLFD+P13(k)+P23(k) s
Seepage loss = (CSDH/CLFD)-CWSCk)+CSDH-[Pls(k)+P23(k)]
Recharge = (CRDH'CSDH/CLFD)'Cws(k)+CRDH'CSDH'[P15'k)+P23(k)]
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C.4. Canal Head to Distributary Heads.

Recharge = 2/8 (CRHW<CSHW-CRDH*CSDH*CLHW/CLFD)
3
*[ARL(K)+ I CN, (k)/CLHW]
i=1 ‘

Derivation of the Power Cost.

Due to different recharge and pumping rates during each operational
period, the power cost of pumping will vary from time to time. A general
formula for calculating power cost for any period k is as follows:

1. Rise of water table in area i during period k is

RECHi(k) = REQi(k)/(SCi°GAi)
where RECHi(k) = rise of water table from recharge in area i

during period k .

SCi = storage coefficient of the aquifer in area i
GAi = gross area of the aquifer in area i
REQi(k) = total amount of recharge in area i during period k .

2. Decline of water table due to pumping

PDCi(k) = VPi(k)/(SCi-GAi)
where PDCi(k) = decline of water table due to pumping in area i

during period k
VPi(k) = total amount of water pumped in area i during per-
iod k .

3. There are other sources of recharge to the aquifer such as
rainfall throughput. Assume rise of water table due to the recharge
from these sources is ERi(k) .
4. Total pumping lift in any period k is the sum of the initial
depth to ground water table; the dynamic head including discharge

lift, initial drawdown and hydraulic loss; and, the accumulated
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water table decline from the first period to period k . A pumping
drawdown of 6 feet per cfs of discharge and a hydraulic loss of
1 foot per cfs of discharge is adopted in this study according to
T&K (1967).

Let DIi be the initial depth to the ground water table and
QWi be the average size of the well in area i , then the total
pumping 1lift in period k c;n be expressed as follows:

Hi(k) = DIi+(6+1)-Qwi+ i=1.[PDCi(k)-RECHi(k)—ERi(k)]
5. At a cost of 0.09 RS per Kwh (T§K, 1967) and a wire to water
efficiency at 60% , the power cost per acre foot per foot of 1lift
is equal to ,
229
0.06
where 1.025 is a conversion factor from RS/Kwh to RS/AF/ft .

U = 1.025( = 0.184 (RS/AF/ft)

Pumping cost at any period k then is

C, = 0.184-VP. (k) H, (k)

k
If k is the monthly period, total annual cost of tubewell

pumping in area i is

12

cP, = i=1 0.184+VP, (k) *H, (k)
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ANN GROUNND waTFo

FULFXTALF TOI FRANCE METHAR IS USEDN TO SFaRCH THF OPTIMA. NFSTCe

Al TFPNATIVE SO THAT TwF OVFRALL COST OF COMSTRUCTION aeh 0PruwAT(O
AND WATNTENGMCF COST «lLL RF MINIMIZFQ

NOTaT[OnSeecce

AGA] «AG, 7A3=GRASS AREA OF ARFA 1. 2 anMD 3 (ACPFS)

ARL(T)I=FATF OF ARTIFICIAL RFCHARGF NEL IVFARY TO THE NONSA| [MF AwcA
OURING PFRION T (CFS)

AA(T) o AR () =RELATIVE WATER LEVEL CONSTPRAINTS AFTWEEN ARFA | ane 2.
AND AREA 2 aND 3 wHENEVER JOINT OPFRATIONAL DECISIONS &HE NWFFRUFO
AC(I) oAE (T)=RELATIVF @wATEW LEVEL CONSTRAINTS BETWEEN ARFA 1 anny 2.
AND ARFA 2 AND 3 WHFENEVER DIRFCT RIVEN DIVERSION IS FFASTaLF
AD1+AD2+ADI=COEFFICIFNTS TAKING INTO ACCOUNT THF POSSIRLE [M(WFacE
OF COST DUE TO THE INCREASE OF FRICTION HEAD THROUGH THF DISCHaWG
LINE

BFL1(I)=KASE FLOW TO RIVER NURING PFRION I FOR AREA 1 (CFS)
CAl1+CA2=COST OF CANAL REMONELING UP TO DISTRIBUTAKY HEAD wHFw

THE REMODEL ING RATIO (ESS THAN AND GREATFR THAN 60 PFQCFNT

CO=COST OF FXTRA DKAINAGF wORKS PER CFS FOR aKkfFa 3

CST=COST OF SHNRTAGF PFR ACRE FEET

CT1+CT2.CT3=COST OF TUREWELL INSTALLATION PER CFS FOR akFA 1. 2
anp 3

CTSKk=COST OF SKIMMING WELL INSTALLATIOM PER CFS FOP arfa 3
CCH1+CCH2=COST OF CanalL FEMODEL ING FROM DISTRIAUTARY HFAD UP TN
CANAL HFan

CLFN=DF| IVERY FFFICIENCY FROM THF ®Fa() OF THF MAIN canal OOwM T
THE HEAND OF THE DISTRIHUTARY

CLHW=DFL IVERY FFFICIFNCY FROM THE HEAD OF THE MAIN CANAL DOwWN TC
THE HEAD OF WATFRCOURSF

CSWCCRWC=SFEPAGE LUSS COFFFICIFNT ON WATERCOURSE AND RECHEDCE
COEFFICIENT AS FRACTION OF SEFPAGE LOSS

CSIFsCRIF=SFEPAGE LOSS COEFFICIENT ON [RRIGATINON FI€LD any
RECHARGE COFFFICIENT aS FRACTION OF SHEPAGE (0SS

CSDHeCRDH=SFEPAGE LOSS COEFFICIENT FROM ThE HEA) OF Camal NOwn T(
THE HEANS OF DISTRIHMUTAKTES AND RFCHARGE COEFFICIENMT AS FRACTION
OF SFEPAGF (0SS

CSHWoCRHW=SFEPAGE LUSS COEFFICIENT FROW THE HESN OF TAF MATM Cacal
DOWN TO THE HEANS OF wATFRCOURSES Anh QFCHARGE COFFFICIFRT A<
FRACTIOM OF SEFPAGF (0SS

Cwl(I)oCW2(I)oCa3(I)=0ELIVFRY RATES OF SUKRFACF WATEW SUPPLY AT
WATFRCOURSE WEANS FOR ARFA ls 2 AND 3 NURING PFRIOD T (CFS)
CLILCL21+CL3I=RECHARGE COFFFICIENT AS PONTION OF Cwl(T)+CWw2(l) .
Cw3 (1) ATTRIRUTFD TN RECHARGF FOR awfa 1

CL12+CLZ2+CLI2=RFCHARGE COFFFICIENT A< PORTION OF Cwl(T)+CW2(T)e
Cw3 (1) ATTRIAUTED T WFCHARGE FOR AKFa 2
CL13eCLZF+CL3II=COEFFTICIENT AS PORTION Ok Cwl (1) sCW2(T)+CW3(T) o
ATTPIAUTFO TO RECHARGE FOR AREA 3

CLART 9TLARZ«CLARA=RECHARGE COFFFICIFNT aS @0RTINN OF ARl (1)
ATTOTSUTFO TO RECHARGE FOR AREA 1o 2 ani 3

cLe CLPI2+CLPLI=RFCHARGE COEFFICTIEMT aS PORTION OF P1101)«R12(T)
PL3 1. ATTRIVUTFD TO QFCHARGE FOR AbFa 1+ 2 AND I AESPFCTIVFL Y
CLP22+CLP2I=RECHARGE COEFFICIENT aS POUTIGN OF P22(1).P23(1)
ATTRIHUTFD TO AFCHACGF FOK AWEA 2 Bnye o

CLPAI=PECHAKGE COFFFICIErT AS PORTION O P33([) ATY2TIYTED T welw
FCHAKGE COFFFICIHFNT S PORTION o PIJ(T) ATT2TRUTED Tn
RFCHARGE FOV AKFA 3
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OCHNCW]l «NCW2eNCw 1=t STGH, CAPACITIFS AT THF WFAND OF T malv Canag
THFE HEADS OF VATERCOURSES IN ARFA Lo 2 AN) 4 (CFS)
OIPLDIP2=0+SIGN CAFACITIFS 0F [RRIGATION TUHEwELL TN akEa | any 2
(CF<S)

OIP I DISHNFSIGM NRATMAGE TURFWE|L CAPACTITY amMn SKIMMING wFi |
CakaCITY [N AxbA 3 (CFS)

DGWI(I)NGR2(T)eDGWICTI=IEPTH T waTt Tadle FANV THF GROUND
SURFACF IN AREA e 2 anD 3(FT)

OILeNI2eNI3=INITIAL (FPTE TO waATFw TARLE IN ARFA Lle 2 B8N0 3 (FT)
NMALJDMA? JDMAI=MAXTMUM Al LOWAKLF OFPTH TO WATE® TAQLF (FT)
DMILeDMIZ2OMT I=MINIMUM Al LOWAALF OFPTH TO WATER TARLF (FT)
ECCHeENCWL oFDCW 2ot NCW I=EXISTING CAPACITIES AT Twf HFA) OF THE MAln
CANAL AMD THF HEANS OF wATFRCOURSES IN APFA 1s 2 AMD 3 (CFS)
ENIPLeFDIP2=FAISTING IRRIGATION TURFWELL INSTAI LATION CAPACTTIFS
IN aPFA | AMD 2 (CF<)

ENTPIFNTISKR=FXISTING DOATNAGF TUREWHLL AND Sk [MMING wELL
INSTALLATION CARACITIFS IN AREA 3 (CFS)

FFANZPFRCFMTAGE NF LECHGRGF FOR ARTIFICIAL “ECHARGF NIVFRSIOM
ENR=CUST OF FNFYGY PF2 aCkF FOOT PER FOOT OF LIFT
ERL(T)FR2(T)FRI(T)=NATURAL RECHARGE FROM RIVFRP AN QAINFALL
OLRING PFRION T FOP akta le 2 AND 3 (FT)

MSINUMKER (OF SUHPEQTNONS

NYENUMKER OF YFARS

OA=COST OF aRTIFICIAlL RECHARGE DIVERSINN PER CFS

QS=COST OF CanAL OPFRATION PFR CFS

PER] oPFH2=PFHCENTAGF OF THE AMQUNT (OF PUMPING TN THE NONSALTNE
AND INTEOMENTATF ZONFS THAT NFED TO RF EXPORTFN
PI1ePI24,PI3P[K=FACTOR (GREATER THAN 1) ACCOUNT FOK THE MEFN TO
INCRFASF ThF CAFACITY OF TUBEWELL DUE TO POSSIRLF FATLURF OF

SOMF OF THE TUREWFLLS IN AREA 1le 2 AND 3 AND SKIMMING WELL IN

avEa 4

PL1(T)«P12(T)or13(T)=nATE OF PUMPING IM AREA | TO AF NFLIVEWFH TO
ARkFA 1« 2 AND 3 NDURING PFRIOND 1 (CFS)

P22(T1)+P23(T)=WATF OF PUMPING IN ARFA 2 TO WF DEL IVERFN TO AwFa 2
AND 3 NURING PFRIOD T (CFS)

PN3(I)=ATE NF PUMPING FNR DRAINAGE IN AREA 3 NURING PEWION T (CF<)
RATF OF SKIMMING WELI. PUMPING FOR ARFA 3 DUMING PFRIND [ (C+<)
PROL«PRO24PRNI=PROPOVTION OF THE LENGTH OF THE MaIN CanaL aAnD
RKANCHFS [N aKFA 1s 2 AND 3

RIN(I)=AVAILAHIF RIVER FLOW AT THE HEAD OF THE ~AIN CANAL Nk {nEG
PFRIOD T (CFS)

RV XZeUMIXA=M[XING DPATIO OF GROUND wATFR AND SUKFACFE WwATFY TN aRFa
2 ann 3

SC1eSC24SCI=STORAGE COEFFICIFNT [N AREA 1y 2 ann 3

SHRTL(T) «SHETZ (1) +SHRTI(J)=wATFR SHORTAGF IN ARFA 1. 2 ANO 3
NUKING PFRIND T (CkHS)

WEL(T)eWR2(T) w3 (T)=wATFK HFQUIRFMENT DURING PERIND [ F0R 80FA 1.
2 AND 3 (CFN)

NX TOTAL NiMHFw OF TNNDEPENDENT vak[anl¥r<

NC TOTAl NUMREw NF FQUALTTY CONSTRATINTS

NIC TOTAL NUMHER 0OF [INEQUALTITY CONSTRAINTS

ST1ZF ENGE | FNGTH OF THF INTTIAL POL YRFNRON

CONVFR  CONVF=GFNCF CHITERTON FOR TEWMINATIONMN NF THE SFARCH
RETa THF COMTRACTION COFFFICIFENT

ALFaA THE WEFLECTION COFFFICIENT

GAama THF FXPANSION CORFFICTENT

X(1) Tef ASSUMER VFCTOR TO INITIATE THE SeatCw

FNIFFR  THF TOLFRAMCE CHTITFRION FOR COMSTHAINT VIOLATTION
ICONT A& COUNTER TO WFCOKD STAGF COMPUTATTOAS

NCONT 8 COUNTFR Te PeINT [NFORMATION ¢ VESRY (NX+l) STAGF

LOw AN INDF X TO [OFNTIFY [NFOMMATION Q64 ATED TO T=F ()eraT
VALUF OF osa, FUNCTION [N MOST &ECEST POLYHEDOM

LHIGH AN TNPEX TO [DOFENTIFY INFORMATION wFL eTFD TO 1 AWGFST vaj e
OF Ok, FUM TION [N MOST WFCEFMT POL YHE QUi
LSFKFC AN TNOFA TO [UFNTIFY [MFORMAT [O) wbg ATE © TO THE  Sor ot

LAKRGFST vaLufF OF Ok, FUNCTION [N MOST KFCEMT POL (AR Ve
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630
LIX
650
660
670
LY
@®90n
700
Tio
724
73
Tan
S0
740
70
TRN
790
ana
w10
420
a3
460
4&n
“AD
470
R0
“an
M0
Qlo
920
120
Qan
9580
In 0
Ty
G
EAD]
1onn
1a19
19260
1934
141
10s0
1940
1074
1o
1nen
1100
s
112+
1120
Tlsy
1180
114:
1z
1150
119
120,
L2175
122¢
1234
1240
125
1260
1°7¢
1en:
129
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D00

oOHon

101
102

DIMFNSION X (10)
10)s ROLII(20)
COMMON /17 NXJNCoeNTCoSTFPeALFAWRFTAGAM B INsINFoFNTFFRSEQL oK ] ek 20
TK3 oKL sKSoKE KT sKHaKY e Xa X1 aX29ReSUMF SR oROLD«SCALFoFNLNeS[7¢
COMMON /27 LFFASeLSel AelLToLHelL9eRIAKHP2RIA

COMMON /PRN/ EDCW1 4FUCW241EOCWISEDCHELTIRLSENIP24EDTIPIGFNISK ) malC
1W14NCW2eNCWIANTPLINIP2+sDIPIeNISKCLHW

COMMON /DNPP/ NYeMSoCLFNaCLLI1eCL21CL 31eCL124CL22¢CLI2+CLL3eCLZICL
133+CLAR1+CLARZCLARIZCLPILsCLPIP+CLP134CLP22+CLP234CLP334TA14TA2,T
2A3sNT1eDT2eDT34NMILeNMI2eDMI390Se0AFNECSTeADL+AD2+AN3+CONIPWR A
3(12)¢8R8(12) e WR1(12) «ewk2(12)sWR3(12)+RF1(12)+sFRL(12)sFR2(12)¢FRI(12
4) sRIN(TS) oPFRD(12) ¢ TDENToHMIX2 ¢ RMIX e SSHTL9SSHT24SSHT3,8C(12)4AF (1
52) o IFAL

COMMON /C0S/ CA1+CA2+CCHLeCCHP2«PI1PIZePI39PIKaCT1oCT24CT34CNCAA
19CTSKIRAL 9RAZIRAIeRAL I PERL 4PERP 4DMCW] 4 NMCW24DMIPL4DMIP2 s WRMI s WMy
2TuR+Z04T0OTAL

COMMON ZAY/ DGWL(75) +DGW2(75) sNGWI(75) 4CH1(T5) sCW2(TS) 4 CWw3I(T7S) saW]
L(T7S)ePl1(TS) oPI2(75)«P13(75) «P22(75) +P23(T5) «+P3I(TS) P34 (TS)C(TYH)
29SHARTL(TS) o SHRT2(TS) ¢ SHRTI(TS)

DIMENSION TITLF(10)

XL(10akt)e X2(10elti)e w(20)e SUM(LO)s F(10)s SP(1

READ INPUT DATA

READ (S.188) TITLF
READ (S+181) NXeNCeNICeSIZF «CONVER
ALFA=1,
RETA=0.5 .-
GaMa=2, i
STEP=SIZF
IFAL=0
REAN 1594 NYeMS
READ 160+ AGAL+AGA2+AGA34C19C2+C3+CS<STIN
READ 1624+ DMAL+NMA23DMA3DMI1OMI2+DMIIDI14NDI24DI3
READ 160+ CAL1eCCH1eCA23CCH2CNCTLCT2.CT3
PEAD 160y CSWCICRWCoCSIFICRIF4CSDHICRNHSCSHWCRHW
REAN 162+ PI1+PI2+PI3+PRN14PROZ2+PRNISC14SC2+SC3
READ 1609 PTKeCSTaCTSKa0ANSaFNRCP1CP?
READ 161¢ (WRI(T)aT=14MS)
READ 161¢ (WR2(T)eI=1emMS)
READ 161¢ (WR3I(I)eI=14MS)
READ 161y (ERI(I)el=14MS)
READ 161¢ (FR2(I)eI=1+MS)
REAN 161 (FR3I(I)eT=1eMS)
READ 1614 (RFL(T)eI=14MS)
READ 161« (4A(I)sI=14MS)
READ 1619 (AR(T)eI=14MS)
READ 1Ale (AC(I)9I=144S)
READ 161 (AE(I)sI=1emS)
TwR=0.
DO 102 K1=1eMS
SWR=WR] (K1) +WR2 (K1) +WR3 (K1)
TF (SWR=TWR) 10251024101
TWR=SWR
CONTINUE
NTP=NY#MS
READ 161+ (RIN(I)sI=1+NTP)
RFAD 160y ENCHsFUCWL +FDCW24EDCW3FNIPLaFOIP2ENTPIaFNISK
READ 16Cs PERLsPER2+EFAKIAN] 4AN24AD 3akM[X24RMIX3 -
READ 1635 OWePWReDISK
AAW 1.0
ABw=0,0

CALCULATF MAX WATFR REQUTRFMFNT AND DESIGN CAPACITY aT HFANS OF
WATFR COURSFS IN THF SALTNF 7Z0ONF

WkM3=0,0
NO 104 [=1eMS
SWR3=WR3 (1)
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1300
1310
1329
1473
13an
13«9
130
1370
1354
139y
1460
lelu
1420
1420
laau
1450
1440
la70
laxn
1490
1500
1510
1529
1530
1540
1550
15k
1570
1540
1599
1604
1510
1h20
1830
1660
1~580
1660
170
1589
1AC1
170¢
1710
17249
1739
176
Lrse
17«0
1779
174¢
1790
1=0c
1410
1479
182y
1849
1460
18k
1470
1M
18910
1900
1419
1920
1430
1<ac
14510
1464

1470

ano

000

aonon

noo0

nonn

103
106

1058
106

TF (SWR3=wwtt3) 104sl0asl03
WRMI=SWR 3

CONTINUF

DCWI=wlM3=NISkK

PMIXN2=MIX2=CI £

WV IXN3=kMTIXIRCLFN

WRITF INPUT DATA

PRINT 1lhés NYomS

PRINT 165, (RIN(I)eT=1enTR)

1a=1 )
PEINT 166+ Tas (WR1 () eJ=14MS)

[a=1a+1

PRINT 1h6y TAs (W2 () eJ=]eMS)

Ia=1Ae«]

PRINT 166 Tas(9R3(J)sd=]emS)
PRINT 1A7s AGALlSAGAP3AGAZ«NMAL «TiMA2aDMA 34DMI1oNMT240MII

CALCULATF RFCHARGF COEFFICTENTS

CLHw=1,0=-CSHW

CLFD=1,0=-CSDH

KE11=CRwC2CSWC
RE12=CRIFECSTF#(1.6-CSWC)
RE13=(CSNH/CLFN) #CROn
RF14=(CSHW/CL HW) ®CRHW=-RF 13

RECHARGF COFFF FNP CwleCwW24CW3eAR1«F1] IN NONSALINE ZONF
CL11=RF11+RF12+RE]I3+PROL®RFL4

CL21=PRN]1#RF 14

CL31=CL21

CLARLI=RF11%CILHWSEFAKHCIL_HWRF 1 3#CLAW+PHN 18 (CRHW#CSHW=RE13#CI_HW)

CLP11=RF]1+RF1?

RECHARGF COFFF FOR CW]l+CwleCW3eaN14r12.P22 INTERMENTATE

CL1?2=PRO2#KE 14

CL22=RF11+RF 12+RF13+PRN2*RF 14

CL3?=CL1?

CLARZ=PRO?# (CRHWHCSHW=RE ] 3¢CLHW)

CLP12=CLFD®RE11+CLFNERF12+CSNDHECRNH

CLP?2=RF11+PE12

RECHARGE COFFF FOR CwleCw2eCw3sAK14P13er23 SALTNF 70NF

CL13=PRO3I#KF &

CcL23=CL13

CL33=RF11+RE12+REI3+PRO3®RF 4

CLARI=PROI# (CRHWBCSHW=RF ] 3#CLHW)

CLP13=CLFD#*RF11+CLFN&REL12+CSNHECRNK

CLP?3=CLP13

CLP33=RF11+KF12

CON=(365,0%724,0%60,08A0,0/435A0,0) /748

ON/ (AGAL®SC1)

ON/ (AGAP2®SC2)

CON/ (AGA3%SC3)

PRIMT 1#R, TAleTAPeTAR

wWkhM]I=0,0

wkM2=0,0

NO 106 T=1eMS
SwR1=wR]1(T)
TF (SWR1=wkM])
NIM] =SWR]

CONTINUF

NG 104 T=1eu4S
SWR2=WR2 (1)

GRS RITARS K

Z0NE
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IF (SWR2-WKM?) 10R«10Ke10T7

107 wkM2=SwR?2
108 CONTINUF

PRINT 169y wRM] gWRMZ 4 vlPM2

READ 170¢ DMCulosDMCWZeNMIPloNMTR?
109 RFAND 170e DCW14NCW24NIPLeDIP?

X(1)=0Ccwl

X(2)=DCw2

X(3)=n1r1

X(4)=01P2

IF (X(1).FQ.0.) GO TN 5k

OCH=(NCW]1+DCW2+NCw3) /CLHw

PRINT 171e (X(J)eJ=1letX)

WRITE (Ael9%) TTTLF

WRITF (6fe1RS) MXGMCeMICoaSTZ7F«CONVFR

Kilz=nxel

K2=NX+2

K3=NX+

Ké=nX+6

KS=NX S

K&=NC+NTC

KT=NC+1

KR=NC+NIC

KQ=KR+]

N=NX=NC

N1l=Nn+1

IF (N1.GF,3) GO TO 117

N1=3

N=2
110 N2=N+2

N3=N+3

N4=N+4

NS=N+5

N&=N+S

NT7=N+7

NH=N+H

XN=N

XNX=NX

XN]1=N1

R14=0,5#(SORT(S,)=1.)

R2A=R1A®R]A

R3A=R2A®R1A

LS=NX+5

LE=NX+6

L7=NX+7

LA=NX+R

L9=NX+9

ICONT=1

NCONT=1

WRITF (A+183)

WRITF (6e184) (X (J)eJ=1eMX)

FNIFFR=2,8(MCe]) 2STFP

FOLN=FDIFFR

In=nd

CALL SUMR

SR(N]1)=SORT(SEQL)

WRITF (fe192) FNTFFR4SR(NT)

IF (SR(N1)LILTL.FNIFER) 69 TN 111

CALI wRTITFX

wh | (A21R6)

Thy 1

STEP=0,05#FNIFFR

CALI FFASRL

WOITF (2193

WRITFE (6ribe) (X2(INFe) sd=1emX)

WRITF (Ae194) SR(INF)

IF (FOLN.LT.1.0) GO T 187
111 WRITF (Ae]H2?)
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Tl
7670
Ak
2A90
2100
2710
2120
2130
214
2750
2760
2170
PTRY
2799
24nn
2u1n
2Rp0
21r39
2349
2u5sa
AN
AT
79an
2490
2900
2910
Pazn
293¢y
2940
PNRY)
PURD
2470
29kn
P94y
UL
nia
3Inzu
in3o
ANGy
AINSn
10&4
InTn
RDEY]
10Q0
1106
3110
24
110
Aan
RIS
31k0
N7
I1HD
EICH
3200
3211
3221
234
240
L)
32K
270
RPN
PG
ERTN
D
ER Pl
Ty

Ao

ann

DN

~

ne

114

118

116
1¥7

118

119

121

1722

WRTTF (AelKRT) TCONTENTFED
Capl WRTTEX
FTFR=K(+9)

COMPUTF CFNTROTN 0OF al L VERTICFS 0OF TnTTIAL POL YHFDRON

STEPI=STFP® (SORT (XMXa] ) +XMX=],) /(XX eSORT(2,))
STEPP=STFP#(SART (XNXsl,)=14o) / (XNXESHET(2,))
FTA=(STFPl« (XNX=]1,)8STFP?2) /(XtXel,)
NN 112 yg=leny
X(J)=X(J)=FTA
CONTTINUF
CaLl. START
no 113 T=lenl
NO 113 g=laetix
X2 (Ted)=X1(1ed)
CONTINUF
NO 116 T=1en1
TN=]
NN 114 J=lenNY
X(J)=x2(Ts.)
CALL Sume
SR(T)=SURT(SFQL)
TF (SR(I) JLTLFDIFFY) A0 TO 1158
CALL. FFASR|
TF (FOLD L TelaN) BN T 157
CALL PROKLFM (3)
F(I)=R(K9)
CONTINUF
STFP=0,05#FNTFFR
TICONT=TCONT+1

SFLFCT | ARGFST VALUF NF ORJIFCTTIVF FULCTINON FROM POLYHFNRON VERTTCF

FH=F (1)

LHIGH=1

DN 118 T=2+N1
1€ (F(I)JLTLFH) A0 TN 118
FH=F (T)
LHIGH=T

CONTINIIF

SFLFCT MINIMUM VALUF OF ORJECTIVF FUMCTION FROM POJ YRFNRON VFRTTAF

FL=F (1)
Low=1
NnO 120 T=2eM]
TE (FLLLTLF(T)) GO To 129
FL=F(T)
1 nW=T
CONTINUF
nn 121 =lamx
X () =X2(1.0We)
TNz OW
CALI. SUMR
SE(LOW)=SART (SFOY )
IF (SROLOW) L TLFNIFFWY GO TN 127
INF=LOW
CaLl FFAS]L
TIF (FOLNLT,1.0) 6N Ta 187
CALI PPORLFM (1)
FLOW) =k (K9)
Gn TO 119
CONTINUF

FINN CENTROTN NF POTATS wITH T OIFFFREnT THAN | HIGH

0N 124 g=1enX
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13
EE L
33-0
ERE A
3389
j3ar
400
3aelc0
3a20
3630
46t
450
36k
670
ar G
620
3300
3510
3520
3530
3540
540
LT
3579
ISKO
3599
EEY K
_Ln
W20
3631
3640
3InG9
ELL
3IATN
3A/R0
3A90
3rTnn
3710
3726
3730
3740
3760
2769
3770
ERAEY]
3790
3NN
=10
AMZO
430
3440
IS
3340
IKTH
3IHPN
34490
NN
3319
320
2330
39410
3950
3960
3970
A9AN
399/
anon
4n1o
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ann

ono

123

1725

12¢
127

128

179
130

13

132

133

134

136

SuM2=0,
no 123 T=1eM1,
SUMP=SUMP + X2 (1Y)
¥2(N?2eJ) =14 /XN (SUMR=X2 (1 #TGHe ) )
SHM2=0,
nO 125 T=1em1
DO 125 .i=]lenX
SUM2=SUM2+ (X2 (T 1) =X2 (N2 J) ) 2082
CONTINUF
FRIFER=(NC¢1) /XNL2SORT (Stim2)
IF (FOTIFERLLT.FALND) S0 TG 126
FNIFER=FOLD
G0 10 127
FOLN=FNIFER
CONT INUE
FTEP=F (LOW)
NCONT=NCONT« |
IF (NCONT LT.?*N1) GO To 131
IF (ICONT LT.1500) GO Tn 128
FOLN=0.5%FM »
NCONT=0
WRITE (64182)
WRPITE (H6e1RT) TCONTFNTFER
CaLL WRTTEX
NO 130 TY=lewny
nNO 129 y=1.mS
L=MSe(TY=1) ey

PRINT 176e IVedol «RIN(L) <WR]L(J)awt2(J) «WRI(J)
PPINT 177« CWI(L) +Cu2 (L) «CWI(LI «ARL (L) «P1TLL) +PL12(L)I P13 (1)

P22(L) +P2I(L) «PII (LI P36 (LI
Li=tel

PRINT 17Re DGw1(L1)+NGW2(L1)NEWIW L)

PRINT 179« CML)
CONT INUE
CONTINUF
PRINT 1R0¢ 70.TOTALeR(11)
IF (FDIFFR.I T.CONVER) GO TO 154

SFLFCT SFCONN LARGEST VA{ UFeOF ORJFCTIVF FUNCTION

IF (LHIGK,FN,1) GO TO 132

FS=F (1)

LSEC=1

60 10 133

FS=F(2)

LSEc=2

D0 134 T=1eM]
TF (I HIGH.FQ.I) GO TO 134
TF (F(I).LT.FS) &0 TO 136
FS=F (1)
LSEC=T

CONTINUF

REFLECT HIGH POINT THROUGH CENTROTP

DO 135 g=]lemMX

X2 (N J)=X2 (N2eJ)+ALFARIXD (NPe ) =X2 (ILHIGH ) )

X (J)=X2(NFe )

CONT (NUF

I 3

Cag Sumwr

SR (NI =SORT(SFOL)

TIF (SR(N3) N T.FNIFER) 6N TO (13-
INF=M3

CaLL FFASAL

IF (FOLN.LT.1.0) GO 7O 1587
CALL PRORLFM (3)
F(NI)=R(KQ)

S>> PDPBPPPEDODAIDIISDODEIEDINSEIEEDEDEALPDODIDIODEPEIDPBEBD IS IS DD

LI

17
138

140

1sal

1642

143
144
145

14K

147

148

149

150
151

15?2
153

TF (F(MI) LT.FLOW))Y O 10 139
IF (FIN) LTFILSFC)) Gy T 137
G0 10 143

N0 138 =lenx

X2 (LHIGH J)=X2(N3e))

Sk (| HIGH) =SP (NT)

FLHIGH) =F (A1)

GO TN 117

EXPAND VFCTOR OF SFakCH 41 ONG DIRFCTION THROUGH CENTROTN ann

RFFLFCTEN VFCTOR

NG 1460 =] enx

X2 (Nbe ) =X (NTVeJ) +GAAS (XD (NIe ) =X2 (N2 o))

C(J)=x2(nae )
CONT INUEF
In=NG
CALL SHhMR
SR (N&) =SORT(SFOL)
TF (SR(NG) I T,FOIFF2) GO Tn 141
INF=N&G
CaLl. FFaSAL
IF (FOLP.LT.1.0) GO Tn (&7
CapLi. PRORLFM (3)
F(N&)=R(x9)
IF (FILOW) I T F(NG)) GO TO 137
DO 142 g=1leNX
X2 (LHIGHe J) =¥ 2 (NG J)
F(LHIGH) =F (N&)
SE(LHIGH) =SP (Ne)
G0 1O 117
IF (FIN3) ,GTFULHIGH)) GO TN 145
Na 144 J=lenX
X2 (LHIARH, ) =X2(N3ey)
DO 146 ,i=1enX

X2 (N& o)) =RETARA2 (1 HIGHO I+ (1. =RFTR) 23X (N2o )

X(J)=X2 (N&o )
CONTINUF
IN=NG
capy SuvR
SR (N&) =SORT (SFQI )
IF (SR(NG) I T.FNIFER) GO TO 167
INF=NG
CaLl FFasAaL
IF (FOLN.LT.l.0) GO Tn 1&7
CALL PRORLFM ()
F(N&)=R(K9)
IF (FILFIGH) ,GT.F(NG)) GO TO 182
NO 168 J=]eMX
D0 4R
X2 (Ted)=0,58(X2(Ted)+X2({ NWe.)))
NO 151 T=1en1
N0 149 J=1eNX
X(J)=X2(Ted)
CONT TNUF
IN=T
CALL SuMB
SR([)=SORT(SFQL )
IF (SR(J)J TLFDIFFRY £ Ta 180
TNF=T
CALL FFASRL
IF (FOLDLLT 10 GO T 187
CALL PRORLEmM ()
F(I)=R(¥Q)
GO Tn 117
NO 153 JU=lemx
X2 (ILHIGH, ) =X2 (N4« )
SP (I HIGH) =S (N&)

>5>BPDDDA>2PBS2DLOLEIIIDDODSIDESPBEDBEODDIDOIDISODIOBIDDIDOODDDICIOIOND SISO EBDED

470
aTln
4720
470
«lan
AT
aTR
CRAA
“r n
LR AN
asnG
an]r
4420
481730
R
4ne )
4Hel
44T
enmn
an9a
49nn
aq]n
“c2n
4930
&3al;
TR LT
Guni.
4370
49un
4990
“noao
LUA K
|n20
CURT
K040
s040
S0en
«070
5049
504N
S109
Ss110
s120
5139
S140
alan
S160
K170
S1K9
Kl9n
s20n
K214
K224
S2139
K240
€281
“2A0
82710
K2&0
goun
S513nq
|31a
G420
4330
8340
5350
S3&A0
5370

S91



Don

F(LHIGH) =F (N&)
60 T0 117

154 WRITE (fe¢189)
IFa =1
CALL WRTTFX

ICONT «FNTFFR

OUTPUT NF FINAL SOLUTTON

WRITF (€4190)
DeWl=X(1)
DCwW2=X(2)
DIP1=X(3)
DIP?=X(4)
NCH= (DCY1+DCW2+NCWR) /CLHW
PRINT 172¢ DCHeDCWI«DCW24DCHIINTPIoNTP24NIPI4DTSK
PRINT 173y RAGeRA1IRA2.RA3
PRINT 1744 NI14NI24N13
PRINT 175
NN 156 TY=1eNY
N0 155 J=1MS
N=MS® (TY=1)+y
PRINT 17hs TYeUsNsRIN(N) «WR1 () «wK? (J) sWR3I(J)
PRINT 177« CWI(N) oCW2(N)«CW3I (M) sBH]I(N)9sP1LIN) P12 (N) P13 (V)
1 P22 (N) 9P23(N) «P33 (M) «P34 (N)
N1=N+1
PRINT 178s NAKL(N1) «DAW2 (N1) +DGWI(N])
PRINT 179+ C(N)
155 CONTINUE
156 CONTINUF
PRINT 180, 70+TOTALGR(11)
GO TO 109
157 WRITE (6+189)
CaLL WRITEX
WRITF (Ael91)
GO TO 109
158 STne

TCONTFNIFFR

159 FORMAT

160 FORMAT

161 FORMAT

142 FORMAT (9F8,0+8X)

163 FORMAT (3F10.0)

164 FORMAT ( 11H NO OF YEARST3e 22H NO NF PFRION PER YFAQ.T3)

165 FORMAT ( 27H RIVER INFLOW AT CANAL “FAN/2X412F10.2)

166 FORMAT ( 27W WATER REQUIPFMFENT FOR ARFALI2/2X«12F10,.2)

1A7 FORMAT ( 34H GRNSS ARFA(ACRES) FOR THRFE ZONFS+3F12,2/« S5H uaXTv
IM ALLOWARLF NDEPTH TO WATER TARLF FOR ThrFE ZONESW3FIN,.2/, S8& MTNT
2MUM ALLOWARIE DFPTH TN WATER TARLF FOk THRFF ZONFS<3F10.?)

1AR FORMAT ( 5H TAl=9F20,9¢ ©SH Ta2=«F20,%« 5H TA3=,F20,9)

149 FORMAT ( 17H MAX WATFR DFMANNDS3F10.7)

(215)
(8F10,0)
(8F10,0)

170 FORMAT (&4F10,0)
171 FORMAT (/10X 13HINTITTAl GHESS.10F10,27)
172 FORMAT (1H1s+ 15H FINAL SOLUTIONG//« 34H | OWFR JHFLUM CANMAL COMMARD

1ED AREA«//+ 30H DESTGN CAPACTTY 0OF Tht SYSTFMe/e 11w CANAL =#anN.t]
P20,2¢ 25H WATFRCOURS HFEADS= APFA 1+F 10,2« TH ARFA 24F1N0,2e¢ T~ *LF
3A 34F1N,2/9 P5H TURFWFIL CAPACTTY~= AKFA 14F10.2s T4 AREA 2.F 10,74
4 P1H ARFA 3=DRAINAGF JEL| «F10,2+ 146H SrTIMMING WF| | «F10,7)

173 FORMAT ( 17H REMODFLING FATIO«/e 11% CAMAL HFANGFL0,3¢ 2hH ATES(CN
1URSF HFANSe ARFA 1eF10,3e 7H ARFA 24F10.3e 7w ARFA 34F10,37)

174 For T ( 37H INITIAI NFPTH TN WATFR TaklFe ARFA T1<F10.24 7w ARen
124F10e2e¢ Th ARFA 3.F10,2/)

175 FORMAT (//+ 20H OPFRATION DECTSTONS/)

176 FORMAT ( SH YFAResI3s T7H PERIONeT3e Ak STAGF T3
LIVER FIOWeF10,2¢ 16K NFMANNSs ARFA 1<F 10,24
2AKFA 34F10,2)

177 FORMAT ( 36H FLNW AT HFAN OF WATFRCOUKSF e ARFA 1<F10,24 Tw awspa 2
1eF1N,29 TH ARPEA 33F10,24 34H ARTTFTCTA|l RECHARGF AT CANAL =+ a0.F]
20.2/9 20H PUMPING ARFA lg Pl1eF10,2« 4k PI24F10,2¢ 4w D]3E|N0_ 2/

214 AVAT) A F 2
TH ARFA 2.F10,7« Te

s> >>0 >3>32B 6333255263223 05D5bPHB20DDS>5B2DDD>30DBPODDPADLADIB I IBDBIAB >R

“ami
S3an
Sapo
410
K420
Sa3n
K440
S350
Saho
SaTn
S4ki
8491
“&00
€510
CEVh
K353
5547
5561
S5A0
KK70
K680
£5Q0)
Sn00
"h1n
“h21
86139
Sagn
“RED
56K
ShTY
Shin
SQGH
S700
=710
L .4l
|73
S740
7.0
TR
179
“TANn
LT
“iny
w419
“eP0)
R i
Sty
AT
Cah
LAt
i

S45n
aanrn
caln
DS
Sayn
4

S
2710

TENE

g
Fanc
01N
“ir 2
kS
~an
~ 0

THHH0N

39x¢ J1H ARFA 2 PP2.F10,2¢ &4H P234F10,72/9%e 2hH ARFA 3 SKIve INi 04
4MPING P33+FIN,2¢ 21H NRAINAGF PIMPTIMNG P36eF10,2)
178 FORMAT ( 46H DFOTH T0 waTER TARLF AT FND OF PERTON.
1 TH ARFA 2+F10,P¢ TH ARFA 3,F10,2)

179 FORMAT ( 15H ORFRATION CONSTeF20,2/)

180 FORMAT (/e LPH NFSIAN COSTeF?20,1e 15H OPFRATION COSTeF20,.1
1TAL COSTeF25,.1)

AREA 1eb U, e

11w ™n

181 FORMAT (315.2F10,.1)

1R2 FORMAT (/e60XeGRH & # & # & & & & & & & & & & & & & & & & 0 v & o)
1#3 FORMAT (//+alH THF STARTING VECTOR SFLFCTED RY USER IS )

184 FORMAT (RF16,.6)

185 FORMAT (//+10Xe40H NUIREE OF INDFPFNNFNT VARTARLFS 18e/7010x
1e40H NUMRFR NOF FQUALITY COMSTRAINTS 1S5¢/910%540H NUMHFR OF
2 INFQUAI TTY COMSTRATNTS 19¢/¢10%xe40H STIZF OF TMITTAL POl YeFO
3IRON F12.5¢/410Xe60H THF NFESTPED CONVFRGFMCF S
& El172.5)

186 FNRMAT (//«71H THE INTTIAL X VFCTOR NOFS NOT SATISFY THF [MITTAr T
101 FRANCF CHRTTFRTION )

1RT FORMAT (/410Xe27TH STAGF CALCULATIOM NUMKFR =15¢20Xe27H THE TOLFOAM
1CF CRITFRIOM = Flé,.n)

18R FORMAT (104R)

129 FORMAT (//+39H TOTAI NUMRER NF STAGFS €al CULATTONS =
1E CONVFEGENCF | IMIT = Fla,A)

190 FORMAT (//+50Xe?SH THFSF APF FTNAL ANSe¥RS )

19) FORMAT (//+SNXe29H THFSE ARF NNOT FINAL ANSWERS )

192 FORMAT (//+107¢60H THF INITIAL TOLFRANCE CRITERION IS
110Xe40H THE SUM OF VTOLATED CONSTHRAIMTS IS Fl2.%)

193 FORMAT (//s70H THF VECTOR FOUND HY PROGHAM WHICH SATTSFIES THE TaT
1TTAL TOLFRANCF TS )

194 FORMAT (/+31H SUM OF VIOLATFD CONSTATNTS = E17.7)

195 FORMAT (1H1«30Xe10AR)

Thel0XqPbH TH

F12,5¢/0

EnD

SUBROUTINE FEASBL

SUBROUTINF FFASR|

4aasaSUBROUT INF FFASRL MINIMIZFS THF SiM OF THE SQUARF VAL IIFS OF Th¥

VTOLATED COMSTRAINTS, IT TS CALLFD FVUFRY TIME THE COMRTINFN VA{UE
OF THE VTOLATFN CONSTRAINTS EXCEENS THF VALUF NF THF TN FOANCE
CRITFRTIONM FOP THF CURRFNT STAGF

DIMFENSTON X(10)e X1(10e10)e X2(1Nal0)e R(20),
10)e ROIN(2N)e RI(20)s P3(20)e FILG(10)e H(10)
COMMON /17 NXNCINTO G STEPaNUML «NUMP oD 39 TN INFoFNTFFROSENL ax 14524
IK I oKL s KB aKA oK T eKRaK Dy X aX] e XFaHgSIIMF SR GROLNSCALF«FO| NaST7F
COMMON /27 [ FFASSLSsL el 7eLBel.94R18ek2AR3A

COMMON /PRN/ FNCW] aFNCWZeENCWIENCHFNTPLISENTP24FNIR34FNISKNCH N
IW1eNCW2eNCW3IeNTLLeNTP2eNTPINTSKCl 1

COMMON /C0OS/ CA1+CA24CCH] «CCHPePTT1ePTI?ePI3¢PTIKeCTI+CT24CT3e0NCART
JoCTRKIRAL GRAPZ yPAZIRAGPERP ] aRFR2NMC U] aNMOW2 eNMTD] 4 NDM[P2 WM ] ¢ wiR P,
2TWRs70T0OTAL

COMMON /DPR/ NYaMSePFNGCL LT eCL2TeC1 31eCL1I2eCLP24CL 32eCL 1340 7300
133¢CLAR]) oCLARP «CLARIZCLP]I1eCLP12«CI P134CLPP24CLP234CLOP334TALaTALT
2A3sNT1aNT2eNTAeNMT L NI 2aDMIIa0S A FMESCSTIANL«AD? ¢ AN W CON DL AN
F(12) AR (12) e wH1(12) e w2 (12) «wR3(12)«RF1(12)eFR]1(12)«FR2(12)aFk%3(12
4) SRIN(TS) «PFEN(12) « TNFNTaRMIX2 ¢WMTX 3 SSHT] 9 SSHT24SSHTIAAC(172) « A% (]
52)s1FAL

COMMON /AY/ DEW] (T8) ¢NEW2 (T9) aNENI(T60) «Cwl (78) «CW2 (78) 4CWw i (7n) oAt ]
1(TS) P11 (75) «P12(75) 21 31(75) 4P22(75) «223(T5) aP3II(TS) e 4 (75) o (7=
PeSHARTL(TR) « SHRT2 (T8) « SHET I(T78)

SUM(LO) e F(10)e S&(]

PPBPBDDPI>IDODBDDD>52DD>35>5>D3BP>22 33D BD>D >3

LLDOLIDUXN

o P

vIcT

LLtur

e
~aTo
R LY
AOG0
6100
Al10
6120
6130
6lan
6180
Al6D
ALT70
A1RN
Al
w00

w210

w220
LY L
APan
280
260
KT
RPN
AP
LRI
310
320
3130
6340
w340
6360
6370
A3RN

1n
24
30
40
S
A
7N
0
an
Lo
L1n
17u
130
149
1en
140
170
1~n
140
200
210
224
23n
240
et

P

991



DD

299N

20N

oon

iz By )

HON

10

-

102

103

104

1056

1nA

107

108

109
110

1n

—

112

AL FA=],

AFTA=0,%

GAMA=?,

XNX=NX

TCONT=0

LCHFK=0

ICHFK=0

CALL STaPT

DO 103 T=1ex1
N0 102 Jg=1leNX
X(J)=X1(T+.1)
IN=T
CALL SuUMpR

CONT INUF

SFLFCT | ARGFST VALUF 0OF SUM(T) IN SIME(FY

SUMH=SUM (1)

INDEX=1

DO 105 T=2ex1
IF (SUM(T) .LF . SUMH)
SUMH=SUM (T)
TNDFX=]

CONTTNUF

GO TO 108

SFLFCT MINTMUM VALUF NF SUM(T) IN ST™MP| Fx
SUML=SUM (1)
KOUNT=1
NO 106 T=24x1
TF (SUML.I FeSUM(T))
SUML=SUM(T)
KOUNT=T
CCONTINUF

GO TO 106

FIND CENTROTD OF POINTS WITH I DIFFFRFMT THAN INDEX

DO 108 J=1leNX
SuM2=n,
NO 107 I=1lexl
SUM2=SUM2+X1(T+J)
X1(K2eJ)=1a/XNXS (SHIMP=X] (INDFEX 4. ))

FIND REFLFCTION OF HIGH POINT THROUGH CFNTROID

X1 (K3eJ)=2e#X1(KPeJ)=X1 ([NDEXsJ)
X(J)=X1(K3e.))
IN=K3
CaALL SUMR
IF (SUM(K3) .L.T.SUML) GO TO 112
SFLFCT SFCOND LARGFST VA UF IN STMPLEX
IF (INDFX,E0.1) GO Tn 109
SUMS=SUM (1)
GO TO 110
SUMS=SUM (2)
DO 111 T=1.x1
TF (CINDFX=T),FQ,0) GO TH 111
TF (SUM(T) .LF.SUMS) 60 TO 111
SUMS=SUM(T)
CONTINUF
IF (SUM(K3) ,GT,SUMS)
G0 TO 128

G0 TO 114

FOR™M EXPANSION NF NFw MIMNIMIM TF REFF(TTON HAS

DO 113 J=1enix

DEIDUCE DN

ATMT™

TTspPCDODICL

:

T T

2O TTITHPDITLCLEOUDITTC

TDODCCDTOUTDIDLIEDDCT LD

s tvrro

S LI LODLYTTDCODDX LIXO

L LD

2,
EEE)
290
jnn
an
7a
i3a
16
180
IR0
179
mn
340
4nn
@1 n
420
430
“4)
480
4K0
47N
40
49y
s00
510
52n
530
3410
580
S60
579
S8R0
5490
ARN
AlD
w20
RN
Aaly
AB0
LIY]
K70
A1
a3y
mao
710
720
731
740
7a0
TAU
170
70
740
L]
210
Az
R30
A4 1)
ELN
4h0
%70
QM)
=Qn
<00
110
920
330
Q4

000

113

14

118
116

b il ¢

11R

119

120
121

1722
1723
174

125

1726

127

179

130

131

132

133

XL (K&aJ)=XT(K2e))e2 o8 (X 1 (K3g ) =X1(KeU))
X(J)=X1(K&s.l)

In=x4

CaLt SUwR

TF (SUM(K4) LT,SHUML Y 6N TA 124
GN TN 12R

IF (SUM(K3) ,GT.SUMK) 60 T0 11k

DO 115 i=]leNY
X1 (TMDF X o) =X1(K3a)
no 117 g=lenx

X1(KLo ) =N 50XY (INDF X d) #0,5%#X] (X2e.l)
X(J)=X1(Kbey)
IN=KG 5
CALIL. SUMR
IF (SUMH,GT,SUM(K&)) GO TN |24
REDICE STMPLFY QY HALF IF KFFIFCTINN HAPPENS TO PRODUCF
UF THAN THF MAXTMUM

DO 118 y=1eNX
DO 118 V=11
X1 (Ted)=0,5#(X1(TaJ)+X] (KOUNT, 1))
NO 120 T=1sx1
NN 119 Jslemx
X(J)=X1(Te))
IN=T
CALL Sump
CONTINUF
SUML_=SUM (1)
KOUNT=1
NN 122 1=24x1
TE (SUML L T.SHUM(T)) 60 To 122
SUMI.=SUM(T)
KOUNT=T
CONTINUF
SR(TNF) =SQRT (SUM(KOUNT) )
DO 123 g=1lenx
X(J)=X1(KOUNTy.1)
G0 7O 130
NN 125 J=1eMX
X1 (TNDEX 9 J) =X1(Kbo )
SUM(TNDF X)=SlIM(v4)
GO To 121
nn 127 J=lenx
X1 (TMDEXe.))=X] (Koo ))
X(J)=X1 (TNDFXa.))
SUM(INDFX) =SUM (K4)
SR (TNF)=SqQRT (SUM(K&) )
GO TO 130
PO 129 J=1enx
X1 (TMNDEXs.))=X1(K3a.l)
X (J)=XT(TNDF X4 1)
SUM(INNF X ) =SiMm (¥ 3)
SR (INF)=SOPT (SUM(K3))
TCONT=TCONT +1
DO 131 =lanNX
X2 (TNF o) =X (1)
IF (ICONT LT ,2%¥])
[conT=0
NO 132 J=1enNx
X(J)=X1(K2e.)
TN=«?
CALL Sump
NIFFR=0,
DO 133 T=1lex]
DIFFRENIFFR+ (SUMIT) =SUM(K2) ) P
DIFFR=1./(KT#XNX) #SNRT (NTFFR)
IF (NDIFFRGT,1,NF=14) G0 TO lak

G0 TO 164

A LARGFR v

ITOPDODVNIPTICLPPOUVUDICINDOPODLEOPIDOCDYT D VUDTIDILDOSODII LD

CX0DOUDIXDCCIDITITPTITOIDDDCLD

yan
Q60
Q70
R0
9an
1000
1010
1020
1130
1040
1050
1040
1n70
104n
1990
1100
1110
1120
1130
1140
1189
1140
1170
1140
1190
1200
1210
1229
17230
1240
1250
12490
1270
12an
1290
1300
1310
1320
1330
1349
1360
13A0
1370
13x0
1394
lann
1419
1424
1430
1460
1450
lakn
1470
larn
lec
1560
1519
1520
lkl'!
1540
(%
158A0
157
15+9
18Gn
1400
111
16820

L9T



annnan

[2Re Ral

134

135

136

137

1348

139

TF FLEXTPLF SIMPLFX MFTHOD FATLED T SATISFY THF COMSTHAINTS wlTeT

THF TOLFRANCF CRITFRION FOW THF CURRWFNT STAGF« THE SFARCH IS
PERTURKHFN FROM THE OASTITTOM WHFRF THF ¥ VECTOR TS STUCK AND THFM
FFASRL IS RFPEATEN ONCF MORE FROM THE FFRINNING,

In=w]

STERP=20,#FNTFER

CALL SUMR

SR (TINF)=SQKT (SFOL)

DE 134 =1enNX

X1(KleJ)=x()

DO 143 g=1eMX
FACTOR=],
X(J)=X1(K1eJ) ¢FACTNRESTER
XH(L9eU)=X(J)
IN=LS
CALL SumR
X(J)=X1(K1eJ)=FACTNORRSTEP
X1L(LSey)=X())
IN=LS
CALL SUmMR
IF (SUM(L9) .LT.SUM(K]1)) 60 TO 136
IF (SUMILS) LT.SIM(KI)) GN TO 137
G0 TO 138
X1(LSey)=X1(K1eJ)
SUM(LS)=SUM(K])
X1(K1eg)=X1(LYsJ)
SUM(K1)=SUM(L9)
FACTOR=FACTOR«1,
X(J)=X1(K1eJ) +FACTORSSTFP
IN=LO
CALL SumR
GO T 1358 g
X1(L9e ) =X1(X1eJ)
SUM (L 9)=SUM(K])
X1(K1leg)=X1(LSeJ)
SUM(K1)=SUMILS)
FACTOR=FACTOR+1,
X(J)=X1(K1sJ)=FACTORRSTEP
TN=LS
CALL Sume
0 Tn 135

ONE DIMENSINNAL SFARCH RY GOLDFN SFCTION ALONG FACKH COORDINATFE

HIJ)=X1(1.9:J)=X1(LSs.))
X1(LAsy) =21 (LSeJ) s (J) #R]1A
X(J)=X1(i5J)

TN=LF

CALL Sume

XLALT o) =X 1 (LSsJ) +H () #-2A
X(D)=X1 (L7

TN=L7

CALL Sume

TF (SUM(1 A) JGT,SUM(LT)) GO TN 140
X1 (LReJ)=XT(LSeJ)+(1lo=F3A)8H ()
X1(LSe ) =X1 (LT )

X(J)=X1(18s)

INSLH

caLL SUMR

IF (SUM(LR),,RT.SUM(I.A)) GO TN 139
X1(LSeJ)=X1(L63J)
SUM(LS)=SUM(LK)

GO TO 147

X1(L9+J)=X1(LRsY)
SUM(1.9)=SUM(LR)

GO TN 147

b i b i ¥}

r-

ETrXrXPCLCXPOCrXPLDPODODODIPIALLTDDODIEDIXRDODESTDPDIODDODLET T

rposTLLIrTILCDYY

1310
1A60)
1h%9
1640
1470
1R=<0
1wS0
1760
1711
17720
1730
1740
1750
1740
177
1780
1790
1200
1414
1820
1836
1440
1450
LAAN
1870
1+R9
1899
1900
1916
1920
1930
1940
13590
1960
1970
1980
1990
2900
2010
2020
2030
2060
2080
2060
2070
208N
20490
2100
2110
2l1z2n
2130
2lan
21%0
2len
2179
Z1x0
2140
2200
2210
2p20
2230
P2an
]
PR
2270
P2Kn
2249y
2304

999

140

141

143

144

145
146

147

148

149

150

151

152

X1(LG9e))=X] (1 Aey))
XT(LHe ) =Y (1 Seil)e3aH()
X(J)=X10192s.))
TNS| K
caLL Sumwe
STFP=STZF
SUM (L Q) =S1IM (1K)
TE (SUMIL T) AT .SUM(LR)) (O TO lal
YU(LSe ) =X] (1LHeY)
UM () S)=SuUmM (| R)
"0 Tn 142
X1(LQe ) =X1 (1 7o)
SUM (1 Q)=SUM (1 T) -
TF (BRS(X1 (L9« J) =21 (1.%4.J)) oGT,0.018FNTFFR) 60 TO 13k
X1 (K1e))=X1(LTo)
X(J)=X1(LTe)
SUM (K1) =SUM(LS)
SR(IMF)=SQRT (SUM(¥1))
IF (SRINF) I T.FDIFFK) RGN TO 144
CONTINUF
ICHEK=TCHFK+1
STEP=FNTFER
IF (ICHFK,LF,.2) GO TO 101
FoLn=1,0F=-12
WRITF (Ael64)
WRITF (Relk))
WRITF (64162) (X(J)eg=1stX)
WRITF (Rel€3) FNIFFRLSR(TNF)
GO TO 187
NN 145 J=1nx
X2 (INFo ) =X]1 (K1a)
X(J)=X1(K1ed)
IF (SR(INF).GTFNIFFK) GN TO 104

MODTFIFN LAGRANGE INTFRPOLATION FOR TIGHT INFQUALITIFS

IF (SRUTINF) .GT,.0,) GO TO 159

CALL. PRORLF™ (3)

FINT=R(xQ)

DO 167 (=]1eMX

X (J)=X? (INFs.))

CALL PRORLEM (2)

DN 148 J=KT KR

R1(U)=R (M)

DO 149 =]1eNX

X(J)=X1(KOUNT )

CALI. PRORLFM (?2)

NN 150 J=KTeKkH

RI(YI=R ()

NO 151 g=1lenx
HIJ)=X1(KOUNT ¢ )) =X2 (TFFal))

X(J)=X2(INFe ) +058m())

CaLl PRORLEM (2)

FLG(1) =0,

FLG(2)=n,

FLG(3)=n,

DN 152 =KT7eKA
IF (P3(J)GF.0,) GO Tr 182
FLG (1) =FLA(1)+R1 () #x] (1)
FLG(Z)=FLG(P)+R(J)®R (1)
FLG(R)=FLGB(3)+R3()) #R3(.))

CONTINUF

SR (INF)=SART(FIG(1))

TF (SRINF) JLT.FNTFFP) GO TN 1549

ALFAL=SFLGA(1) =2, %F| G(2) +F| G(3)

RFETAL=3,8FLG(1) =4, 8F| G(2)+F1LG(3)

PATTO=RFTAl/(4.%ALFa 1)

NN 183 =lenX

LOXIDPDTILDILOLIVDDIDPDIDYPOPDILOPELTDNIDPDIDDIDIDIOIYIIIPIDIEODOIDOD P EIDETIDPDILDEISESDOCDDDT

2310
2320
2330
2340
7189
2360
2370
P 3k
2 490
2400
2410
Papn
?43u
244N
2450
2460
2470
24R0
2490
2500
2510
2520
2530
25640
2550
2560
2570
2560
2990
2600
2610
2620
2n130
2640
2650
2660
2670
2AR0O
2690
2700
2710
2720
2730
2740
27150
2760
2770
2740
2790
2300
2R10
?R20
2430
PR40
2850
2360
2870
PHKO
2R90
2900
2910
2920
2930
2940
249510
2960
2970
2940

891



THNOD

183

154

155
156

187
158
159

160

161

162
153

164

X(J)=K2 (INF o)) e+ () oRATIO
IN=NF
Capy Stme
SR (INF)=SORT (SFNL)
IF (SRUTNF) .| T.FNIFFR)
NN 18% T=1e20

no 154 J=1eNX

an TN 156

X(J)=X(J)=0,088H ()

CALL Sumwe

SROINF)=SART (SFA )

IF (SR(INF) I T,FDIFFR) GO TO 184
CONTINUF
CaLL PRORLEM (3)
IF (FINT.GT,.R(K9)) 60 Tn 187

SR (INF)=n,

GN TO 159

N0 188 y=leNx
X2 (INFo ) =X (J)
CONTINUF

DO 160 (=1snX
X(J)=X2(TNFa 1)
RETUPRN

FORMAT (//10RH IT IS NNT PASSIRLF TN SATISFY THF VINLATED CONSTwaT
INT SET FROM THIS VECTNR., THF SFARCH WILL HF TERMINATED, /6RH P| FaS
2F CHNOSF A NFw STARTING VFCTOR aND &FPFAT SOLUTTION AGATN )

FORMAT (//+03H THF VFCTOF FOR WHICH THF CONSTRAINTS COULD NAT HE S
IATISFIFD IS/« (RE16,.A))

FORMAT (//+27H THE TOLFRANCE CPITFRION = F14,6420X949H THF SOGUAKF
1RNOT OF THE CONSTRAINTS SQUAPRED IS = E]A.6)
FORMAT (//+81H ®# @ & & & 3 SURROUTINF FFASAL FAILS TO FIMN A FFaA

ISIRLE POINT # & & & & # & & )

END

SUBROUTINE -WRITEX

SURROUTINFE wRITFX

THIS SURPRPNOUTINE WRITE THF ORJFCTIVF FUNCTION VALUEs DFSIGN
CAPACITY VARTARLES ANN THE FQUALITY AN INFQUALITY CONSTRATINT
VALUFS AT THF NFSIRFD STAGF OF CALCULATION

DIMFNSTON X(10)
10) s ROLN(20)
COMMON /17 NX G NCONTCoSTFERPoALFAFTA L EAMAL TN INFoFDIFFRASEQL oK1 oK o
TKIoKEoKS4ich 3K ToaKBaK Ay XaX] 9 X24P,SUMIF 3 SR4RIIDySCALE+5OILN,STIF
COMMON /27 | FFASeLSeL Aol 7ol R 9yRIAsRPAR3A

COMMON /PRN/ FNCW]L«FNCHZeENCWIENCHAFNTPL st NIP24EDIP3IHFDISKNCHNA
IW1sNCW2eNCWADTIPT4NTIP2+NTPIWNTISKeCLHw

COMMON /€0S/ CAL9CA24sCCHI«CCH24PT14PI?24PTI34PIKsCTLoCT2+CT3CNaCAT]
19CTSKIRATWRA?IRATIRAL PFRLGPFR24NDMOU] «NMCW2 aDMIPL aDMTP2 , WRM] yWRUD |
PTWR.Z0aTOTAL

COMUON /DPP/ NYaMSeCLFDCLI1eCL214C1L 31401 124CL22+CL325CLI3C] 230l
133 AR) 4CLARZ4CLAR3«CLPI1eCLPI24CL O340 L P224CLP234CLP334TATTA2.T
PAWN i 1eDNI2eNT3eNMT] s NMI2eDMT 3aNS e A FNR e CSToADT 3 AD2+AN3 3 CONGPWR L AA
F(12)«AR(12) «WR1(12) «WR2(12) s WR3(12) +RF1(12)«FRI(12)+FR2(17)FR3(]2
4) «RIN(TE) oPFRN(12) o INFNTeRMIX2 e RMIXF4SSHT L4 SSHT24SSHT3.AC(12) « A€ (]
S2) e IFAL

COMMON /AY/ DGWL(7S) 4NGW2 (TS) aDEW A (75) al al (175) aCW2 (TS sCH3(T%) e AR]
LUTS) ePLY(TS) 4P12(TS5) «P13(T8) 4PR2(75) oP23(T15) P33 (75)4P36(75) «C(75)
2eSHRTL(75) ¢ SHRT2 (75) s SHRT3(75)

CAL) PRORLFM (3)

X1(10e10) e X2(10«10)e w(20) s SUM(IN)e F(10)e S%(]

R N

PR S JI° N Sk A N o

2PRITYPIPLILTDVDLEDOLETTOIC T

BDHD PR HHYAEMIAIHZNRHHBAITHHNOND

2ty
Jany,
LRI
39720
LR 1)
fuan
3980
1140
RIRA
30K
40
ine
A
31720
2130
3140
3150
3140
1170
31R0
3140
3200
3210
3220
3239
32740
32an
IrK0
3270
32900
3290
3300
3310
3329

10
20
30
&0
50
X
70
Ry
90
100
110
129
130
149
10
160
170
140
190
con
214
220
230
240
250
26N

~

CesasaTHIS SUEROUTINF COMPUTES THE SUM OF THE

c
s
-

101

102

103
104
108
106

101
102

103
104

WRTF (~a1073)
WRITF (he104) (X)) ag=1amx)
IF (NCLFN,0) G0 TG 1061

CALL. PROBLFM (1)

WETITF (FelD%) (R(J)ed=1erC)
IF (NICL.FQ.0N) GO TG 102

RIK9)

CALl PROARLFM (2)

WRITE (As10A) (R(J)eJ=KTeKA)

RFTIIRN

FOARMAT (/e?RhH OAJFCTIVF FUNCTION VALUF = E1T7,7)

FORYAT (/9249R THF INDFPFNDENT VECTORS ARE /(6E17.7))

FORMAT (/«3AH THE FOUAL ITY CONSTRAINT VALUFS ARF /(KF1T7.7))
FORMAT (/e34H THE TMEQUAL TTY CONSTRATMT VALUES /(6F1T7.7))
Fan

SUBROUTINE SUMR

SURRNUTTNF SUMR

SQUARE VALUES OF THF
VIO ATFI) CONSTRATINTS IN ORDER TN RE COMPARED WITH THF TOLERANCF
CRITFRION

NIMENSTON X (10)

10)s RPOLN(20)

COMMON /1/ NXeMCoNTCoSTEPGALFASRFTALGAMA S INSINFENTFFRISFOL 9% 1ek20

TK3aK4 sKEgKA oK T aKBIKGeX s X1 e X29R s SUMF s SReROLN«SCALE+FOLNSTZF

COMMON /2/ I FFASeLSelLhel TelLBelL9eR1IAIRPAR3A

COMMON /PRM/ FNCW1 oFNCW2eFNCWIeFDCHaFNTRLIHENDTIP2+ENTIPIIENTSK ¢ NCHNC

1¥1oNCW24NCWIDTIP14DTR2eNTPINISKCL-W

COMMON /COS/ CAl4CAP2+CCH]14CCH2ePTL4PI2P(34PTIXCT1+CT2+CTIeCNeCa33

19CTSKaRAL 4RAP9yRATIRA44PER] PFR24DUCW] «NMCWZ4NMTP L sNMIP2 s WRM] s WRM? ¢

PTWR470+TOTA|

SUM(TN) =0,

CaLlL PRORLFEM (2)

SFQL=0.

IF (MNIC.FQ.0)

DO 101 (1=KT7 ek
TF (Q(J)«BGFELN,) GO TN
SFQL=SEQL+R(J) =P ()

XLe10410) e X2(10010)s R(20) e SUM(L10)e F(10)e SR(1

GO To 10?2

101

CONTINUF
IF (NC.FQ,M) G0 TO 104
CALI PRORLEM (1)

DO 103 =1eNC
SFAQL=SFOL+R () =R ()
SUM(TN) =SFQL

RFTURN

END

DANONAIIHADNOATFIAINADND

2322333929399 29393I99933333329223233823323

270
2RrR0
290
300
317
329
33n
340
380
360
370
3e0
380
4nn
410
420

10
20
an
a4t
sn

T0
a0
a0
100
110
126
130
140
150
1x0
170
180
190
200
210
220
230
240
240
20
27n
280
290
3nn
310
3?20

691
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10
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102

103

104

108
10A

107

SUBROUTINE PROBLEM (INQ)

SURRNUT [NF PRNRLFM  (THQ)

THIS SUPROUTINF FVAILUATE ORJFCTIVF FUNCTTOM AND CONSTRATNTS

DIMFNSTON X(10),
10}« ROLP(20)
COMMON /1/ NXeNCoeNTCoSTEPGALFASRFTAGAMACINCINFsFNTIFFRISEQL oK1 4%24
TKIoKE sKS oKO oK TaKA KD Yo X1 4 X29RaSUMF e SHaROLN G SCALEJFOLNSSTIZF
COMMON /PRN/ FDCW] oFNCW24ENCWIEDCHFDTPL4FNIP24EDIPIWFNISKNCH N
IW1sNCW2eNCWIDTIPLNIP24NIPIeNTSKCLHW

COMMON /CNS/ CA1+CA24CCHI4CCH2sPT14PI24PTIePIKsCT1+CT2+,CT340N,CAR3
19CTSKoRAL4RAPIRAZIRAL \PER] +PERZ2sDMCu]1 «NMO W2 sNMTP ] 4DMIP2 4 WRM] g WRM2 ¢
2TWRZ0+TOTAL

COMMON /DPP/ MY eMSoCLFNeCL11eCL21+CL31CL1I24CL22+CL32+CL13CL 2301
1334CLAR] +CLAR24CLARIGCLPI1CLPI2+CLPLI3CLP224CLP234CLP334TALTAR, T
2A3eDT1oNT29NT3eNMTL4NMI2sNMI3eNSsCAFNECSTsAD1 9AD29AN3sCONPWR, AR
3(12)«AR(12) «WR1(12)«wR2(12)+WRI(12)«RF1(12)sFR1(12)+FR2(12)+FRI (12
4) RIN(TS) 4PFRD(12) ¢ INENTaWMIX2 4 RMTIX 4 SSHT] o SSHT24SSHT3,AC(12) o AF (1
S2) s IFAL

COMMON /AY/ NGWI1 (7S) +NGW2 (TS) sDEW3 (75) w1 (75) «CW2(T5) +CW3(TS) s AR
LETS)eP11(75) eP12(75)4P13(75) «P22(75)«P23(75)+P33(75)+P34(75)+C(T5)
PeSHRTL(7S) e SHRT2(T75) «SHRTI(T7S)

GO TO (101+1024103)s ING

X1(10+10)s X2(10,10)4 R (20)s SUM(LIN)e F(10)s SR(1

EQUALITY CONSTRAINTS

CONTINUF
60 10 119

INEQUALITY CONSTRAINTS

CONT INUF
R(1)=X(1)=EDCWI]
R(2)=DMCw]l=-X(1)
R(3)=X(2)-EDCW2
R(4)=DMCW2=X(2)
R(5)=X(3)-Fn(P]
R(6)=DMIP1=-X(3)
R(T)=X(4)=FDTP?
R(8)=DMIP2-X (4)
R(9)=X(1)+() . 0-PFR1) =X (3)-wkM]
R(1N) =X (2)+(1,0-PFR2)3X(4)=WRM2
6N TN 119

ORJFCTIVF FUNCTINN

CONTINUF
RAL :(X(1) -EDCWY) /ENCw]
RA2 :(X(2) -FNCW2) /FDCw?
QA (DCWI £DCW3) /FNCWR
SCUL X))

DC2 X ()

NP =X(3)

DINP2 - (1)

DI ICWTsDCW2:NCW3) /CL HW
fr DCH ENCHY /FNCH

Ca» nye

I (FofraL -10,0F16)
Zn=10,0¢ 16
GO TN iR

IF (RAL N,.&)
Cal1=Cal

GO TO 108
Call1=CA2

10541044105

10As1CR,107

MTAM AN I AN MM AN AN AN AN ANANANAANANIAAAAAAN A ANAANAAATITAANANAAATNNNAMTN

10
20

40
S0
Al
70
HN
9n
100
110
120
130
lan
150
160
170
180
190
200
210
220
230
240
250
260
210
2810
24.)
nn
ain
3720
330
340
350
360
370
3r0
390
40n
410
4?20
4130
440
450
4h0
4rn
440
aq
s0n
516
w20
510
S4n
560
560
&7
S8
BD)
L
A19
A2
LRI
LY

HH

10R
109

110
11
112
113
114
1ns

1A
17

11R

119

120

inl

102

I+ (RAP=0,5/)
Ca22=Ca)

Gn TN 111
Ca2?2=Ca?

IF (RAG4=0,6)
CH33=CCRI

60 TO 11a
CH33=CCH2?

IF (FA-0,6)
Ca33=Ca]

Go TO0 117
Ca33=Ca?
720=CA112(NCw]=FNCWL) +CA22% (DCA2=FNCW?) +CA33% (DCW3-EDCWI) +CHII=(NCH
1=FDCH) +PT1SCT1I®(DIPI=ENIPL) P I2%#CT24(NTP2=EDIP2) + (PT3#CT3+CN) 8 (NTP
23=-FNIPI) +PIKECTSK® (NTSK~FDISK)

Z0=70%F| DAT (NY)

1N9,10%.110

1124112113

1151154116

R(11)=70+TOTAL
PRINT 1204 TOTALSZ0,P(11)

RETURN

FORMAT (10Xe &H TOTALGF20,7y 3H 704F20,Te 11H TOTAL COSTeE20.R)
END

SUBROUTINE START

SUBROUTINF START "
THIS SURRNUTINF CALCULATE THE (N+1) VFRTICES OF THF NEwW POLYHEDRON
DURTNG THF SFARCH -
DIMFNSION T(10410)
NDIMENSTON X(10)e X1(J0e10)s
10)y ROLN(20)
COMMON /1/ NXeNCONTCeSTEPsALFASRETA+GAMAy INsINFoFDIFERsSEQL K1 9x24
1K39K&sKEaKO6eKTaKRIKO X e X1 4 X20R s SUMF s SH4ROLD«SCALE4FOLN$STZF
COMMON /2/ [ FFASeLSeL6sLTsLRBILIsR18,R2A4R3A
VN=NX
STFRI=STFP/ (VN®SART (2,)) # (SQRT(VN+1,) +VUN=1,)
STFP2=STFP/ (VMNESQRT (2.) ) # (SORT(VN+1,) =1,
NO 191 =lenX
Telen =
DE 103 T=24v]
nNO 102 J=1leNX
T(ls0)=STFP?
1 =1=1
T(I«1)=STFR]

X2(1041N)e R(20)s SUM(10)s F(10)e SR(1

103 CONTINUF

1n4

DO 106 T=1lex]

DN 104 j=]14mY
XL(Ted)=X () +T(Te))
RFTURN

END

MMM ANMIMM AN MM AT AN

MTANTM YA ANTYTAITINMANYTIINNMIYNY |

650
660
670
6RO
A90
Too
710
720
730
Tan
750
760
70
780
790
RoO
K19
azn
LED]
R4 0
RS0
R60
20
870

10

30

40

50

60

70

a0

90
100
110
120
139
1an
150
140
170
1%0
190
200
210
220
230
24n
250
260
270
210

0LT
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SUBROUTINE DYP

SURPOUTIME DYR

THIS SURROUTINE NOFS THE OPERATIONAL STUDY FNR OPTIMAL ALLOCATION
OF WATFF FROM SIIRFACE AND AQUIFER TN THRFF NIFFEREMT GRNOUNDWATFR
SALTINITY ARFAS

COMMON /PRN/ FDCW1oFNCW24FDCW3eEDCHFNIPLFNIP24FDIP3+FNISKeNCHNE
IW1sNCW24DCW3IeDIP1eDIP2eNTPI4NISKeCLHW

CCMMON /DPP/ NYeMSsCLFN9CL11+CL21+CL31+CL12eCL224CL324C1L13+CL2304CL
133eCLAR]I +CLARZCLAR3ZCLPLI«CLPL2+CLPLI3+CLP22+CLP234C1LP33sTAL3TAPWT
2B834NT1oDT2eNTIeNMI] eNMT2eNMIAs0Ss0AFNRGCSTIAD]L9AD2AN39CNNGPWR AR
3(12)9AR(12) «WR]1 (12)9WR2(12)+WRI(12)«RF1I(12)+FR1(12)+FR2(12)+FR3(1?
4) JRIN(TS) sPFRD(12) « INFNToRMIX24RMIXFaSSHT L1 4SSHT29SSHTIZAC(12) «AF (1
S2) s TFAL

COMMON /COS/ CA1+CA2+CCHL9CCH24PT1+PI2+PTI4sPIKsCT1oCT24CT39CD5CA3R
1eCTSK9RBY gRA29RAZIRAL yPEFRLIPFR24DMCN] «DMCH2 4 DMIPLsNMIP2 ¢ WRM] ¢ WRM? ¢
P2TWRe70+TOTAL

COMMON /AY/ DGWI(TS) +DGW2(TS) «NGWI(TS) aCWL(TS) «CW2(T75) 4CW3I(TS) 1aR]
LITS) eP11(T75)eP12(75) «P13(TS) «P22(TS)eP23(75)+P33(TS)+P34(TS)C(T5)
29SHRTL(T75) «SHRT2(75) + SHRT3(T7S)

COMMON /SPX/ A(20430)«R(20)9Z(30)«XP(30)sNOINMINMLyNM2eNMISNM4 (NS
1T, IPHASE«I0OP

PRINT 17As NCW1+DCW2eNIPLeNIP?

FRECH=0,25

INENT=0

10P=0

START LOOPS OF YFaR

TnTaL=0,
DAW1(1)=DnI1
DGwW?2 (1)=nT12
NGw3I(1)=P13

DO 167 TY=1eNnY

START LOOPS OF SURPFRTOD DURING A YFAR
N0 166 J=1sMS
CONVERT YEARSSIRPFRION TN A SFQUENMCE NF STAGFS

N=MS# (TY=1)+J

SSHT1=0.0

SSHT2=0.0

SSHT3=0,0

PO 101 T1=1.20
R(I1)=0,0

NO 101 Jyl=1e30
A(T1eJ1)=0,0

CONTINUE
NN 102 T1=1+30
Z(11)=0,.0

XP(11)=0,0
P33 (N)=NTSK

CHFCK FEASIRILITY OF NIRECT RIVFP DIVFRSTON

[ FCT RIVFWR DIVERSION IS THE OPTIMLL DECISTON wHEN CANAL CAPACTTY
AND SURFACE INFILOW CaN MFET THE DFMANDS AS LONG AS GROUND WATFR
TARLF CONSTRAINTS NOT VICLATED, ONCF GWROUND WATER TaRLF CONSTRATNT
ARF VIOLATEN JOINT NDECISTON ON HOW MUCH WATER FROM FACH SOURCF T(
EACH AREA NFFD T0O RF NFCINFD AND IN THIS CASF PUMPING WILL ALWAYS
BE NECFSSARY, AND SINCF GROUND WATER TAKLE IS MUCH MORE NEAR THF
SURFACE NOW THAT IT CAN FEDUCE THF PUMPING COST

DIIDIDIIDIDD

G
3
(o]
G
G
G
G
G

10
20
3n
40
S
60
70

RO .

90
100
110
120
130
140
150
160
170
180
190
200
210
270
230
240
250
260
270
2R10)
290
300
310
3?0
330
340
30
360
370
390
150
400
410
420
430
440
a4s0
se0
470
480
490
500
510
520
530
540
5810
SAN
570
S0
540
600
610
LY
A30
fhLl)

50O

e b )

AP0 N0NOA S

a0n

aEelel

103

104

108

1n7

108

109

112

113

NF1=RIN(N) =DCH

IF (NDF1) 1034103104

DPD=k TN (1)

GN TG 168

NEN=NCH
DFE2=0DCH=(WR] () +W=2 (J) +WRI()) =NTSK) /CLHW
TF (NF2) 14741674107
NFI=HTN(N)=(WR] () +WRZ2 (J)+WR3 (1)) =DISK) /CLHW
TF (NDFE3) 1NAe]DACINT

NRN=F M (M)

GO TO 147

NRN=(WR1 (J) +Wi2 () +WR3 (1) =DISK) /CLHW
P11(N) =0,

P12 (N)=0,

P13 (M) =0,

P22 (N) =0,

P23 (M) =0,

P34 (N) =0,

SHETL (M) =0,

SKRT2 (M) =0,

SHPT3 (M) =0,

CHECK DCw2 AND «R2(.)) =PUMPTNG
wR2 ()

IS MFCESSARY [F DCW2 TS LFSS THan

TF (DCW?2=wR2(.1))
CwW2 (M) =0CwW?
PP72(N)=wR? (J)=NCW7
GN TO 110

CV2 (N)=WwR? ()
P22(N)=0,0

IF (Dewl=WR1(.1))
C¥1(N)=NCwW]
PI1(N)=wR1(J)=NCW1
G0 T0 113
CWl(N)=wR1 (.1)

P11 (N)=0,0

Cw3 (M) =wR3 (1) =NTSK

10841094106

1111120112

CHECK NDFPTH TN WATFWw TAHW|LFS

NCL=DGWE(N)= (] 11#CW1 (N)+CLP1#CW2 (N)+CL31#CW3 (N)=RF] (J)=(CLP
11-1.0)8P11(N))#TAal=FR1 (J)=NMT]

NC2=D6W2 (N) = (C1.12%C 41 (N) +CL22#CW2 (N) +CL32#CW3 (N) = (CLP22~-1.0)
ER22(N) ) #TAP=-FR2(J)=NMI?

NC3=DEWIIN) = (CL13#CW] (N) «CL23#CW? (N)+CL334CW3(N))*TA3=-FR3(J)
=PMI3+ (1.N=CLF33) #PISK=TAZ

TF (DC1) 164741474114

CALCULATF ARTIFICIAL RFCHARGF DIVFRSION

IF wATFE LOGGTING CONSTRATNT VIOLATEN. JOINT DECISIOM IS NFCFSSARY
TF wATFK| OGGING CONSTRAINT NOT VINI ATFNe ARTIFTCTAL RECHARGF MUST
RE THFE | FAST 0OF THF THREF RELOW

COMPARF AVATL AKL.E FXT2a DISCHARGE CAPACITY AT HEAD NF CANAL.
AVATLARIF FXTPA SURFACF wATER AND STORAGF SPACF IN THF AQUTIFER
EXxToa canal CAPACTTY FNOR ARTIFICIAL Rk CHARGE

HARL=(NCW]1=CW1 (N))/CLHW
FXTRA RIVFK FILOW FOR ARTIFICIAL PFCrRrARGE
HARP=RIN (M) = (CWL(N)+CWP (N) +Cw3(N)) /CLHW
FXTRA AGQUIFER

SWACFE FOR ARTIFICIAI RFCHARGF

UeR3I=NC1/(TAL1#C) HW) /(] ,+CLAR) /CL HW)
IF (1AR]D) 12141714116
DU l=UaR|=11AR?

t5v
660
670
AAQ
690
7700
710
720
730
Tan
750
70
770
TR0
7Q0
R0
|10
R20
430
R4n
uep
HEQ
RnT0
HAN
RQq
Qo
Q1o
Rl
930
Q40
950
QK10
971
40
9
1900
1010
1120
1030
1040
1050
1060
1070
1nan
1090
1100
1110
1120
1130
1140
1150
1146
1170
11R0
1190
1700
1210
1220
1230
1240
1259
12n0
1270
1250
1290
1300
1310
1320

TLT



2050

TE (DI1) L11He11Re116
116 NUR=UaR2-1AK3

TF (DU2) 11741174120
n7 AR1 (N)=UAR2

G0 TO 122
11R NU3=UAR]-UAR3

IF (DI3) 11941194120
1« AR] (N)=UAR]

G0 TO 122
120 AR] (N)=tAR3

G0 TO 122
121 AR]T (N)=0,0

IF NIRFCT KIVER DIVFRSIOM FEASTALF, NO CHFCK ON WATER QUALITY NFFD
CHECK OM RELATIVE WATEWR LEVEL CONSTRATNT 3FTWEFN AREA 1 AND 2

122 DT1=NCLl+NMI1=CLARI®AR] (N)#Tal
DT2=DCP+NMI2=-CLAR2#AR] (N) #TA?
NT12=NT1=-DT2
TF (DT12) 125,4125.123
123 IF (AR1(N)=UAR2) 124512R4124
124 © PP2(N)=(AC(J) +(DGW]1(N)=(CL11#Cwl (1) +CL3LI®CW3(N)=RF1(J))®TAl~
FR1(J))=(NGW2(N)=(CLI2#CW]1 (N)+CLI?%CY3(N))®TA2-ER2(J))+(CL2?
? #TA2=CL21%2TAL)®*wR2(J))/((1.0-CLP?2)%TA2+CL22#TA2-CL212TAl)
IF (P22(N).LT.0.0) GO TO 126
A0 TO 139
125 DTA12=(DT2=-DT1)-AC(J)
IF (DTA12) 12741264126
126 P22(N)=0.0
G0 TO 139
127 IF (APL1(N)=UAR2)
128 NO=S
NM=6
NM] =2
Nv2=1
Nm3=3
NM4=0
IPHASF=0
A(ls1)=1,0
A(241)=1.0
A(243)=1.0/CLHW
A(344)==1,0
A(345)=1,0
A(442)=1,0
A(443)=1,0
A(Se1)=CLAR]
A(543)=CL21
A(Re4)=1,0/TAL
A(fel)=CLARZ
A(6s2)=CLP22-1,0
A(6+3)=CLP2
A(695)=1.0/TA?
NNR=UAR L =LJAR3
TF (DPR) 129.129+130
129 R(1)=UaPR]
G0 TO 131
130 R(1)=11AR3
131 R(2)=RIN(N)=(CWI (N)+CWI i)
R(3)=AC())
R(&4)=wR?2(J) 5
R(S)=NGWL{N)/TA1=(CL114CW1 %) +CL3L1*CW3(N)=BF1(J))=FER1(J)/TaAl
R(A)=NGW2 (N) /TA2=-(CL122Cw] M) +CL32*CW3(N))=ER2(J)/TA2
7(1)=0A
Z(2)=ENR®(DGWR (N) +2H,0)
Z(3)=0S
CALL STMPLEX
TF (IPHASF=1)
132 P22 (N)=WR2 ()

12441284124

JoCLHW

13R¢132413R

1330
1340
1350
1360
1370
13R0
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
16990
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1310
1820
1430
1840
1450
1360
1870
1830
1890
1900
1910
1920
1930
1940
1950
1360
1970
1980
1990
2000

HO0N

oo n

Annn

131

134
138

139
140

141

162

143

144

145
146

147

Cw2(M)=0.0

DAR2=RTN (M) = (Cw]l (M) +CW2 (N) «CWHA(N) ) /CLHW

NRR=UAP] =11AP ]

TF (ND&R) 13341334136

UARP=I/AR]

60 TO 135

1HARP=118RY

NUP=IARP =IJARP

IF (DUP) 13641364137

AR] (N)=UAR2

50 TO 140

ARY (N)=UARP

G0 TO 160

AR] (N)=XP (1)

P22 (N)=XP(2)

Cw2 (N)=XP (3)

NT]1=XP («)

nT2=XP(5)

G0 TO 141

Cw2 (N)=WR? (J)=-P22(N)

NT1I=DGWL(N)=(CL11#Cw] (N)+CL21#CW2(N)+CL31#CW3 (N)=BF1(J)+AR](
N)#CLARL) #TAL=-FR1 (1)

NT2=DGW2 (N) = (CL 12#CW] (N) +CLP2#CW2 (N) «CL32%#CW3 (N) +CLAR2#ARL (N
)+ (CLP22=1,0)8P22(0))2TA2=FR2 ()
NT3=DGEW3(N)=(CL132Cw]l (N)+CL232CW? (N)+CL332CW3(N)+(CLPI3-1.0)
#DTSKeCLAR3®AP] (M)) #TA3=-FR3 ()

CHFCKk RFLATTVE WATE®R LFVFL CONSTRPAINT RETWEEN ARFAS 2 AND 3

NT23=0T2-NT3

TF (DT23) 14241624145

NTR23=(DT3=NT?)-AF (.})

IF (DTR23) 144<163+143

CALCULATF DRATINMAGE PUMPING RATF

P34 (N)=0,0 E
PNRAL=FRECH®(CL132CW]1 (N) +CL23#CW? (N) +CL332CWI(N)+(CLP33~-1,0)
#NTSK+CLAR3®AR] (N) +ER3(J) /TA3)

P34 (N)=PNDRA]

RGN TO 146 -
P34 (N)=(AE (J)=(DT3=NT?))/TA3

GO TO 146

P34 (N)=(NT23+AF (J)) /TA3

NT3=DT3+P3A4 (M) #TA3

CAN)=(OS#(CWL (N)+CW2 (N)+CW3(N)) +NARAR] (N) $ENR® ( (DGW2 (N) +DT2)
*0,542R,0)#P22 (N) +FNR# ((DGWI (M) +NT3) #0,54+42,0) #P34 (N) ) #CON
0 TO 164

WHEN JOTNT DFCTISION TS NFCFSSARY
THE SURRAOUTINF SIMPLFX

INvPUT COEFFICIENTS FOR PERFORM

NMP 0
AM3z=6

NOM=NN+nNM]

I (IFALLFQ.1)
TPHASF =0
A(lal)=1,0
R(1)=NCwl
A(P252) 21,0
A(24+5)=CLFD
R(2)=NCwW?
A(3+3)=1,0

TNne=1

2010
2020
2030
2040
2050
2060
2070
20R0
2090
21n0
2110
2120
2130
2140
21%0
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
27260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2540
2594
2h00
2A106
2A720
2630
2640
2650
2660
2670
2Rk

LT



148

149
150

151

A(3.6)=CLFD
A(3.8)=CLFD
R(3)=DNCw3

A(4sl)=1,0
A(4421=1,0
B(643)=1,0
DRA=DCH=RIN(N)

IF (DR]) 14Re14R. 149
R(4)=DCHeCLHW

GN TO 150
R(4)=RIN(N)®#CLHw
A(Se4)=1,0

8 (SeS)=
A(Seh)=
a(s)=nT1P1
A(64T)=1,0
A(6sR)=1,0
R(AY&NIP?

A(9,13)=1.0
A(94l4)==1,0
R(Q)=aA(J)
A(l0e14)=1,0
A(10e18)=~1,0
A(10)=AB(J)
1(11s1)=140
101144)=1.0
A(lle1m=1,0
R(11)=dRr]1 (J)
A(12+2)=140
A(12+%)=CLFD
A(12+¢7)=1.0
A(12+11)=1,0
N{12i=wR2(J)
A(13«3)=1.0
A(13+A)=CLFD
A(13+R)=CLFD
A(13412)=1.0
R(13)=WR3(J)=P33(N)
R(16)=(NEWL(N)=DMTI=FRI(J))/Talenr]())
TF (R(14)) 15241514151
A(14s1)=CL11
A(1442)=CL21
A(las3)=CI 31
A(l4e4)=CLPLL-1,0
A(14+5)=2=1,0

A(l%eatiz=1,0
A(14413)=1,0/721
G0 TO 153

N1s)==H4(14)
Ailasl)==CL11
NiTaaP)==0L21
.

tise3)==CL3]
14s4)=1,0-01 211
(145)=1,0

TilsaR)=1,0

lAe1==1,0/T01
REISI=(NGW2 (N)=IMT2=FrR2 (1)) /Taz
iF (R(15)) 1551544154
A(15+1)=CL12
A(15e2)=C1.2?7
A(165+3)=CL32
A(15+5)=CLPI12
A(15+7)=CILP22-1,0

26490
21n0
2710
2120
27306
2740
2780
27Ah0
2770
27s0
2790
2800
7R10
2=%20
2K30
2H&0
2?1350
?R60
2R70
2880
2490
2300
2910
2320
2930
2940
24980
2960
2970
29k0
7990
300
3910
3020
3030
3040
3050
30A9
3070
3080
RUED]
3100
311n
3120
3130
3140
3150
Als60
3179
3180
3190
3200
3710
3220
3230
3260
3260
3I2A0
3270
32510
3ran
3100
3310
3320
31330
3340
3350
3360

-

e}

5

185

157

18R

159
1n0

A(1SsR)==1,0
A(15014)=1,0/142
GO TO 156
R(18)==R(15)
A(15+1)==CL1?
A(15+?)==Cl 22
A(15e43)==CL3?
A(1Sy5)==-CLP]2
A(165e47)=1,0=-C1P?2?
A(154R)=1,0
A(15e14)==1,0/Ta?7
R16)=(NDEWIA(N) =NMT3=FR3(J))/TA44(],0=CLP33)*D[SK
IF (R(16)) 15Ke41574157
a(16s1)=Cl1 13
A(16+2)=Cl 23
A(16+3)=CL33
A(16+&)=CLPI13
A(l16+R)=CLP23
A(lhey)==1,0
A(l6915)=1,0/Ta
G0 TO 159
R(16)=-R(16)
A(lhe])==CL13
A(1Re?)==CL23
A(16+3)==-CL33
A(1AsA)==CLPL3
A(1ARsA)==CLP2A
A(1AeQ9)=1,0
A(l1As15)==1,0/TAR
NN 160 T=1e3
Z(T)=0S
COMI=FANRE (DGW] (M) +2R,0)

NR&# (NGWP? (M) +28,0)
ON2

7(2)=aN3#CON2
7(Q)=FNR# (NGW3 (N) +42,0)
7(10)=CST

7(11)=CST

7(12)=CST

CAaLL STMPLEX

TF (IPHASF=1) 1Alel1704161

SOLUTION THENUGH JUNTNT NFCTSION RY SIMPLEX METHOD

141

CHECK

C(N)=COASTHCONM

Ce 1 (M) =XP (1)
CwWP(N)=XP(2)
Cw3(N)=XP(3)

211 (M)=XP (&)

P12 (M) =XP(5)
D13 (M) =XP (R)

P22 (N)=XP(T7)

P23 (N)=XP (K)

P34 (N)=XP (9)
SHRTI(N)=XP (10)
SHRT2 (M) =XP (1]
SHRTI (M) =XP(12)

ARl (M) =0,

N1=N+1

NRW] (NT)=XP (13)+n4T]
NEW2(N1)=XP (la)+naT?
NEWIIMT)=XP (15) «OMT 1

WATFR SHORTAGFS

3370
3380
3390
3400
3al0
3420
2430
3440
3450
3460
3470
A4R0
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3AR0
ELLTTH
3700
3710
3720
3730
3740
3750
3760
3770
37An0
3790
3800
3310
3420
3430
3940
3”50
386N
3370
38R0
3390
3900
3910
3920
3930
3940
3950
33A0
3970
39H0
3990
4000
4010
40?720
4030
4040

LT



HOHOH

200

iaRs Eal

(a2 Nz Nl

ANANAANIDINOD

162
187

164

165
1664
187

168
169

170

171
172

173
174
175

176
177

IF (SHRTI(N)=PwRswik] (J))
TF (SHRT2(N)=PwH#4R2 (1))
TF (SHRTI(N) =PwkBak3()))

1R24167170
16341634172
1651A541 714

STATFS THRANSFORMATTION

N1=N+1
IFAL=P
NGEWY (N1)=NT]
NGW2 (N1)=NT2
NEWI(N]L) =NTA

ACCUMULATED TOTAL COST UP TP PERION N

TOTAL=TOTAL+C(N)
CONTINUE
CONTINUF

CALCULATF DFSIGN CAPACTTY NOF DRAIMAGE TUREWELL

NIP3I=0,

NTP=NY#NS

DO 169 T=14NTP
IF (NPTP3-P34 (1))
NIP3=P34(T)

CONT INUF

GO TOo 175

SSHT1=SHRT1 (M)

1A8+1K9,4169

IF SHORTAGF OF WATFR RFOUTFEMFNT ARFATFR THAN ALLOWARLF LIMTT,
ASSIGN A VFRY LARGE COST TN FILIMINATE T=IS NESIGN ALTERNATIVE

IF (SHRT?(N)-PWReWR? (.)))
IF (SHRT3(N)=PwR#*WR3I()))
SSHT2=SHRT2 (N)

IF (SHRT3(N)=PWR#WR3(.1))
SSHT3=SHRT3(N)

PRINT 177

TOTaL=10,0F16

IDENT=1 .
RFTURN

17141714172
17441744173

176441744173

FORMAT ( 16H DFSIGN VARIARLEW4F12,2)
FORMAT ( 2BH CURRFMT NDESTGM NOT FFASTRLF)

END

SUBROUTINE SIMPLEX

SURROUTINF STMPLEX

THIS SURROUTINF MINTMIZE THE CNST NF OPFRATION THROUGH THE J0TMT
DF "SIONS OF ALl THF OPERATIONAL VARTARLFS HY USING THF STAnpaRN
STMRLEX METHOD

VARTABLF LJSTee=zs

1, M = NUMBFR OF ORIGINAl FQUATIONS

?. NO= NUMBER OF OK[GINA{ VARTABLFS

3. A = VARIARLFE COFFFICIFNT MATRIX, DIMFNSTON FOR M+?2 X NOVAR
FLEMENTS,

4, A = CONSTANT COLIMN VFCTOR. NIMFMSINN FOR M+2 ELFMENTS,

IIXIIIXIIIIITT

4050
4060
4nT0
40R0
4090
4100
4110
a12n
4139
4lan
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4360
4370
43R0
4399
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490
4500

10
2n
30
4n
50
60
70
R0
9n
100
110
1749

R R ER X

909

(s Nalie]

ann

A0

nleBal

101

102

103

10s
108

106

107
102

109
110

11

112

113

114

G. M1 = NUMEFW 0OF | FSS=THAN=OR=FOIAL INFQUALTTIFS,

f, M2 = NUMHED OF GHFATER=THAN-NR-FoUAL INFAUAL TTIFS,

7. M3 = NMUMRFR OF FOual ITY STATEMENTS wITH POSTTIVF R(l),

R, M4 NUMRFR OF FOUALTITY STATEMENTS WITH NEGATIVF H(I).

Q, NOVAP = TOTAL NUMHRER (OF VARTARLFS TN REVISED STA DARD
CANNONTCSL FORM,

10, RASTS = ARRAY CONTAIMNING J INDICES OF BASIS FOR aNY [TFRaTION,

DIMFNSTON FOR M FLEMENTS, FILFEMFNTS AQF INTEGERS.
11. P = PIVOT POW NUYHFR FOR ANY T[TERATION, MUST BF AN INTFGFR,

12, S = PIVOT COLUMN NUMHER FNR ANY JTFRATION. MUST HE AN IMTFGAFR,

COMMON /SPX/ A(20e30)«B(20)97(30)+XP(30) sNOsMeM]losM24M3eM4.CNSTTPH
1ASF.10P

NIMFNSION RASIS(20)
INTFGER R4SeHASTS
M]1234=M] +M2+MITeMe
IF (M1234-M) 16041014160
NOVARSNOeM] e M2
MELS2=Me 2
Mll=M]e]
NO 102 1=1+720

RASTS(T)=n
CONTINUF

CNANVFRSTON NF MATRIY a TO STANDARN CanMONICAL FORM

NPLIIS1=NNe])
IF (M1) 1031074103

FIRSTe aNNITTION OF SLACK VAKTARLFS TO M1 SUBMATRIX

N 196 T=lev]
w=]
NPLUSK=NN+x
A(TeNPLUSK)=1,0
N0 105 JU=NPLUSLenOVAR
TF (J=NPLUSK) 10441054104
A(TeJ)=0,0
CONT TNUF
IF (PN
CONTTINUF

15R«10A41NA

NFXTas CONVERT M2 SUKMATRTX

[F (M2) 10R«112410R
MRS =ML+
MIMP=M] +M2
NO 11D T=M1B| UIS] oM M2
k=T
NPLIISK=NN+ R
A(T«NPLUSK)==1,0
no 110 J=NPLUS]T «NOVAR
TF (J=NPLISK) 110941104109
A(TeJ)=0.0
CONT INUF
TF (F(I))
CONTINUF

154+1114111

SEAApTRIX M3 NFENS NG COMVERSTON R A<TIFICIAL VARTARLES

IF (44) 113117113

FINALLYe CONVFRT M&

MLI24PL=M] eMPenis ]
NO 116 T=M]123IP] oM
NO 114 J=1 N0
A(Te ) ==2(Ts.1)

tTTXTTTIL LT TT T LTI ELTEEZETLETZ T T LEZEZITZESECTETIZLZZESLEZTZZZIZZ2TIZT TS

130
140
150

440
450
460
47N
4RN
490
500
510
520
530
540
550
560
570
SHO
590
A00
610
~20
630
han
»50
LLL
670
ARD
LCh
700
716
170
730
740
750
760
770
7R0
790
ROO

VLT



DN

DHHD

M"009

[sEsNelal

NNy

L B s B ]

118
114

17

118

119

120

12

122

123

124

127

12R

TF (F(D)) 1155118159
R(I)==R(T)
CONTINUF

CONSTRUCTTON OF INFFASTRTLITY FQUATTON

MPI11S2=Me2
NO 118 =len0VAR
A (MPLIS?+J)=0,0
DN 118 T=M1lem
A(MPLUS2 4 ) ==A(T o)) +4 IMPLUS2Y)
CONTINUF
R(MPLUS2)=0,0
DO 119 T=M1lem
R(MPLUS?) ==K (T)+R (MPLUS?)
CONT INUF

INSERTION OF COST FiINCTION COFFFICIFNTS INTO MATRIX A

MPLIS1=Me]

20 120 y=1sM0
A(MPLUSLU)=7 (V)

CONTINUF

N0 121 U=NPLIIST«NOVAR
A(MPLUSIe.N=N_.0

CONTINUF

RI{MPLUS]1)=0,0

PIORLFM SHOULD NOW RE TN THF STANDARD TNFEASIBILITY FORM AND REANY
FUGR PHASF ONMF OPFRATIONS

K=1
x1l=1
DO 124 1=1.»
TF (I-M1) 122.1224123
RASTS(I)=N0O+K
K=K+l
G0 To 124
RASTS(I)=MOVAR+K]
Kl=Kle+l s
CONTINUF

HEGTN MAIN TTERATIOM PROCFDURF ##% PHASF ONE ###
LOCATION OF MNST NFGATTIVF REALTIVE PRICF,

MP=Me2

NO=NOVAP

KOUNT=]

TEST=0.0

N0 127 Jg=1en0
TF (A(MPo ) =TEST) 12641274127
ARVA| A=AHS (A (MP4J))
{F (ARVALA.LF,0,001) 6O TO 127
TRAP=ARS (A (MP4J) ) =ARS(TEST)
ARTRAP=ARS (TRAP)
1F (ARTRAP,LF.0,00001) GO TOo 127
TEST=A(MP,.1)

S=J
S THF PIVONT COLUMN NUMRER
CONTINUF

IF (TEST) 12R4149412x
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PO 132 T=]ev
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1F (FPSIION.LT,0,0000])) 60 TO 130
TFST=R (1) /A8(T+S)
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k=1
&0 T 132
TF (2(T9S)=NtM) 13241324131
NUM=A(TeS)
KK=T1
CONTINUF
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R=Kx
GO TO 136
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RO 139 g=leNOVAR
TF (A(ReJ)) 13R5139«134
A(Re ) =A(RsJI/PTVUNT
CONTINUF
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BASTS(P) =S
PO 146 T=]emp
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CONTINUF
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IF (R(MF)) 15241534153
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GO TN 163
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APPENDIX E
RESULTS FROM DIFFERENT COMPUTER RUNS

FOR LOWER JHELUM CANAL COMMANDED AREA



A. Input Data
1.  General Data.
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Items ﬂ?n.\:::ino 1"":::"“ Saline area
Existing capacity at heads
of watercoyrses (cfs) 2,154 819 819
Aquifer gross area (acres) 1,077,100 330,100 330,100
Size of tubewell (cfs) 4 4 6 (drainage well)
0.25 (skimming well)
Storage coefficient 0.16 0.16 0.16
Initial depth to water table
(feet) 15 16.5 18
Minimum almla depth to
water table (feet) 10 10 10
Maximum allowable depth to
water table (feet) 90 90 90
Dynamic hnﬁ pumping (feet) 28 28 42 (drainage well)
— 2 (skimming well)
Delivery efficiency from canal
head to heads of watercourses 0.70 0.70 0.70
Delivery efficiency from canal
head to heads of disttibunries 0.85 0.85 0.85
Annual cost of canal from
distributary heads to heads of
watercourses (RS/cfs)
a. remodeling ratio < 0.6 2,119.82  2,119.82 2,119.82
b. remodeling ratio > 0.6 917.33 917.33 917.33
Annual cost of canal from canal
head to heads of distributaries
(RS/cfs)
a. remodeling ratio < 0.6 741.95 714.95 714.95
b. remodeling ratio > 0.6 321.44 321.44 321.44
Annual tubewell installation
operational and maintenance
cost (RS/cfs) 3,042 3,042 2'1”
Annual cost of extra drainage
works for salt water effluents
(RS/cfs) 0 0 4,600
Annual cost of shortage (RS/AF) 177 177 177
Annual cos:clnal operation
and maintenance (RS/cfs) 0 0 0
Cost of energy for pumping
(RS/AF/ft) 0.184 0.184 0.184

2. Monthly Water Requirements (cfs).

Area 1 with 150%  Area 2 or 3 with 150% Area 3 with 100%

Month cropping intensity cropping intensity cropping intensity
Jan. 6,490 1,870 1,090
Feb. 4,670 1,340 930
Mar. 2,430 700 510
Apr. 3,510 1,000 760
May 5,540 1,590 1,220
Jun 5,820 1,670 1,250
Jul. 2,980 850 610
Aug 3,920 1,120 700
Sep. 5,360 1,540 960
Oct 4,160 1,170 720
Nov 5,220 1,450 860
Dec 7,720 2,210 1,230
3. Limits on relative differences of water levels in areas 1 and 2 and

areas 2 and 3, and natural recharge from rainfall and river in feet.

Limit on relative water

Month level difference between Natural recharge Natural recharge

area 1§2, area 283 area 1 area 2 or 3
Oct. 0.50 0.003 0.001
Nov. 0.75 0.003 0.001
Dec. 1.00 0.003 0.001
Jan. 1.25 0.003 0.001
Feb. 1.50 0.003 0.001
Mar. 0.75 0.140 0.050
Apr. 0.50 0.030 0.010
May 0.25 0.050 0.020
Jun. 0.50 0.120 0.040
Jul. 1.00 0.100 0.030
Aug . 1.50 0.080 0.003
Sep. 0.00 0.010 0.003
4. River flows allocated to the model area - low flow condition.

Year Month Allocated river Year Month Allocated river

flows (cfs) flows (cfs)
1 Oct. 5,420 2 Apr. 7,080
Nov 3,990 May 6,380
Dec. 5,040 Jun. 10,190
Jan 6,830 Jul. 11,150
Feb. 5,530 Aug. 12,450
Mar. 5,650 Sep. 6,230
Apr. 8,910 3 Oct. 4,600
May 8,560 Nov 3,370
Jun. 13,060 Dec. 4,350
Jul. 14,070 Jan 7,690
Aug. 15,490 Feb. 6,310
Sep. 7,950 Mar. 6,410
2 Oct. 5,850 Apr. 10,160
Nov 4,310 May 10,050
Dec. 5,410 Jun. 15,030
Jan. 5,560 Jul. 16,070
Feb. 4,400 Aug. 17,570
Mar. 4,540 Sep 9,140




Results
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1. RUN No. E.1 - Low river flow with 150% cropping intensity in three zones.

Total cost including fixed and operational cost for three year period = RS 166 millions.

a. Design capacity of the system.

Zones
Item Nonsaline Intermediate Saline
Canal capacity at heads of water courses (cfs) 5,156 915 2,010
Remodeling ratio 2.39 1.12 2.45
Tubewell installed capacity (cfs) 6,058 1,650 1,045 (drainage well)

300 (skimming well)

Total design capacity at head of the main canal = 11,544 cfs ; remodeling ratio = 2.13 .

b. Operational decisions.

Year Month Stage OCW1(k) CW2(k) CW3(k) AR1(k) P11(k) P12(k) P13(k) P22(k) P23(k) P33(k) P34(k) DGWI(k) DGW2(k) DGW3(k)
1 Oct. 1 1,697 508 1,589 0 4,793 479 0 955 95 200 0 16.1 17.0 17.3
Nov 2 1,079 610 1,104 0 3,591 359 0 425 42 200 0 16.9 16.9 16.8
Dec. 3 2,336 692 500 0 94 9 0 0 0 200 0 16.5 16.6 16.6
Jan 4 3,107 881 793 0 403 40 0 85 8 200 0 16.0 16.1 16.2
Feb. s 1,930 608 1,333 0 3,610 361 0 675 67 200 0 16.7 16.3 15.5
Mar. 6 2,046 511 1,399 0 3,774 377 0 838 84 200 930 17.5 16.7 16.0
Apr. 7 2,980 850 650 2,510 0 0 0 0 0 200 586 16.2 16.2 16.2
May 8 3,960 1,073 920 113 0 .0 0 47 0 200 195 15.3 15.6 15.8
Jun. 9 5,156 898 1,287 ] 204 20 0 625 62 200 514 14.3 15.5 15.5
Jul. 10 4,160 1,170 970 1,422 0 0 0 0 0 200 831 13.0 14.8 15.8
Aug. 11 5,156 1,450 1,250 0 64 0 0 0 0 200 408 1.9 13.9 15.4
Sep. 12 3,139 526 1,900 0 4,581 458 0 1,295 129 200 0 12.7 14.7 14.4
2 Oct. 13 1,975 531 1,589 0 4,515 452 0 955 95 200 829 13.7 15.1 14.6
Nov. 14 1,286 628 1,104 0 3,384 338 0 425 42 200 156 14.4 15.1 14.4
Dec. 15 2,430 700 500 224 0 0 0 [ 0 200 524 13.9 14.7 14.7
Jan 16 2,288 811 793 0 1,222 122 0 85 8 200 0 13.8 14.3 14.3
Feb. 17 1,201 546 1,332 0 4,339 434 0 675 67 200 0 14.8 14.5 13.8
Mar. 18 1,448 342 1,389 0 4,372 437 0 957 96 200 1,045 15.8 15.1 14.3
Apr. 19 2,980 570 650 1,080 0 0 0 280 0 200 872 15.0 15.0 15.0
May 20 2,748 816 903 0 1,172 117 0 205 20 200 0 14.7 14.6 14.5
Jun. 21 4,965 882 1,287 0 395 40 0 625 62 200 866 13.8 14.6 14.6
Jul. 22 4,160 1,170 970 1,422 0 0 0 0 0 200 831 12.5 13.8 14.8
Aug. 23 5,156 1,450 1,250 0 64 0 0 0 0 200 208 11.4 13.0 14.5
Sep. 24 2,212 264 1,884 0 5,507 550 0 1,478 148 200 0 12.6 14.0 13.6
3 Oct. 25 1,168 463 1,589 0 5,322 532 0 955 95 200 1,003 14.0 14.5 14.0
Nov 26 679 576 1,104 0 3,991 399 0 425 42 200 140 15.0 14.5 13.8
Dec. 27 2,189 381 475 0 240 24 0 298 30 200 0 14.7 14.6 13.6
Jan 28 3,510 1,000 800 225 0 0 0 0 0 200 785 13.9 14.0 14.0
Feb. 29 2,483 651 1,333 0 3,107 311 0 675 67 200 0 14.4 14.2 13.3
Mar. 30 2,452 629 1,406 0 3,368 337 0 755 75 200 886 14.9 14.4 13.7
Apr. 31 2,980 850 650 3,108 0 o 0 0 0 200 596 13.5 13.9 13.9
May 32 3,920 1,120 920 1,765 0 0 0 0 0 200 172 12.2 13.2 13.4
Jun. 33 5,156 898 1,287 0 204 20 0 625 62 200 514 11.1 13.1 13.1
Jul. 34 4,160 1,170 970 472 0 0 0 0 0 200 814 10.1 12.4 13.4
Aug. 35 3,236 915 1,036 0 1,984 0 198 535 s3 200 0 10.0 12.4 12.7
Sep. 36 3,907 915 1,576 0 3,813 0 381 1,295 129 200 794 10.4 13 12.6
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2. RUN No. E.2 - Low river flow with 150% i:rminl intensity in the nonsaline and intermediate areas and 100%

in the saline area.

Total cost including fixed and operational cost for the three year period - RS 144 millions.

a. Design capacity of the system.

Item Nonsaline Inteﬁzuﬁ'sﬁu Saline
Canal capacity at heads of watercourses (cfs) 6,050 1,241 1,050
Remodeling ratio 2.81 1.52 1.28
Tubewell installed capacity (cfs) 5,109 1,643 705 (drainage well)

300 (skimming well)

Total design capacity at head of the main canal = 11,917 cfs ; remodeling ratio = 2.20

b.  Operational decisions.

Year Month Stage CWI1(k) CW2(k) CW3(k) ARl(k) P11(k) P12(k) P13(k) P22(k) P23(k) P33(k) P34(k) DGW1(k) DGW2(k) DGW3(k)

1 Oct. 1 2,090 867 837 0 4,400 440 0 629 63 200 0 15.9 16.5 17.6
Nov. 2 1,130 940 722 0 3,539 354 0 99 10 200 0 16.8 16.0 17.3
Dec. 3 2,430 323 310 664 0 0 0 377 0 200 34 16.1 16.1 17.2
Jan. 4 3,243 977 560 0 266 27 0 0 0 200 0 15.6 15.6 16.9
Feb. 5 3,090 0 781 0 2,450 13 132 1,494 149 200 0 15.8 16.9 16.4
Mar. 6 2,023 919 1,014 0 3,797 380 0 429 43 200 52 16.5 16.7 16.0
Apr. 7 2,980 850 410 2,853 0 0 0 0 0 200 499 15.1 16.2 16.2
May 8 3,920 1,120 500 646 0 0 0 0 0 200 85 14.2 158.5 15.9
Jun. 9 5,360 1,540 760 987 0 0 0 0 0 200 152 12.8 14.6 15.4
Jul. 10 4,160 1,170 520 2,700 0 0 0 0 0 200 123 11.1 13.8 15.0
Aug. 11 5,220 1,450 660 163 0 0 0 0 0 200 51 10.0 13.0 14.5
Sep. 12 3,716 1,241 607 0 4,004 0 400 969 97 200 0 10.5 13.3 13.9

2 Oct. 13 2,368 891 837 0 4,122 412 0 629 63 200 0 1.3 13.3 13.5
Nov. 14 1,337 958 722 0 3,333 333 0 99 10 200 0 12.1 12.8 13.2
Dec. 15 2,430 700 310 496 0 0 0 0 0 200 37 11.5 12.4 13.0
Jan. 16 2,424 908 560 0 1,086 109 0 0 0 200 0 11.3 11.8 12.8
Feb. 17 1,216 874 990 0 4,324 432 0 349 35 200 ] 12.4 11.6 12.4
Mar. 18 2,179 59 939 0 3,641 364 0 1,301 130 200 0 13.1 12.7 11.9
Apr. 19 2,980 836 410 1,043 0 0 0 14 0 200 483 12.2 12.2 12.2
May 20 2,954 1,014 498 0 966 97 0 24 2 200 0 11.9 11.6 1.9
Jun. 21 5,272 1,142 719 0 88 0 9 398 40 200 0 10.8 11.3 11.3
Jul. 22 3,946 1,152 520 0 214 21 0 0 0 200 0 10.0 10.5 10.8
Aug. 23 3,041 1,056 642 0 2,179 218 0 209 21 200 0 10.0 10.1 10.4
Sep. 24 3,075 378 908 0 4,645 464 0 1,437 144 200 565 10.8 11.1 10.6

3 Oct. 25 1,845 562 812 0 4,644 464 0 913 91 200 705 11.9 11.5 11.0
Nov. 26 1,356 335 669 0 3,314 331 0 723 72 200 363 12.6 11.9 1.1
Dec. 27 2449 346 280 0 11 1 0 353 35 200 0 12.2 12.0 11.0
Jan. 28 3,510 1,000 560 447 0 0 0 0 0 200 696 11.4 11.5 11.5
Feb. 29 2,448 979 990 0 3,092 309 0 349 35 200 ] 1.9 11.2 11.0
Mar. 30 2,865 639 984 0 2,955 296 0 780 78 200 228 12.2 11.5 10.7
Apr. 31 2,980 850 410 3,096 0 0 0 0 0 200 503 10.8 10.9 10.9
May 32 3,858 1,115 500 0 61.7 6 ] 0 0 200 0 10.0 10.3 10.6
Jun. 33 3,051 936 725 0 2,309 231 0 408 41 200 0 10.0 10.0 10.1
Jul. 34 2,377 705 329 0 1,783 178 0 465 47 200 220 10.0 10.0 10.0
Aug. 35 3,073 919 432 0 2,147 0 215 531 53 200 331 10.0 10.0 10.0

Sep. 36 4,642 1,083 673 0 3,078 0 308 1,127 113 200 541 10.1 10.5 10.0
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3. RUN No. E.3 - Low river flow with 150% cropping intensity in all three areas with storage coefficients at 0.25.
Total cost including fixed and operational cost for the three year period = RS 175 millions.

Design capacity of the system.

Zones
Nonsaline Intermediate Saline

Item
Canal capacity at heads of watercourses (cfs) 6,198 921 2,010
Remodeling ratio 2.88 1.12 2.45
Tubewell installed capacity (cfs) 5,429 2,259 1,342 (drainage well)
300 (skimming well)
Total design capacity at head of the main canal = 13,040 cfs ; remodeling ratio = 2.41 .

Operational decisions.

Year Month Stage CW1(k) CW2(k) CW3(k) AR1(k) P11(k) P12(k) P13(k) P22(k) P23(k) P33(k) P34(k) DGW1(k) DGW2(k) DGW3(k)
1 Oct. 1 1,692 513 1,589 0 4,798 480 0 949 95 200 0 15.7 16.8 17.5
Nov. 2 1,074 615 1,104 0 3,59 360 0 419 42 200 0 16.2 16.8 17.2
Dec. 3 2,336 692 500 0 94 9 0 0 0 200 0 16.0 16.5 17.1
Jan. 4 3,102 886 793 0 408 41 0 19 8 200 0 15.7 16.2 16.8
Feb. 5 1,924 613 1,333 0 3,615 362 0 669 67 200 0 16.1 16.4 16.4
Mar. 6 1,956 592 1,406 0 3,864 386 0 749 75 200 0 16.6 16.5 16.0
Apr. 7 2,980 850 650 2,510 0 0 0 0 0 200 640 15.8 16.2 16.2
May 8 3,920 1,120 920 330 0 0 0 0 0 200 270 15.2 15.8 16.0
Jun. 9 5,360 1,540 1,340 1,197 0 0 0 0 0 200 343 14.2 15.1 15.6
Jul. 10 4,160 1,170 970 2,911 0 0 0 0 0 200 666 13.0 14.6 15.6
Aug. 11 5,220 1,450 1,250 1,397 0 0 0 0 0 200 680 12.1 14.0 15.5
Sep. 12 3,134 531 1,900 0 4,586 459 0 1,289 129 200 0 12.6 14.5 14.9
2 Oct. 13 1,969 536 1,589 0 4,521 452 0 949 95 200 0 13.2 14.8 14.4
Nov 14 1,280 632 1,104 0 3,39 339 0 419 42 200 0 13.7 14.7 14.1
Dec 15 2,430 700 500 224 0 0 0 0 0 200 750 13.3 14.5 14.5
Jan 16 2,282 816 793 0 1,228 123 0 79 8 200 0 13.3 14.2 14.2
Feb. 17 1,196 551 1,333 0 4,344 434 0 669 67 200 0 13.9 14.3 13.9
Mar. 18 1,240 531 1,406 0 4,580 458 0 749 75 200 405 14.6 14.5 13.8
Apr. 19 2,980 850 650 880 0 0 0 0 0 200 922 14.1 14.2 14.2
May 20 2,742 821 903 0 1,178 118 0 199 20 200 0 14.0 14.0 13.9
Jun. 21 4,959 887 1,287 0 400 40 0 619 62 200 852 13.3 13.9 13.9
Jul 22 4,160 1,170 970 2,506 0 0 0 0 0 200 1,342 12.3 13.4 14.4
Aug. 23 5,220 1,213 1,250 1,397 0 0 0 237 0 200 944 11.3 13.0 14.5
Sep. 24 2,785 0 1,576 0 4,935 188 305 2,050 205 200 0 11.9 14.2 13.9
3 Oct. 25 1,555 109 1,556 0 4,935 493 0 1,341 134 200 1,208 12.7 14.9 14.4
Nov 26 674 s81 1,104 0 3,99 400 0 419 42 200 10 13.3 14.9 14.1
Dec 27 1,891 654 500 0 539 54 0 0 0 200 0 13.2 14.6 14.0
Jan. 28 3,510 1,000 800 218 0 o 0 0 0 200 784 12.7 14.3 14.3
Feb. 29 2,428 656 1,333 0 3,112 311 0 670 67 200 0 13.0 14.4 13.8
Mar. 30 2,447 634 1,406 0 3,373 337 0 749 75 200 503 13.3 14.5 13.8
Apr. 31 2,980 850 650 3,760 0 0 0 0 0 200 976 12.3 14.2 14.2
May 32 3,920 1,120 920 1,821 0 0 0 0 0 200 296 11.4 13.7 14.0
Jun. 33 5,360 1,540 1,340 1,197 0 0 0 0 0 200 343 10.4 13.1 13.6
Jul. 34 3,594 872 949 0 566 57 0 249 25 200 0 10.0 12.8 13.1
Aug. 35 2,925 921 1,010 0 2,294 0 229 529 53 200 85 10.0 12.8 12.8
Sep. 36 3,902 921 1,576 0 3,818 0 382 1,290 129 200 850 10.3 13.2 12.7
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4. RUN No. E.4 - High river flow with 150% cropping intensity for all three areas.

Total cost including fixed and operational cost for the three year period = RS 136 millions.

a.  Design capacity of the system.

I Zones

tem Nonsaline Intermediate Saline

Canal capacity at heads of watercourses (cfs) 4,407 1,532 2,010

Remodeling ratio 2.04 1.87 2.45

Tubewell installed capacity (cfs) 4,198 1,374 981 (drainage well)

300 (skimming well)

Total design capacity at head of the main canal = 11,356 cfs ; remodeling ratio = 2,20 .

b.  Operational decisions.

Year Month Stage CW1(k) CW2(k) CW3(k) AR1(k) P11(k) P12(k) P13(k) P22(k) P23(k) P33(k) P34(k) DGWI(k) DGW2(k) DGW3(k)
1 Oct. 1 2,674 776 1,605 0 3.81(; 382 0 770 77 200 o 15.6 16.7 17.2
Nov 2 1,525 1,073 1,140 0 3,145 314 0 0 0 200 0 16.2 16.0 16.7
Dec.. 3 2,430 700 500 1,374 0 0 0 0 0 200 64 15.4 15t6 16.5
Jan 4 3,510 1,000 800 344 0 [ 0 0 0 200 103 14.6 15.0 16.1
Feb. 5 1,953 1,226 1,385 0 3,588 359 0 59 6 200 0 15.3 14.3 15.5
Mar. 6 3,082 188 1,364 0 2,738 274 0 1,249 125 200 0 15.5 15.3 14.8
Apr. 7 2,980 850 650 2,038 0 0 0 0 0 200 360 14.3 14.7 14.7
May 8 3,920 1,120 920 695 0 0 0 [ 0 200 153 13.3 14.1 14.3
Jun. 9 4,407 1,450 1,339 0 953 95 0 9 [ 200 0 12.6 13.2 13.5
Jul. 10 4,160 925 970 352 0 0 0 245 0 200 830 11.7 12.7 13.7
Aug. 11 4,406 1,223 1,250 0 813 0 0 227 0 200 642 10.7 12.2 13.7
Sep. 12 3,904 800 1,918 o 3,816 382 0 1,085 108 200 0 1.1 12.7 12.7
2 Oct. 13 2,674 595 1,589 0 3,816 382 0 951 95 200 609 11.7 13.1 12.6
Nov. 14 1,390 1,061 1,140 0 3,28 328 0 0 0 200 0 12.4 12.4 12.1
Dec. 15 2,430 700 500 1,144 0 0 0 0 0 200 184 11.6 12.0 12.0
Jan. 16 3,510 1,000 800 1,281 0 0 0 0 0 200 111 10.6 11.4 11.6
Feb. 17 3,088 1,323 1,385 0 2,452 245 0 59 6 200 0 10.7 10.7 10.9
Mar. 18 3,693 740 1,406 0 2,128 213 0 749 75 200 0 10.6 10.9 10.1
Apr. 19 2,980 850 650 19 0 0 0 0 0 200 542 10.0 10.4 10.4
May 20 2,270 846 909 0 1,650 165 0 134 13 200 40 10.0 10.0 10.0
Jun. 21 3,018 934 1,089 0 2,342 0 234 606 61 200 651 10.0 10.0 10.0
Jul. 22 2,337 697 775 0 1,823 0 182 473 47 200 455 10.0 10.0 10.0
Aug. 23 3,020 908 1,017 0 2,200 [ 220 542 54 200 569 10.0 10.0 10.0
Sep. 24 4,407 1,414 1,661 0 3,313 0 331 796 80 200 949 10.0 10.0 10.0
3 Oct. 25 4,003 848 1,372 0 2,487 o 249 1,022 pa2 200 759 10.1 10.5 10.0
Nov. 26 2,462 1,022 1,129 0 2,208 221 0 130 13 200 488 10.3 10.0 10.0
Dec. 27 2,056 405 478 0 374 37 0 263 26 200 178 10.0 10.0 10.0
Jan. 28 2,137 640 653 0 1,373 0 137 360 36 200 305 10.0 10.0 10.0
Feb. 29 3,072 341 1,074 0 2,468 0 247 1,249 125 200 571 10.2 11.0 10.0
Mar. 30 2,004 1,428 1,125 0 3,816 0 382 242 24 200 606 10.9 10.5 10.0
Apr. 31 2,980 649 650 539 0 0 [ 201 0 200 564 10.1 10.3 10.3
May 32 2,562 894 785 0 1,358 0 136 226 23 200 160 10.0 10.0 10.0
Jun, 33 3,017 934 1,089 0 2,342 0 234 606 61 200 651 10.0 10.0 10.0
Jul. 34 2,337 697 775 0 1,823 0 182 473 47 200 455 10.0 10.0 10.0
Aug. 3 3,020 908 1,017 0 2,200 0 ) 220 542 54 200 569 10.0 in.0 10.0
Sep. 3% 3,904 1,015 1,584 0 3,816 0 383 1,195 120 200 981 10.4 10.. 10.1
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