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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 us e of sur face 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 i rr i gation water 

requirement. 

The Lower Jhelurn canal command, one of many similar hydrol ogic 

areas in the Indus Basin, is selected as the area for t es t ing the mathe­

matical model. The system is decomposed into a two-level approach for 

easier problem solving by separating the design var i ables and the oper­

ational variables. In the design level, the flexibl e tol er ance algorithm 

is used to search iteratively for the optimal design alter native. Each 

time a design alternative is chosen, the design variables are considered 

as fixed parameters and a sequential decision process i s used to deter­

mine the optimal operational decisions within a time i nter val . During 

each subperiod, direct river diversion will be the most feasible solut i on 

whenever the available river flow can satisfy the wat er requirement with­

out causing water logging in the three areas and lateral salt water move­

ment to the relatively fresh water area. Other wise linear programming 

is adopted to allocate the available river flow and us ab l e groundwater 

subject to constraints of water availability, canal capacity, water log­

ging, sal t water coning, lateral salt water movement and t he water 

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 1'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. 
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CONJUNCTIVE USE OF SURFACE WATER AND GROUNDWATER WITH DIFFERENT 

SALINITIES IN THE INDUS BASIN OF PAKISTAN 

General 

CHAPTER I 

INTRODUCTION 

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. TI1e 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 cann.ot 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. 
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Water quality is another important factor for proper management . 

A conjunctive use system which considers quantity alone might not pr oduce 

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 recyc l ed 

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 

groundwater 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 be fed back 

for the overall system optimization which is defined as the master problem 

and is not included in this research. 
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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 .2 1500 ppm 

2. Intermediate zone, 1'500 ppm< TDS < 4000 ppm 

3. 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 voltunes 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 
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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 acr.es, 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 asstDDed 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-­

rnanded area. The optimization problem, however, can not be efficiently 

solved directly by linear programming due to the large mnnber 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 
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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 nwnber 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 mod~l 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 summari zed in 

Appendix A. Appendix B gives a review on the flexible tolerance method 

which was used for searching the optimal design alternative. Some of 
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the associated analysis and developments such as salt water coning, 

lateral salt-water movement, recharge coefficients and development of 

cost fwtctions related to the fonnulation 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 0£ 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 characteristi cs 

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 dea l 

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, availabil i t y 

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). 
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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 lift). 

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. 
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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 possibilities, 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 

gronndwater 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 gronndwater left in the gronnd. 

It is noted that the water 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 gronndwater elsewhere. However, 

problems such as seawater intrusion and land subsidence were not con­

sidered. 

Legal and Organizational Considerations 

Gronndwater 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 infonnation 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. 

5. 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 surfac~ 

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 Resourees and Water Resources Engineers, Inc. 

to study the change in wate.r 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 models 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 
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progranuning 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 

detenninistic 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) fonnulated 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 allowed 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 ptunping. 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 foms. 

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 detemine 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 maxim\Dll 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 TIIE 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 °Fare 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 t h ~ 

south. About 50 percent of the total annual rainfall falls in the 
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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 Jhelt.Dn 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 (MAP), 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 utiliz ing 

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 conunissioned 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 foop 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 
Oata on Principal Can;.I Irrigation Systems 

West Pakistan 
(in IOoO Acres) 

Commanded Area 
Capac- Operat• Culturable Area irrigated 1960i61 

lty in, Peren- Non• 
ltiver Hudworks(2) Canals Cu1ecs Since Gron nlal perennial Total Kharif Rabi Total 

(I) Pnhawar Vale 

Swat Amandara Upper Swu .. 1,800 1915 319 276 276 192 136 328 
Munda Lower Swat 800 1890 147 IH 134 I I v 72 188 

Sub-totals .. 2,600 466 ◄ 10 ◄ 10 308 208 516 

High level 
Kabul War11k Left bank 45 1962 13 II II 

dam Right bank ◄55 1962 125 108 108 
Kabul River 450 1890 92 71 n 38 30 68 

Sub-total 950 230 196 196 38 30 68 

Toul Peshawar Vale .. 3,550 696 606 606 346 238 584 

(2) Northern Zon-lndus Plans 

Jhelum Mancia Upper Jhelum . . I ,900(1) 1915 580 367 17◄ S◄ I 292 247 539 
Rasul Lower Jhelum . . 5,300 1901 1,622 1,284 215 1,499 658 732 1,390 

Sub-total .. 7,200 2,202 1,651 389 2,040 950 979 1,929 

Maraia M-R link . . 2,000(1) 1956 179 160 160 31 15 46 

Kha~ki 
Upper Chenab .. ◄, 100(1) 1912 1,511 613 832 1,445 5◄9 341 890 

Chenab Lower Chenab .. 11,500 1892 3,703 2,831 156 2,987 1,424 1,65◄ 3,078 
Trimmu Rangpur . . 2,700 1939 380 347 347 105 126 231 

Haveli-Sldhnal .• 5,200 1939 1,123 668 343 1,011 538 5◄ 7 1,085 

Sub-total .. 25,500 6,896 4,272 1,678 5,950 2,6◄7 2,683 5,330 

Madhopur H Central Bari Doab 2,600 1859 704 6◄2 642 321 2-49 . 570 
Ravi Balloki . . Lower Bari Doab . . 7,000 1913 1,822 1,417 43 1,460 827 811 1,638 

Sidhnai Sidhnai .. (◄,500) 1887 (Included in Haveli data) 

Sub-total .. 9,600 2,526 2,059 43 2,102 1,148 1,060 2,208 

Feroz:eporeF) Oipalpur .. 6,100 1928 1,045 983 983 321 256 577 
Suleimanke Pakpauan . . 6,600 1927 1,396 920 3◄ 1 1,261 525 535 1,060 

Fordwah 3,400 1927 465 60 365 425 138 122 260 
Sutlej 

lsl~m 
Eastern Sadiqia .. ◄,900 1926 1,13◄ 915 22 937 429 355 784 
Mailsi .. 4,900 1928 751 688 688 287 215 502 
Qaimpur 600 1927 45 42 ◄2 14 IS 29 
B&hawal 5,400 1927 791 274 374 648 248 228 476 

Sub-total . . 31,900 S,627 2,169 2,815 4,984 1.962 1,726 3,688 

l'anjnad Panjnad Panjnad . . 9,000 1929 1,505 44◄ 895 1,339 62◄ 515 1,139 
Abbasia 1.100 1929 131 68 42 110 48 41 89 

Sub-total . . 10,100 1.636 512 937 1,449 672 556 1,228 

Indus Jinnah Thal .. 10,000(3) 1947 1,855 1,473 1,473 275 ◄74 749 

Sub-total . • 10,000 1,855 1,473 1,-473 275 ◄74 749 

wwlus Paharpur 500 1909 102 100 100 24 41 65 

Sub-total 500 102 100 100 24 ◄ I 65 

IAdus Tiunsa D. G . Khan . . 8,800 1958 730 729 729 160 210 370 
Munffargarh . . 7,300 1958 721 71 ◄ 71 ◄ 164 266 430 

Sub-total . . 16.100 1,151 1,443 1,443 32◄ ◄76 800 

Total Northern Zone 
.. 110,900 22,295 13.579 5,962 19,5◄ 1 8.002 7,995 IS,997 

(1) Internal uses. 
( 2) Hadhopur and Ferozepore headworks are in lnd,a. 
(l) 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 
Cap•• Oparat• Culturable Ar .. lrrlpted 1960/" 
city Ins Peren• Non-

River Head works Canals CUHCI Since Gron nlal perennial Totir.l Kharlf Rabi Total 

(J) Southern Zo..-lndu1 Plains 

Indus 

Indus 

Indus 

Pat .. 8,300(4) 1962 766 712 712(5) 
Desert .. 12,900 1962 ◄79 ◄20 ◄20 159 ISO 309 

Gudu Be1ari-Sind .. 15,500 1962 1.019 890 890 ◄26 ◄ 19 8◄S 

Ghotki .. 8,500 1962 1,00◄ 99S 99S 138 130 268 

Sub-total .. ◄S ,200 3,268 3,017 3,017 723 699(6) I ,◄22(6) 

North Wen .. 5,100 1932 9◄6 928 928 21 ◄ ◄03 617 

Rice .. 10,200 1932 537 520 520 3◄0 230 570 

Oadu .. 3,200 19)2 S93 5◄9 549 119 241 360 

Sukkur Khairpur West .. 1,900 1932 32) 30◄ 30◄ 91 166 2S7 

Rohri . . 11 ,200 1932 2,614 2,60◄ 2,60◄ 8◄5 1,010 1,85S 

Khairpur East .. 2,700 1932 531 33S 38S ISO 18◄ 334 
Eutern·Nua . • 13,◄00 1932 2,381 2,237 2,237 739 569 1,308 

Sub-total .. 47,700 7,92S 6,957 520 7,◄n 2,◄98 2,803 5,301 

Pinyari .. l ◄,◄00 1955 802 786 786 217 15 232 

Ghulam . Fuleli .. 13,800 19S5 1,06S 929 929 ◄ 13 44 ◄57 
Mohammed Lined Channel .. ◄,1 00 195S 67S ◄87 487 29 30 59 

Kalrt-Ba1har .. 9,000 195S 733 352 2S2 60◄ 71 72 1 ◄ 3 

Sub-total .. ◄ 1,300 3,275 839 1,967 2,806 730 161 891 

Total Southern 
Zone .. 134,200 l ◄,◄68 7,796 S,SO◄ 13,300 3,951 3,663 7.61 ◄ 

Total Indus Plains 
(2)+(3) . . 2◄5,100 36,763 21,37S 11.466 32,8◄ 1 11,953 11,658 23,611 

Total Wast Pakistan 
(I )+(2)+(3) .. 2◄8,6SO 37,459 21,911 11,466 33,«7 12,199 . 11,896 2◄.195 

(4) Ultimate capacity 8,300 cusecs; preHnt capacity 6,300 cusecs. 
(~) New area 509,000 acres: old area 203,000 acres. 
(6) Partially irri1ated. 

Summary 

Headworks - 20 indudln1 Warsak Dam; and Madhopur and Ferozepore in India. The Kabul River and Paharpur 
canals have only minor diversion facllltlas. 

Canal systems-43, of which ,avaral function mainly u links but supply Irrigated area dlr.ctly, 
Canal capacities-represent authorized full-supply dischar1es. 

(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 crop 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 r ain­

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. 



27 

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 average 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 1 s defined the nature of the a l luv­

ium to depths of about 600 feet and provided water quality data to 
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(Bennett, 1967). 
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Since 1962 WASID has also drilled about 

1500 feet deep, in the Punjab area 

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 coJ1DI1only 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 SO 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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The general pattern of groundwater quality distrib.ution in the 

southern zone is one of a band of good quality water innnediately 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, connnonly 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 - connnonly 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 dilut i~n 

with canal supplies or special water and soil management practices. 
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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 

asstnned 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 asstDned 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 loosely, 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 fann 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 ptunping 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 cont r ib­

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 ptunping. 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 O. 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 ':ARIOUS STUDicS 

Item 

A-1. Losses from link canals in cfs/ 
million ft 2 of wetted perimeter 
for 

a. lined canals 
b. unlined canals 

2. Recharge as percentage of 
above losses 

B-1. Losses from irrigation canal 
system as percentage of water 
supply at the head of the 
system 

a. Main canals and branches 

b. Distributaries and minors 
c. Total canal system up to 

water course head 

2. Recharge as percentage of 
above losses 

C-1. Losses from water courses as 
percentage of water supply at 
water course head 

2. Recharge as percentage of the 
above losses 

D-1. Farm losses as percentage of 
water delivered at the field 

2. Recharge as percentage of the 
above losses 

Harza 

6 

90% 

30% 

80% 

10% 

50% 

25% 

75% 

IACA 

20 to 30% 

80% 

10% 

50% 

30% 

67% 

T&K 

2 
8 

90% 

As in 
A-1.b 
above 
15% 

(28%) 

80% 

..:. 
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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. 

7. 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 controllab l e 

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 connnanded 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 i s 

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 mean annual 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 connnand and its water 

distribut'ion n~twork 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 irr igated 

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 duri ng 

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 Ganeonents. 

The major c011ponents 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 sµpplies 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. 

Th~ followjng 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 fpr 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 

r•ar. 

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

b,sed on the required flow at Gudu s~ggested 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 

13asin then is divided proportionally to the mean historical diver­

sion to each canal cOIIIJllanded area. 
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Mean historical surface diversion to the canal for the internal use 

of the Lower Jhellllll 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). 

Month 

Oct. 

Nov. 

Dec. 

Jan. 

Feb. 

Mar. 

Rabi 

Mean Historic 
Withdrawal 

4.9. 

3.6 

3.4 

3.3 

3.4 

3.8 

Subtotal 1.361(MAF) 

Annual Total 

Month 

Apr. 

May 

Jun. 

Jul. 

Aug. 

Sep. 

Kharif 

Mean Historic 
Withdrawal 

4.5 

5.1 

5.3 

4.6 

4.6 

4.9 

Subtotal 1. 769 (MAF) 

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 
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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). 

Gross area 

(acres) 

Culturable 

(acres) 

Culturable 

Conunanded 

(acres) 

Area 

Area 

Nonsaline 
Zone (0-
1500 ppm) 

1,077,100 

990,000 

929,800 

Capacity at Heads 

of Distributary 2,534 

(cfs) 

Capacity at Heads 

of Watercourse 2,154 

(cfs) 

Intermediate 
Zone (1500-
4000 ppm) 

330,100 

304,400 

285,000 

963 

819 

Saline Zone Total 
(4000 ppm) Command 

330,000 1,737,200 

303,000 1,596,700 

284,900 1,499,700 

963 4,460 

819 3,791 
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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 connnand 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 

30% of water diverted 80% of loss 

from river 

15% of water diverted 85% of loss 

at distributary heads 

*10% of water delivered 50% of loss 

at heads 

*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 asslUlled 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 conslUllptive use of the crop, the cropping pattern and cropping inten­

sity, pre-planting irrigation requirements, effective precipitat ion, 

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). 

Month 

Water Requirements (1,000 cfs) 
Nonsaline Intermediate Saline 

Zone Zone Zone 

Oct. 

Nov. 

Dec. 

Jan. 

Feb. 

Mar. 

Rabi Total 

(MAF) 

6.49 

4.67 

2.43 

3.51 

5.54 

5.82 

1. 722 

Apr. 2.98 

May 3.92 

Jun. 5. 36 

Jul. 4.16 

Aug. 5.22 

Sep. 7.72 

Kharif Total 1.788 

(MAF) 

Annual Total 3.510 

(MAF) 

1. 87 

1. 34 

0.70 

1.00 

1.59 

1.67 

0.494 

0.85 

1.12 

1. 54 

1.17 

1.45 

2.21 

0.508 

1.002 

1. 87 

1.34 

0.70 

1.00 

1.59 

1.67 

0.348 

0.85 

1.12 

1.54 

1.17 

1.45 

2.21 

0.309 

0.657 
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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 

Yahn 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 SO% 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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Note: Cost Includes Contingencies 

and All Other Additional Costs 

RM = 
1
~

0 
( % Increase Required ·in 

Capacity at Heads of 

Watercourses) 

o......_ ___ ___.i..,_ ___ __. ____ __,_ __________ _ 

0 50 100 150 200 250 
Enlargement 

% Increase Required in Capacity at Heads of Watercourses 

Figure 4.4. Enlargement Cost Curve for Distributary and Minor Canals 
(Northern Zone only). Adopted from IACA, 1966. 
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1. For enlargement at watercourse head up to 60%: 

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

2. For enlargement at watercourse head greater than 60%: 

Annual Capital Cost (RS)= 64.1 • CCA + 93.0 • CCA • RM 

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 lift. The size of public tubewells range 

from 2 to 5 cfs and serve an area ranging from 200 to 

The average size for a public tubewell used in this study is 

based on IACA (1966) estimation. 

600 acres. 

4 c ~ , 



59 

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: 

where 

Power Cost= U • VP(k) • H(k) 

U = Power cost for pumping per acre foot of water per foot 

of lift, 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 rate, the annua l 

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.S. 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. 

7. 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 skinnning 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 SOLlITION OF THE MATHEMATICAL MODEL 

The objective of this study was to detennine 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 asstllllptions made in the 

physical model. The optimization problem, however, cannot be effic i ently 

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 ntllllber 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: 

DCW. The lumped capacity at heads of watercourses for zone i 
1 

(i=l,2,3). 

OCH Capacity at the head of the main canal. 

DIP. Total tubewell installation capacity for zone i (i=l,2,3). 
1 

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=l,2, ... ,n , are: 

CW. (k) 
1 

ARl (k) 

P .. (k) 
11 

Delivery rate to heads of watercourses for zone i 

(i=l,2,3). 

Delivery rate at the head of the main canal for artific­

ial recharge to zone 1. 

Rate of tubewell or skimming well pumping from zone i 

delivered to heads of watercourses in the same zone 

(i=l,2,3). 



P .. (k) 
1J 

PD3(k) 

SHRTi(k) 

DGWi(k) 
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Rate of tubewell pumping from zone i delivered to heads 

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

- Rate of pumping for drainage from zone 3. 

Shortage of water in zone i (i=l,2,3). 

Depth to water table in zone i (i=l,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 

where 

Minimize Z = Minimize [CD•y + CO•x] (5.1) 
y,x y,x 

Z = Total capital, operational and maintenance costs of the 

system over the chosen time period. 

y = Vector of design variables. 

= [(DCW., OCH, DIP., DISK), i=l,2,3)]' 
1 1 

(5.2) 

x = Vector of operational variables. 

= [CW. (k), SHRT. (k), DGW. (k), ARl (k) , PD3 (k) , (P .. (k) , 
1 1 1 1J 

j=i, ... ,3); i=l,2,3, k=l,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=l,2, ... ,n). 

(Note: all vectors are column vector unless otherwise state~ 

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 ConstTaints. 

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 .::_bi, where bi 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 ve.ctor notation, y < b , where bu is the vector of the upper limits 
- u 

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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cw1(k) + CLHW • ARl(k) - DCW1 ~ 0 

CW2(k) + CLFD • P12 (k) - DCW2 2_ O 

CW3(k) + CLFD • P13(k) - CLFD • P23 (k) - DCW3 ~ 0 

(5.4) 

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. 

3 

i=l 
CW.(k)/CLHW] + ARl(k) - DCH < 0 

1 
(5.5) 

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

installed capacity within each zone. 

p 11 (k) + P12Ck) + p13Ck) - DIP1 < 0 

P22Ck) + P23Ck) - DIP2 < 0 

P 33 (k) - DISK< 0 

PD3(k) - DIP3 .::_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. 

3 
[ E CWi(k)/CLHW] + ARl(k) .::_RIN(k) 

i=l 
(5. 7) 

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. 

CW1(k) + P11 (k) + SHRT1(k) = WR1(k) (5. 8) 

CW2(k) + CLFD • P12 (k) + P22 (k) + SHRT2(k) = WR2(k) 

CW3(k) + CLFD • P13 (k) + P23 (k) + P33 (k) + SHRT3(k) = WR3(k) 

where WR.(k) , i=l,2,3 are water requirements in zones 1, 2, and 3 
l. 

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. 

SHRT. (k) < 0.10 WR.(k) , for i=l,2,3 
l - l. 

(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. 

P22 (k) - RMIX2 • [CW2(k) + P12 (k)] .:_ O 

P23 (k) + P33 (k) - RMIX3 • [CW3(k) + P13 (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 fonnulated 

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 ba lance. 

Due to the lack of complete infonnation on groundwater quality, and for 

simplicity, their criteria will be used in this study. 

< 0 (5.11) 

where PERl 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+l 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 per iod k. 

where 

DGW. (k) = DGW.(k-1) - RECH.(k) + PDC. (k) 
1 1 1 1 

for i=l,2,3 

(5 . 12) 

RECH.(k) = Rise of water table due to recharge during period 
1 

k for zone i , i=l,2,3 . 

PDC. (k) = Decline of water table due to pumping during period 
1 

k for zone i, i=l,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. 

DGW.(k) > DMI. , for i=l,2,3 
1 - 1 

(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. 

DGW.(k) < DMA. , for i=l,2,3 
1 - 1 

C.3.10.Constraints on lateral salt water movement. 

(5.14) 

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: 

DGW1(k) = DGW2(k) .::_ RT12 (k) 

DGW2(k) - DGW3(k) .::_ RT23 (k) (5.15) 

where RT12 (k) and RT23 (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 upper 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 distribut i on 

system is relatively small and constant compared to the pumping cost 
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from tubewells. Thus, 

CW. (k) = WR. (k) 
]. ]. 

for i=l,2,3 and k=l,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 limit 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. 

ARl(k) • P1i(k) = 0, for i=l,2,3 (5.17) 

C. Capacity and Pumping Rate of Skirroning 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 assurned 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 purnping 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 purnped 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. This water 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, 

k=l,n (5.18) 

where P33 (k) was determined apriori, as mentioned above. 

E. Relative Water Levels Between the Three Zones. 

One of the methods 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 emporar­

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 s'hould 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 , is 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 asstuned that recharge from 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 shortage, 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 lower 

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 ptunping 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 ptunping from tubewells to lower the 

water table to the required minimum allowable depth. 
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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 mixirig 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 = E 

i=l 
DCW. /ClliW 

1 
(5.19) 

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: 

DCW. - The lumped capacity at heads of watercourses for area 
1 

i (i=l,2). 
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DIP. - Total tubewell installation capacity for area 1 (i=l,2). 
1 

There are still sixteen operational decision variables to be deter-

mined for optimal operational policy within each subperiod . TI1e pumping 

rate of skimming wells, P33 (k) , in area 3 was determined apriori as 

stated previously. 

where 

B. Objective Function. 

The simplified objective function is: 

Minimize Z = ·Minimize (CD•y + CO•x) 

y = column vector of design variables, 

= [DCW., DIP., i=l,2] 
1 1 

x = column vector of operational variables, 

(5.20) 

= [ CW. (k), SHRT. (k), DGW. (k), ARl (k), PD3 (k), P .. (k)] 
1 1 1 1J (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 > b 
- R, 

assuring the capacity is greater than the existing and 

for the upper limit. 

y < b 
- u 

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

CW1(k) - CLI-IW • ARl(k) - DCW1 2 0 

CW2(k) - CLFD • P1ik) - DCW2 2 0 

CW3(k) - CLFD • P13Ck) - CLFD • P23 (k) - DCW3 2 0 (5.22) 

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 CWi(k) + CLHW • ARl(k) - I 
i=l i=l 

DCW. < 0 
l. -

(5.23) 

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

installed capacity within each area, 

P11 (k) + P12 (k) + P13 (k) - DIP12 0 

p22(k) + p23(k) - DIP2 2 0 

C.1.2. Constraints on availability of river water. 

3 
[I 
i=l 

CW.(k)/CLl-lW] + ARl(k) - RIN(k) < 0 
l. -

C.1.3. Constraints on water requirements. 

CW1(k) + P 11 (k) + SHRT1(k) = WR1(k) 

CW2(k) + CLFD • P12Ck) + P22Ck) + SHRT2(k) = WR2(k) 

CW3(k) + CLFD • P13Ck) + CLFD • P23(k) + SHRT3(k) 

= WR3(k) P33 (k) 

C.1.4. Constraints on water shortage. 

SHRT.(k) < SI.MIT. (k) , for i=l,2,3 
l. - l. 

(5.24) 

(5.25) 

(5.26) 

(5.27) 
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C.1.5. Constraints on prevention of salt concentration. 

< 0 

C.1.6. Continuity of water tables. 

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

(5. 28) 

(5.29) 

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

DGW. (k) > DMI. 
l. - l. 

for i=l,2,3 (5.30) 

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

water movement. 

DGW1 (k) -- DGW2 (k) 2. RT l2 (k) 

DGW2(k) - DGW3(k) 2. RT23 (k) 

Reformulation of the Problem. 

(5.31) 

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 prob l em 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 dynami c 

progranuning. 

The problem is restated in the following general form: 

Min [CD•y + CO•x] 
y,x 

Subject to: 

G(y) + g(x) < 0 

X E X 

y E y (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 

where 

Min w(y) = Min CD•y + V(y) 
yEYOW yEY 

V(y) = Min CO•x 
XEX 

Subject to: 

g(x) _::. - G(y) 

(5. 33) 

(5 . 34) 

Asstlllling a minimum exists for yEY which defines the greatest lower 

bound of CO•x for given y, over x Define W(y) = 00 , if the inner 

problem is infeasible. So y must be in the set 

W _ { y w(y) < oo} 

- { y g(x) < - G(y) for some XEX} (5 .3S) 

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 t i me 

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 Cperational Problem. 

The operational problem including constraints can be expressed 

mathematically as: 
n 

Min C = Min r 
XEX XkEXk k=l 

k=l, . .. ,n 

CO•x 
k 



84 

Operational Input (Design 
Problem~ ___ .::r~~ters 

rr, Subieriod I 
*Inner Optim- I 

I ization ti) 

sl I .s 
Subperiod ti) -~ 

2 I g *Inner Optim- "C 

ization I ~ 
s2 .§ 

s 
n-1 

Subperiod 
n 

*Inner Optim­
ization 

I ~ 1; 
Ii I~ 

i__ __ ~--' 
State transformation: 

*See figure 5.2. 

Original Problem 
(Large-scale Linear 
Pro rarnmin Problem 

Simplifications 

Simplified Problem 
(Reduced Linear 
Pro rammin Problem 

Decomposition 

Compute cost for 
Design Alternative 
(Minimize costs of 
Capital and Operation) 

,....._ 
i::: Q) 
bl) > -~ -~ 
ti) .µ 
Q) cd 

"C i::: 
f-4 

~ Q) 
(!) .µ 
i::: .--! 

'---' cd 

JH·t+l 

Yes 

Output of Final 
Solution for Overall 
System 

No 

Figure 5. 1. Prob! em Decomposition and Solution Procedures. 
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Figure 5.2. Inner Operational Decisions During Each Subperiod. 
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n 
Min C = Min E 

3 
{ COS•[ t 

i=l 
CW.(k)] +CAR• ARl(k) 

1 
xeX xke\ k=l 

where: 

3 
+ CTI1 •[ E P1j(k)]•(DGW1(k) + H1) 

j=l 

3 
+ CTiz•[ ~=2 p2j(k)]•(DGW2(k) + Hz) 

3 
+ CST•[ E SHRTi(k)] } 

i=l 
(5.36) 

xk is the decision vector during period k and set ~ 

represents the bounds on xk . 

COS = Unit cost of operation and maintenance for the canal 

distribution system. 

CAR = Unit cost of operation and maintenance for artificial 

recharge. 

CTil, 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 t o be 

the same in each zone. 

H1, H2, H3 = Dynamic heads including drawdown and head loss 

for tubewells pumping in zones 1,2, and 3. 

This formulation is subject to the operational constraints des cribed 

in the general formulation of the simplified system, except that des i ~~ 

capacity variables are now put on the right hand side of the equations 

and considered as known parameters. 
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B. Fonnulation 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 w_ater 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 

where 

DGWi(k) = DGWi(k-1) - DTi(k) 

DTi(k) = RECHi(k) - PDCi(k) 

DT. (k) 
1 

= Net change of water table during period k 

(5.37) 

RECHi(k) = Rise of water table due to recharge during period 

k and is dependent on operational variables x(k) , 

PDC.(k) = Decline of water table due to pumping during period 
1 

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 constraint, In this way, the operational decisions can 

be determined independently within each period. The operational problem 

can now be simplified as 
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X (I), x( 2), x(n-1), X ( n ), 
OTi(I) Olj(2) OTi(n-1) 0 T1(n) 

Dli OGWi(n-2) DGWi(n) 
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Water 
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WRi(I) WRi(2) WRi(n-1) WRi(n) 

Water . Demand 

Figure 5.3. Sequential decision process. 

Ground Surface 

Deep Aquifer 

ed Roe 

Figure 5.4. State transfonnation of water table. 
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(5. 38) 

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 t .he stDllliler 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) = WR. (k) i=l,2 
1 1 

CW
3

(k) = WR
3

(k) - p 33 (k) (5. 39) 

where P33Ck) 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 
ARl(k) = Minima of {[RIN(k) - ( E WRi(k) - P33 (k)]/ClliW}, 

i=l 

(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 ARl(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 ARl(k) is equal 

to zero. Totally, there are fifteen decision variables. 

C.2.2. Objective function. 

Min C = CO•xk 
xke:\ 

(5.41) 
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C.2.3. Constraints. 

There are sixteen constraints for the simplifi ed 

operational problem which can be grouped as follows: 

1. Design capacity constraints. 

< DCW 
- 1 

CW2(k) + CLFD • P1iCk) ~ DCW2 

CW3(k) + CLFD • p13Ck) + CLFD w P23Ck) ~ ocw3 

Pll(k) + P12(k) + P13Ck) 

P22Ck) + P23Ck) 

~ OIP1 

~ DIP2 

2. Capacity or available river flow constraint. 

3 3 
E CWi(k) ~Minima of [CLHW•RIN(k) , E 
i=l i=l 

ocw.] 
1 

3. Constraints for .preventing salt concentration. 

< 0 

4. Relative water level constraints. 

DGW1(k) - OGW2(k) ~ RT12 (k) 

DGW2(k) - OGW3(k) ~ RT23 (k) 

5. Water requirement constraints. 

CW1(k) + P11 (k) + SHRT1(k) = WR1(k) 

CW2(k) + CLFO•P12 (k) + P22 (k) + SHRT2(k) = WR2(k) 

( 5. 42) 

( 5. 43) 

(5.44) 

( 5. 45) 

CW3(k) + CLFD•P13(k) + CLFD•P23 (k) + SHRT3(k) = WR3(k) - P33 (k) 

(5.46) 

6. Continuity constraints. 

for i=l,2,3. 

(5 . 4 7) 
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The above procedures are perfonned 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 

inequalitie~ 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 fonn 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: 

where 

Min Z(y) 
m 

= f(y) + E 
i=l 

2 
H(g.)•P.•(g.(y)) 

1 1 1 

f(y) = original objective function. 

gi(y) = original ith constraint function. 

P. = a positiveMvalued constant for constraints, for 
1 

i=l,2, .. . ,m . 

H(gi) = 1, if gi(y) > 0 

= 0, if gi(y) < 0 

(5.48) 

(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, P. , is chosen. Clearly, as long as g(y) is satisfied, 
1 

and, as y reaches the optimal value, the value of P. 
1 

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 P. , i=l, ... ,m, starting with 
1 

small values. 

2. Use a suitable unconstrained search technique to determine the 

optimum of Z(y) . 

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

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) = CD•y + C*(x) 
yEY 

2 2 
+ E P.(DCW. - EDCW.) 2 + E P. 2 (DCW . - DMCW.) 2 

i=l 1 1 1 i=l 1+ 1 1 

2 2 
+ E P. 4(DIP. - EDIP.) 2 + E P. 6(DIP. - DMIP . ) 2 

i=l 1+ 1 1 i=l 1+ 1 1 

2 
+ E P. 8 (DCW. + (1-PER.)•DIP. - WRM.) 2 

i=l 1+ 1 1 1 1 
(5.50) 

n 
where C*(x) = E min CO•xk is the minimum cost of operation under a 

k=l 
certain design alternative, and P. 

1 
for i=l, ... ,10 are penalty factors 

for each constraint. Parameters WRM1 and WRM2 are the maximt.nn 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 vi ola­

tion throughout the search. New points are checked to ensure that they 

improve the objective function and th~t 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 limit). 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 points for each variable. A large nwnber 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 rPquired 

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
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Inner Operational 
Problem for Period k,i-------~ 
k=l, ... , n. 

Print out Final Design 
Alternative & Operational 
Decisions for Period k, 
k=l, ... , n. 

Stop 

Search for 
New Design 
Alternative 

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=l,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 iterat i ve 

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 Jhelurn Canal Commanded Area. 

The Lower Jhelum Canal Conunanded area was selected to t est 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 
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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. Cropping 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 10 feet, thus preventing waterlogging. 

6. In some month.s 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 ptunped out from skinuning 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 stnn­

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 grounct water 

for the intennediate area. It is swnmarized 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 ptunping is concentrated in the months of September, 

October, November, Febru~ry and March of each year. The major part 

of the pwnped 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 

pwnped 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 asstuned to be 15, 16.5 and 18 feet respectively for the 

nonsaline, intermediate and saline areas. Analysis of the water table 

data can be swnmarized 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 plDllped 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 surface 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 {s 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 wa,ter 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 minimwn cost conjunctive use policy indicates that surface 

water should 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 pwnped 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 modei 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 fqr 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 this 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. In 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 wel:ls might: be adopted to prevent 

salt water coning contamination. The composite well will include 



117 

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 };rave 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 detennining 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 

~ 

AR1(k) 

CAR 

CD 

CLFD 

CUIW 

co 

cos 

CST 

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 fran the head of the 

main canal to heads of distributaries. 

Seepage loss factor fran the head of the 

main canal to heads of watercourses . 

Row vector of cost coefficients for 

operational variables over the chosen 

time period (k=l, 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 . 

CTI1 , CTI2 ,CTl3 Unit cost of energy for pumping for area 

1, 2, 3 . 

DCH 

Delivery rate of surface water at heads 

of watercourses for area i (i=l,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=l,2,3) (cfs). 

Depth to groundwater table from the ground 

surface in area (i=l,2,3) during 

period k (feet) . 

Initial depth to groundwater table from 

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

DIP . 
1 

DISK 

IYI' i (k) 

EDIP . 
1 

n 

PER!, PER2 

Explanation 

(feet) . 

Total tubewell installation capacities 

in area i (i= l ,2,3) (cfs). 

Skimming well installation capacity in 

area 3 (cfs) . 

Maximum al l owable depth to groundwater 

tabl e from the ground surface in area 

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

Maximum design capacity at heads of 

watercourses for ar ea (i=l,2,3) 

(cfs). 

Minimum all owable depth to groundwater 

t ab l e from the ground surface in area 

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

Maximum design capacity of tubewell s in 

area (i=l,2,3) (cfs). 

Net change of water table in area i 

(i=l,2,3) during period k (feet). 

Exist ing design capacity at heads of 

wat ercourses in area ( i=l, 2,3) for 

surface water deliver y (cfs). 

Existing tubewell installed capacity in 

area i (i= l ,2,3) (cfs). 

Dynamic heads including drawdown and 

head los ses for tubewell pumpi ng for 

area I, 2, 3 . 

Number of s ubperiods . 

Dec line of wat er t abl e due to pumping 

dur i ng period k for area (i=l,2,3) . 

Fractions of water pumped f rom area 

and tha t need to be exported . 

Rates of t ubewell pumping i n ar ea i 

delivered to heads of watercourses in 

area during period k (i= l ,2) (cfs). 

Rate of tubewell pumping in area i 

delivered to heads of dist ri butaries in 

area during period k , , =2,3;j=i +l, 3) 



P03(k) 

P33(k) 

RIN(k) 

Explanation 

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

during period k (cfs). 

Rate of ski11111ing well pumping in area 3 

during period k (cfs) . 

8 . GLOSSARY AND ABBREVIATIONS 

AF 

Acre feet. 

Barani 

The agricultural practice which relies upon rain­

fall alone for crop water requirements. 

Rise of water table due to recharge dur- Barrage 

ing period k for area i (i=l,2,3). A low dam or weir equipped with a series of gates 

River flow allocated to model area during to regulate the water surface level upstream from 

period k (cfs). 

Mixing ratio of the ·pumped groundwater 

in area (i=2,3) with respect to the 

total surface and groundwater from area 

1. 

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. 

RT12 (k),RT23 (k) Relative water table constraints between Canal (or Main Canal) 

SHRTi (k) 

SLM IT i (k) 

u 

X 

y 

areas and 2, and areas 2 and 3 

(feet). 

lfater shortage in area 

k (i=l,2,3) (cfs). 

during period 

Limit of water shortage in area 

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) . 

(i= 

Water requirements at heads of water-

courses for area during period k 

(i=l,2,3) (cfs). 

Maximum water requirement during a sub-

period for area (i=l,2,3) (cfs). 

Column vector of operational variables. 

Column vector of design capacity vari­

ables. 

A channel for conveyance of water, generally in 

Pakistan referring to a large channel which deli v­

ers water from a river to branches, lesser chann e l s, 

and having a capacity of 5,000 to 15,000 cusecs 

or more. 

Cons ump t i ve use 

The amount of water lost from a given area during 

a specifi ed time by transpiration from vegetation 

and by evaporation from water and plant surfaces 

and from the adjacent soil. 

Crop water r equirement 

The total quantity of wat er required by a crop for 

normal growth und er field condit ions. 

Cropping intensity 

The cropped area expressed as a percentage of th e 

CCA. 

Cropping patt ern 

The sequence of crops grown in any given area 

during a singl e 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 co11111anded area (CCA) growth and leaching minus effective precipitation. 

The culturable area beneath a canal system which The irrigation water requirement includes l osses 

can be irrigated by gravity flow from the canal from the point of reference to the crop. 

system . Khari f 

Delta The summer irrigation season; the six months from 

The depth of irrigation water applied to cropped 

land . 

Distributary 

Doab 

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. 

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 

IACA 

Hunting Technical Services Limited of United 

Kingdom Consultants to WAPDA for Lower Indus Basin 

area. 

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 

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 

WC 

MAF 

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, gene r ally with a capac­

ity of 10 to 300 cusecs, taking off from a 

dis tributary. 

Monsoon 

The rainy season associated with the southwest mon­

soon. 

Nonperennial Canal 

Irrigation channel which normally flows during the 

s umm er (Kharif) period but ma y carry intermittent 

supplies during other periods. 

Perennial canal 

An irrigation chann el which normally carries water 

throughout the year. 

Persian wheel 

A dug well equipped with an endless chain of bucket s 

or runs for lifting the water to the surface; usual­

ly powered by bullock s or camels. 
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The winter irrigation season; the six months from 

October 15 to Apri 1 IS . Also used to denote winter Tf,K 

surface. For an unconfined aquifer the storage 

coefficient is identical to the specific yie ld . 

crops and cropping seasons . Tipton and Kalmbach, Inc., WAPDA consultants for 

Residual-sodium-carbonate (RSC) the Indus Basin North Zone. 

A term used to denote the amount of carbonate plus Total dissolved solids (TDS) 

bicarbonate anions remaining in an irrigation water The concentration of dissolved minerals i n ppm 

after deduction of an amount equivalent to the obtained by evaporating to dryness a filtered 

concentrations of calcium and magnesium . 

RS 

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: 

SAR 

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 rel eases from 

or takes into storage per unit surface area of 

aquifer per unit change in head normal to that 

sample of wat er . Commonly referred to as "dis sol v­

ed solids." 

Tubewell 

A drilled well , cased and screened. SCARP project 

tubewell s are grave l-packed. 

USAID 

United States Agency for International Deve lopment . 

USICA 

United States International Cooperational Admini s­

tration . 

WAPDA 

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 s ub-minor; used to carry water t o 

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 searched 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 

Subject to 

y = f(x) 

h.(x) = O 
1 

X £ 

i = 1,2, ... ,m 

i = m+l, ... ,p 

(B-1) 

(B-2) 

(B-3) 

where f(x) , hi(x) and gi(x) may be linear and/or nonlinear function, 

and x is the vector of decision variables. 

2. The Modified Problem. 

All 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 y = f(x) X £ En 

Subject to 

4> 
(k) - T(x) > 0 (B-4) 

and 
n p 

¾ 
T(x) = E h~ (x) + E u.g?(x) ] 2 

i=l 1 i=m+l 1 1 
(B-5) 
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where u. = 0 if gi (x) > 0 
1 

u. = 1 if g. (x) < 0 (B-6) 
1 1 

and 4>(k) is the tolerance criterion at stage k which is selected as 

a positive decreasing function of the vertices of the flexible polyhedron 

in En , i.e., 

4>(k) = 4> (k) [ (k) x(k) x(k)] (B- 7) xl , , ... , 2 n 

and 4> (k) < 4>(k-1) < ••• < 4>(1) < 4> (O) (B-8) 

3. The Tolerance Criterion. 

The tolerance criterion in this algorithm is defined as follows: 

r+l 
[4>(k-1) , m+l E · 11 

r+l . l 
1= 

and 

4>(0) = 2(m+l)t 

(k) 
x. 

1 
(k) 11 xr+2 ] 

(B-9) 

where t is the size of initial polyhedron; x~k) is the ith vertex 
1 

of polyhedron in En ; r = n-m is the number of degrees of freedom; and, 

x(k) is the centroid of the polyhedron. r+2 

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

age distance from each (k) x. , i=l, .. . ,r+l , to the centroid 
1 

the polyhedron in En The term, 

r+l 
E 
i=l 

(k) 11 
xr+2 

r+l n 
= [ E E 

i=l j =1 

(k) 
X r+2 of 

is always positive'. So 4>(k) is a strictly positive decreasing function 

(k) of xi , (i=l,2, ... ,r+2) as presented in equation B-8. 

After any change in x~k) , equation B-4 combined with B-6 is 
1 

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+l vertices 

of a flexible polyhedron in En. 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 (k) = [ (k) (k) ] i=l,2, ... ,n+l be the point (ver-x. xil , ... , X. , 
1 in 

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

stage. And define 

f(xfik)) = max [f(x~k)) f (x (k))] for which (k) = (k) , ... , x. xh 1 n 1 

f(x(k)) = min [f(x~k)) f(x(k))] for which (k) = (k) , ... , X. xi i 1 n 1 

Let x(k) 
n+2 be the centroid of all the vertices with i~h, the coordin-

ates of which are given by 
n+l 

x~~1 = (1/n) • [ ( ~=l <~)) -x~~) ] , for j=l,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, 

a(x(k) - x(k) ) 
n+2 h 

where a is the reflection coefficient of a positive value. 

(B-11) 
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b. Expansion of (x~~1 - x~~~) , if reflection has produced a 

new minimum (i.e., if f(x(k)) < f(x(k)) 
n+3 - R. 

x(k) = x(k) + y(x(k) - x(k) ) (B-1 2) 
n+4 n+2 n+3 n+2 

where y is the expansion coefficient of a value greater than unity. 

c. Contraction of ( (k) (k)) 
xh - xn+2 , if reflection results in 

all i=h , 

(B-13) 

where 8 is the contraction coefficient of a value between O and 1 

d. Reduction or overall contraction of 

traction failed to produce a better point than 

(k) x. 
1 

(k) 
xh 

on if con-

(B-14) 

The values of a=l , 8=0.5, and y=2 have been recommended for the 

W1constrained minimization problem. 

The search is terminated if 

where £ is an arbitrarily small value. 

5. Initiation of Search. 

(B-15) 

The (n+l) vertices of the initial polyhedron in En are found from 

where X 
0 

i=l, .. . ,n+l 

is the starting vector and the elements of D. 
1 

(B-18) 

are the ele-

ments of the ith row of a (n+l) • n matrix. The row of this mat r ix 

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

U V V V 

V U V V 

D = 
V V U V 

V V V U 

u = (t/n/2) ( ✓n+l + n-1) 

v = (t/nfi)( ✓n+l - 1) 

(B-17) 

(B-18) 

(B-19) 

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

according to the following equation: 

t = min { [ (0.2/n) 
n 
E 
i=l 

L. ] ' 1 
(B-20) 

where L. is the difference between the upper and lower bounds of the 
1 

independent variable x . . 
1 

If the upper and lower bounds of x 

known, any reasonable guess for t is acceptable . 

6. Termination of Search. 

are not 

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 

limit ~ (k) = O (B-21) 
X + X* 

For practical purposes, it is sufficient to carry on the search until 

~(k) becomes smaller than a selected small value E, and the following 

inequalities are satisfied: 

f(x) 2 f(x*±E) 

T(x) < E 

(B-22) 

(B-23) 
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Swrunary of the Flexible Tolerance Search Procedures: 

1. AsslDile x and find t described in item 5. 
0 

2. Check the SlDil of the squares of the values of the violated 

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

than the current ~(k) , minimize the sum by means of the un­

constrained minimization algorithm until a vector x is found. 

3. Compute ik) 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 ~(k) 

5. Check convergence criterion. 

If ~(k) < E, the search is terminated. 

If ~(k) > E, return to step 3 to start the (k+l)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<•l, I, 01, ~. -,, •· and ,i,(•) • 2 (m + 1)1. 

START Obtain x\•l, i •I, ... , r + I , 

De•ormine x<k) = ik) + a(ik) - x(kl) ._ __ _ 
• · r+3 r+2 r+2 h 

Minimize T(x~:1> so that T(xj'>) 

.; cl>(k) _ Let x~~1 = ,jsl_ 

Compute f(x~1 -> Yes 

._ ___________ Yes 

No 

Yes No Yes 

Oe1ermine x~> = x~1> 

f(x~kl) = f(x~1) 

No 

Minimize T(x~1> so that T(xl5lJ 

.; cl>(k) Let ,(k) = x<sJ Compu te f(x(k)) 
· r+S i r+S 

Yes 

llio 

Minimize T (x\~~) so 1ha1 T (xj'lJ 

< cl>(k) _ Let x:~1 = xjs)_ 

Compute f(x\~l> -

No 

Determine new values for f(x[k\ 

i = 1, ... , r+l 

Figure B-_1. Flow diagram of the flexible tolerance algorithm 
(Adopted from Himmelblau, 1972). 
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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 wel l : 

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 

4> f 
pf 

= --+ 
pfg 

z (C-1) 

p 

4> 
s 

= --+ z s psg 
(C-2) 
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Where ~ is the potential, P is the pressure, p is 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 

dattun. 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 . 

Fresh Water 
Region P. 

f 

----===-==-------1 I Original Position 
of lnterf ace 

I 

I 

h 

<l>f = <l>e 
=H 

e (or m) 

Interface During Steady 
State Pumping •· 

_.__ ....... _ ------ -==-=-=-=-==------
Salt Water Region p_ 

s 

Figure C- 1. Salt water coning below a fresh water well. 

E,r 
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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 , 6p 

is the difference between ps and 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 

Sine a~ pf qf PS qs 
= -= - . 

kf -
• k at 6p 6p s 

(C- 4) 

where q~, q; are the velocities tangent to the interface, kf, ks 

are horizontal permeability of the aquifer in the region of each fluid, 

and e 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 

pf 
Sin e = 6p (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 H, and taking the original 
e 

interface as a datum, the elevation of the interface at a distance r 

from the well center is 

(C- 6) 

where ~ is the potential along any vertical line at a distance greater 
e 

than the well influence radius r 
e 

of the salt water cone is 

At r=O , the elevation c , t he apex 
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pf . 
~ - - [t - tl ] ,r•O - Ap e f (at r=O) (C- 7) 

The classical Q\yben-Herzberg relation stated that 

(C- 8) 

Equation C-7 will be identical to equation C-8 provided that the 

potential of the interface pelow the well is equal to the potential in 

the well. Such conditions ~xist 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 ~ust be greater than the potential in the well 

since there is flow into th~ well from below. Therefore, the use of 

Qiyben-Herzberg relation es~entially neglects the vertical component of 

the flow and overestimates the height of salt water cone for the same 

drawdown. 

lobskat and Wyckoff (1915). Wang (1965) and Dagan and Bear (1968), 

et :al. had tried to solve the upconing problem based on the above theory 

with various approaches anq assumptions. Recently, McWhorter (1972) 

also tried to solve the salt water upconing problem based on the above 

theory and assuming that th~ vertical component of flow is small. Then 

the velocity qf 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 approxiaaated as follows without superscript i . 

The well discharge then is 

(C-10) 
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A= 21r(h - s) r 

r = radius from the center of the well 

h = height of drawdown surface above t he original interface 

at distance r from the center of t he well. 

Based on the Ghyben-Herzberg· relation and the assumpt ion t hat the vertical 

component of flow is small 

(C-11) 

By separatiort of variables, integration and the combination of equation 

C-10 and C-11 , 
r 

Qpf R.n(~) k 
I = : t.p )2 + 

2 1 { ( 
r } (C-12) -d 

1 xm2 tipkf (1 + tip) (1 + tip) 
Pf pf pf 

where d is the height of well bottom above the or igina l interface. 

The criterion to restrict the value of s so that the int erface wi ll 

remain stable can be stated as 

s < f (m-d) max - (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 equat i on C-13 

into equation C-12, the maximum allowable well dis charge can be estimat ed 

accordingly. 

B. Nonsteady State Upconing Beneath Wells . 

McWhorter (1972) derived the following approximate differential 

equation: 

(C-14) 
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1/1 ( 
m - ~)2 = t,.p 

1 +-
(C-15) 

pf 

s 
(l = p • 

f 
(6.pkf 1W) 

(C-16) 

s is the storage coefficient and "ijj is an estimated weighted average 

of 1/1 

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 1/1 makes equation 

C-14 linear. 

The boundary and initial conditions are: 

Limit 

The solution is 

00 

w(u) = f 
r2 

l/J(oo,t) = 1/1
00 

= {m/(1 + 6.p/pf)} 2 

1/l(r,O) =I/lo= {m/(1 + 6.p/pf)} 2 

-u 
~du 

u 

4at 

(C-17) 

(C-18) 

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 unifonn 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 Nl.Dllerical Models. 

Sahni (1972) used both physical and nl.Dllerical 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 assl.Dlled to be half the distance between well 

bottom and original interface. The results are shown on tables C. l, C.2 

and C.3. 
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Table C.1. Maximum allowable well capacity (cfs) for different fresh 
water thickness (horizontal permeability= 0.003 cfs/ft 2 , 

radius of influence= 0.5 mile, well radius= 1 foot). 

Fresh Water Depth of Wel 1 = 200 feet Depth of Well= 250 feet 
Thickness Density Difference (l~p) Density Difference ( llp) 

(ft) o.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 9.0 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/ft 2 , depth of well= 
200 feet , radius of influence = 2500 feet , well radius = 1 
foot.) 

Density Difference 
6p(gm/cm 3) 

0.01 

0.015 

0.02 

0.025 

Freshwater Thickness 
(ft) 

640 

550 

500 

455 

Table C.3. Minimum freshwater thickness for skimming well (horizontal 
permeability= 0.003 cfs/ft 2 , depth of well= 30 feet, radius 
of influence - 1500 feet, radius of well= 1 foot). 

Density Q=O. 5 cfs Q=0.25 cfs 
Difference Freshwater Thickness Freshwater Thickness 
6p(gm/cm 3) (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 conditions in the Punjab region of Pakistan. The 

results indicate that there 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/ft 2) . 

Pumping Freshwater Depth of Well Dens i t y Days to Reach 
Rate Thickness (ft) Difference Unstable Upconing 

(cfs) (ft) tip(gm/ cm 3) 

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 . 01 5 300 

250 0 . 010 15 

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 purnp 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 purnp 

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 from 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 pWJlped 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 i!1easure. 

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 0 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, plDilping of water from the saline zone to 

supplement the irrigation water requirement might be necessary. 

PlDilping 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 includi ng 

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 asslUiled 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. J 1 screen 

is well below the interface, the relative fresh water in the upper 



155 

thin layer discharged into the deep well can be small and the skim­

ming wells of depth 30 to SO 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. In 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-Herzber g 

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 followi ng 

formula: 

6h. 
pf 

~f (C-19) = . 
1 Ps-Pf 

where 

pf = density of fresh water 

PS = density of salt water 

~f = change of water table in fresh water area 

6h. 
1 

= 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. 

Asstuning 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: 

DGW
1

(k) - DGW2(k) < some limit within the range of 5 feet, 

DGW
2

(k) - DGW3(k) < some limit within the range of 5 feet, 

where DGW1(k) , DGW2 (k) 
' 

DGW3(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 ptunping and causes the rise of interface . During the 

wet season the water table in the nonsaline zone can be recovered 

through artificial recharge and thus suppress further lat er a l 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 

A. Recharge to the Nonsaline Zone. 

A.1. Watercourses. 

Total water delivered to heads of watercourses 

= P11 (k) + CW1(k) + CLHW •ARl(k) 

Seepage loss = CSWC • [P 1l (k) + CW1 (k) + CLHW • ARl (k)] 

Recharge= CRWC • (seepage loss) 

CSWC = seepage loss coefficient on watercourses, 

CRWC = recharge coefficient as fraction of CSWC, 

CLHW = delivery efficiency from the head of the main canal to 

heads of watercourses. 

A.2. Irrigation Field. 

Seepage loss= CSIF • (1-CSWC)•[P11 (k) + CW1(k)] 

Recharge= CRIF • (seepage loss) 

CSIF = seepage loss coefficient on irrigation field, 

CRIF = recharge coefficient as fraction of CSIF. 
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where 

where 
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A.3. Distributaries. 

Flow at distributary heads= [CW1(k)+CLHW•ARl(k)]/CLFD , 

Seepage loss = (CSDH/CLFD) • [CW
1 

(k) +ClHW• ARl (k)] 

Recharge= CRDH•(seepage loss) 

CLFD = delivery efficiency from the head of the main canal to 

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 
= E 

i=l 
[CW.(k)/CLHW] + ARl(k) 

1 

Seepage loss from the head of the main canal to heads of 

watercourses for overall area 

3 
= CSHW • [ E 

i=l 
CW.(k)/CLHW + ARl(k)] 

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) • [ARl (k) +E CW . (k) /CU-IW] 
i=l 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•ARl(k) 

CPAR = portion of artificial diversion which contributes to 

artificial recharge. 
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8. Recharge to the Intermediate Zone. 

8. i. Watercourses. 

Total water delivered to heads of watercourses 

= CW2(k) + P22 (k) + CLFD • P12 (k) 

Recharge= CRWC•CSWC•[CW2(k)+P22 (k)+CLFD•P12 (k)] 

8.2. Irrigation Field. 

B.3. Distributaries. 

Flow at distributary heads= CW2(k)/CLFD+P12 (k) 

Seepage loss= (CSDH/CLFD)•CWiCk)+CSDH•P12 (k) , 

Recharge= (CRDH•CSDH/CLFD)•CW2(k)+CRDH•CSDH•P12 (k) 

8.4. Canal Head Down . to Distributary Heads. 

Recharge= 1/8 (CRHW•CSHW-CRDH•CSDH•ClliW/CLFD) 
3 

•[ARl(k) + E CW.(k)/CLHW] 
. 1 1 1= 

C. Recharge to the Saline Zone. 

C.1. Watercourses . 

. Total water delivered to heads of watercourses 

= CW3(k)+CLFD•P13 (k)+CLFD•P23 (k)+P33 (k) 

Recharge= CRWC•CSWC•[CW3(k)+CLFD•P13Ck)+CLFD•P23Ck)+P33Ck)] 

C •. 2. Irrigation Field. 

Recharge= CRIF•CSIF•(l-CSWC)•[CW3(k)+CLFD•P13(k)+CLFD•P23 (k) 

+P33(k)] 

C.3. Distributaries. 

Flow at distributary heads= CW3(k)/CLFD+P13 (k)+P23 (k) , 

Seepage loss = (CSDH/CLFD) •CW3(k) +CSDH• [P 13 (k) +P23 (k)] 

Recharge • (CRDH•CSDH/CLFD) •C~3(k) +CRDH•CSDH • [F i.-/ k) +P 23 (k)] 
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C.4. Canal Head. to Distributary Heads. 

Recharge= 2/8 (CRHW•CSHW-CRDH•CSDH•CLHW/CLFD) 
3 

•[ARl(k)+ E CW . (k)/CLHW] 
. 1 1 . 1= 

DerivatiOh of the Power Cost. 

Due to different recharge and ptDilping rates during each operational 

period, the power cost of ptDilping will vary from time to time . A general 

formula for calculating power cost for any petioci k is as follows: 

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

RECH.(k) = REQ.(k)/(SC . •GA.) 
1 1 1 1 

where RECH. (k) = rise of water table from recharge in area i 
. 1 

during period k . 
SC. = storage coefficient of the aq1i1ifer in area i 

1 

GA. = gross area of the aquifer in area i 
1 

REQ . (k) = to.tal amount of recharge in area i during period k . 
l. 

2. Decline of water table due to ptDilping 

PDC.(k) = VP.(k)/(SC.•GA.) 
l. 1 1 1 

where PDC.(k) = decline of water table due to ptDilping in area i 
l. 

during period k 

VP.(k) = total amount of water pwnped in area i during per-
1 

iod k. 

3. There are other sources of recharge to the aquifer such as 

rainfall throughput. AsstDile rise of water table due to the recharge 

from these sources is ER.(k) . 
l. 

4. Total pumping iift in any period k is the sum of the initial 

depth to ground water table; the dynamic head including r1ischarge 

lift, initial drawdown and hydraulic loss; and, the acctDilulated 
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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 DI. be the initial depth to the ground water table and 
l. 

QW. be the average size of the well in area i, then the total 
l. 

pumping lift in period k can be expressed as follows: 
k 

H
1
.(k) = DI.+(6+l)•QW.+ L •[PDC.(k)-RECH.(k)-ER. (k)] 

l. l. k=l l. l l 

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 lift 

is equal to 

U = 1.025( ~:~!) = 0.184 (RS/AF/ft) 

where 1.025 is a conversion factor from RS/Kwh to RS/AF/ft . 

Pumping cost at any period k then is 

Ck= 0.184•VP.(k)•H.(k) 
l l. 

If k is the monthly period, total annual cost of tubewell 

pumping in area i is 

CP. = 
l. 

12 
E 0.184•VPi(k)•Hi(k) 
k=l 



r. 
C 
r 
C 
r 
C 
C 
r. 
r 

' C 
C 
r 
C 
C 
r. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
('. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM FLEXIPLEX 

90tJr.lU\t f"LF•r ,ra.Put.,1ur~11,.rapi;·ljafNPUf".TAPF't.:nUTJ-UT) A tn 
?O 

• • • • • • P A () <• " A M F l F K t P L ' IC • • • • • • II l(: , ... ,c. PPM.-!&• "int.VF TMF f;f",.; ... Afttf\ n..-F~•Ttf)tlfAL OJ,nMl~ .. F rt J.I I,.. ...... ., a 4:l 
J.,FtHM f"A .. at r.Ovtta,-•hf"fl A._,f· a HNO[.t T..,f {'n"f.Jt~TrVF tt<:F OF C.1t1JF,r1.· -'I c;,fl 

atwn C.Nl'MJNf\ -• Jf'U a ~ 11 
Fl f'll:(ALF fOt F"PAlifCf tilf:T•.,lr. ,, IIC'iHl TO ,q:-aPC"4 THF' npffMAI. ~c:;u.,.. t- 7,, 
Al TFPfUTfVf" C.(l Tt4AT fHF <IVfWALL CllC.T Of f""'"°'~T-'llt:T(t).,. at •f' 01>►- ..,"ll"H'! ·' ,: "' '1 
AHO WAfNT£N•~Cf co<J ~,L, qf' ~tMl~(7Fn t 

ll 10 0 

'fflTA Tl~S••··· 4 11 ,l 
AGAJ•lir.A?.Atit1at.Ansc. ARF.A (\f' ARF'A l• l ,,.o J IACPF~, ,. l? 'I 
AAl(UaPAff OF A~TtF(C:IAl IIFC• ... ~GF' Ofl fVF'AY TO T.,f -.()NSAt (":~ ft'-c,- A 11'1 
nuR("G PFA(flO I ({'FC.1 A ... " 

••ct•••i,<U=AELAT(Vf -•TEU LfVfl co .. c;rc>,tNT'i fffTWF.E-. APf:A l • ...," ~. A 1~ ·1 

A"-0 AR[,- 2 •"40 1 •Hftr,£Vf_P JO[..,, OPFW•Tt~AL OEC:l~IO~<Ci al-If:. Nn•uf'I• A 1 ... ,I 
•cu, ••t (tJ:11~t.LATIVf ••fft,f Lf.VEL C.ONSTR•t~TS IIETWE£ .... APFA I .... ,, ;,. 6 17,1 
&"40 .IRF• l ..... o 3 IIIHl:: ... EVEP OJQF:CT t:fl'IEW OJVEA<;toac IS FF.•St11LF A l•d 
ao1 ... oz.,oJ•COEFFtCJFf\'T!, TAl'C[NG INTO ACCOU'4T Ttff pnsc-;JAlt' ,~•(.a.lt:"1LC:.C' a I C.•\ 
OF COST OUE TO Ttif INCHf,-Sf Of FPICTl0t4 t4£•1) TWNl)UG"i Tt-ff Uf~t".ttA'-'f•'- ft ~i1 f1 

LINE A t 1 11 
8Fl(IJ=kA"if FLOIII TO ~fVEP OUPING Pf:PtOfl I FOP APfA l (CF'S) 6 ,..;,n 
CA1,CA2=COST Of CA'vA L Nt.,.Ol'l[Lt~r, UP TO IJJST"IRUTAkY .,.El() W'"'F""' ' ;,3,1 
Ti-t[ A[MOO[LINt, ~AT[O 1.ECiS fHAN ANO G'1fAffQ THAtrrt fiO t'f"QCF,-.T A ?40 
CO•COST OF FXfNA owar~A6f -oP~S PfW CF<;, FOR -~fl 1 A ~~o 
CST•CO~T Of St10WTA6f Pf'R AC-HE FEET a ?~tl 
CTl,CT2.cTJ=-COST OF rutU.WELL l~STAlLATtO~.I PEQ CF~ F'Ot( ... Fa I• ? l ,,., 
A._,O l A l"'O 
CTSK-=COST OF SKJ1ro•[Nt; i.E"LL (NSTALLATIO"t PEP CF<;, FQP atU-A l 6 ->9'1 
CCH1 .cc1-1?=COST Of' CANAL f,,[MOOEL ING FROfril O(STRIRUTIPY t-tfAP OP Ttl A M ~ 
CANAL Hf AO ~ 11 il 
CLfn•Of'l [Vf"'Y fFF(CIENC:Y FR-OM T•·tF" HfAtl OF T1<1f frilAJ,_. f;ANAl 001tl" • Tt1 4 l,'11 
Tt-1[ t-tEAfJ OF Tl1f OISTRJHUTAPY e ·n11 
CU·h•=-DF.l lVEWY FfFICIF"tCY FPOM THf t-tf.AO OF T.-iF. MAfN c.a,u.1 f\n ... "' Tr. ~ ·•4') 
THE t-tEan OF •a TF.RCOUtl'if ~ ~'-- ,, 
c~wc.CP\llf'"=SFEPAC:E L05<; COfFFICIF.NT fJN loll,f[~CnuP<;f- ANO Pf.Ct-tt. ... , · t A ·o -, 1 
COt:FflCJf.:NT IS FAACTION f'F SEF:PAGE LO<;<;, t , 1 11 

CS[F,CRJF:SffPAl1l LOS~ CClt"Ff[ClfNT ON IHW(GATI()~ fJf."ll) ANO ti J ► ' 1 

AECMARGf COfFflCU:t.i T a<; FRACTION t.)F 'iffPJGf. LO<;~ ft t Gli 
CSOt-1,Cf,fOt-1:SF£PA1lE LOS<. CO[Ff(CIENT fl•-I0M h1f.. t-1Eti 1) OF CA"fAt r"nH""' a 4:'I ') 
TJ-if HEAf1~ Ot- OJSTR['1UTAHT(C, ANO RfC" ... APt;[ C0€f,"fft:[F"-ll A°' ,..-.,urTfn ·, A 4l r, 
OF 5ff:P&f;F LOS~ 4 c. l'l 
C~Hw,Cf.1Hl,j:Sff: P.Alif. LO S'\ Ct'fF'f ICIENT fiJOo.t THf ~[.Afl Of Trtf MA("· <:• • · t1 1 a 4 1,. 
DOWN Tl') THE Ht:AllS OF •AT ►- wCOUt:ISE:S AMI iJf.C '1A""•Jt-: COf.:FF"JCJrr..:T 11'-. A -.c. ,1 

FPACTIOtt OF 'ilfDAHf t.OSS A 4 S 1 

CkllltJ,c•211,,c .... 3(l)=OfLJ'ltf'lY WATlS of 'jUl-f fAC.f WATF.t.i C:.IIPPLY AT , 4 ~ ,, 
IIATf'RCOIJQSE .-.fA()S FO~ AHf.o, l, 2 A~P 3 nuJJ{N('; PF''lton J ((' f <; ) A ... 7 , . 
CLl\.CL?t.CLJl=~ECt11til,,~£ C-1lf'Ff'ICIE~l It, ~ .... o .... r10~ (lf r."'JfrJ,C'-"i-'(11• A 4~ •· 
c-3111 ATTRIAUTF'O Ttl ~E(HjRGf. r;ou ..... FA l 6 4~,, 
CLl?,CL2?,CLJ 2=~FCHAQGf: C"'OffFICIF.NT A"- POHT(Ot◄ Ot- C.Pl(ll•C"'"<f>• 4 ," '! 
C~31lt ATTR(~UTfO T•l ~FCHA"6f FOP AUf~ 2 ~ , } ~ 
CLl1,Cl?1,Cl33=COf ff:fC J[t.;T A.5 P()t:ITJf}r,, M· Cwl(l),C"itrl?<fl,f:W3PJ. /\ "l?'l 
•TTPt8UTFO TO PfCHAI-ICif Fnw .6W[A 3 A ';l il 
CLA"1),f' lA4'.U .(U1,~3 =P .. O1AU(-it: COfFFIClf."NT AC:. .,,,nr rntJ Of 41-11(1) " ... 4 ,J 
ATf P l"- 1JffO TO Q{"(HA ... <i,f Ff\tf APf.:A. I• ~ ANO J A "-1 ~ 1 • 

CL P O: lPl2•C".LP13=Hf(.HltU;t,_ COfFff (Hf'•f .-.~ P()Qf(f)N ()f' P t :•ll•µ l ?(ll ti .,,_, , 

Pl J ,;, .,,~t--UTf"O ro t.lf'Cl•,j•t-16£ FO~ l,Uf"A •• .' ANll J' Q,::~Pf'C"'T(Vfl V " "l7 1) 
CLPl?,<:LP?J=tU:.CHAtlf.t:· COf:FFiClfNT &<. ~l)L,fru .... ()f P?.?, r, ,P?.li 11 . A ... t..l,. 
AffQ(t4UTf.0 Tl\ Qf'C"1A..,C1F F"t\M "wf-"A ~ 6 .._t• ·4 ")4 1 

CLP.ll=PJ:.("WAkGt:: COffJ;IC.(t. .. r ACj POkTIOf', n .. 11') ."llll afT .J T-iUlf'.,) T( ~'""'""""' .,(1 ·1 

CLP]l=.,fCH.aH(-if" COft="JC(f- ... f . ... PUPTICU-J flt P1J(ll ar, .,,~urt·· , T n " I " 
RFCWll..,(-f FO"" •'41:A ) ... ;., ,, 

C 
C 
C 
C 
C 
C 
,:: 
C 
C' 
( 

C 
C 
C' 
C 
('" 

('. 

C 
C 
C 
r 
C 
C 
C 
C 
C. 
C 
C 

C 
C 
( 

C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
('. 

C 
('" 

C 
C 
C 
( 

C 
C 
('. 

C 
( 

('. 

('. 

C 
C 
C 
C 
C 

C 
C 
C 

C. 
r. 
('. 

r: 
( 

oc,-..nc-,1.nc i.>,or.111:r-.t'i.Tltt-, CAP<lf. Jflf,', AT TNF ... FU• t)F h•J; .... -.. ("A..,t.l 
THr: t,,f ar,c;, f'f . .,,. H ..Jf,,1,µ c;,, ,. C: ,..., AWf A I• ? ,t1N :) J cr:,c:) 
ntPt.£)[~7=0► "-l f"~ .... C•~•CtTI ► .. : nf 1WP((~ITTO"'! TUME .. .-:.11 . , ... Ai.if• l Alllll ,> 
((:f ... , 

O(J.'l,OfSW-:Ot=~fH'I Ot,111['"•••,r TuRf"wH l Cl'IVACITY .... n ~KIM-.(NH -r, l 
C.t~&Ct rv ,~ Atd· • . I u:F~> 
0G'-llt).Ott~.?ff1•1)f'-.\of .Ht>-=f£PT.., 1() -•TfW TA'11t. FQ(l ... Toi~ c;uou~,) 
c;u~Fl(f- [ .. AUfl I• ;, 4'"'1J )f ►- TJ 

u,1 .nll.n(J:Jll,,Jfl•L r,t:Pft-' TO llf~H-.., TA"IU·. ("' .... r. l• ~ ANO :l ff"TI 
() ... , .owa.:>,o .. &.l=-... •xt"'llM Al lf'WIH•Lf- l)f"PTt-' TO WAT':_Q fAqt.• (FTJ 
n•,11.0 .. ,1.u .. !f.l=•l ... l"''J .. AII_0-'6 .. Lf •lfPTM TO ••'~Q TIRL~ (ff) 
fCCM.En<:w1.i;.oc•>•fllt:•H=£.t((;.fJNG CAPACITIES ar , .. F. HfA•") nF , ... € MAI~ 
CANAl a-..o THF t-4F.: AO~ IIF" ., Tf"WCOU ... Sf' s l N APF A 1 • ,, AM1l ] C Cf"'-) 
FOJDl•~OJP?:F:tJ <; Jf""I · IW-4l h&T{ON TU .. f'Wfl I . {"4C,TAI t.ATl'lN C•P.tCJT{fC: 
I~ lUFA l jt- .n l tCF ~ t 
EOtl-' :t.Fnt<i~=F•t~TJtJh IJU~P◄ A•lf TURfw .. ' LL ANIJ ~ ... ,.., .. , ... ~ .-f.LL 
•~sr•u•TIO"" CAPACilf .. ~ JN A~f.A 3 (Cf""i) 
FFAW:Pfi,,,f;,:: .. ,ahF Of' L,f.Cl-4'-~fif fnµ APTTf- t CIAL ~t-CHAPGF" O(VfRCjfO"' 
f .. f,l:C:UC.T 0 ... fNf-'C,1 PJ;-f ar:-,...F FOOT PE+-1 f"f"lOT of-· LJFT 
f.t-:l(J>.f.,;t(JJ .f14:1{t,=1':Al11'4AL MFCHA~M-: fkOM .... ,vr:JJ AHi} ~AIN►· au 

Ot,JiJHCi PFolJ f'II) J fO.., Akt-A l• 7' ANO 3 (FT) 
'4S:t.:UM,._.f P fH· "-IJ"4Pf "T flO'i, 
HY*NU•o:.1,: Q Of YF o\WS 
Oa=cnsT OF ,.µf(FICJAI J.1f(~aMGf OIVl~StON Pl+-1 er;~ 
VS%f".0ST n~ r•~•L OPfUtT(PN PFA CF~ 
Pf.Pl .Pf..,?=PH•tCf.P,.fAC,f Of Ti-4f AMOUNT OF PUMPING J"t Tl-tf: flfOp.iSAL fll,if 
jNQ f~lt,Pwf nt aTF" lO~F~ T~AT "'ffO TO Pf fXPOHTfO 
Ptl.Pll,Pll•P[~=FA(Tt1µ(~µFlTfR THAh l> accou~, FOk Tl-1[ ~[F~ TO 
l.,.CIJfAS.f ft,, f CAPACITY OF Tllttf.WfLL OUE TO POS'--l"Lf F"TLUPf' Of 
SiOMf Of" TMf Tu..-Ellllfll,; [II( 4'1lA 1. 2 AHi) J A.Nit ~l(, ... Mt~G ll'F.Ll . ... 
At-If.A .t 
Pll(l).l-'12(J)tj,,lJfJ)=WArt- f)f' PUMP( ... l; .... •~EA l TO qF Ofl TVfUffl Tf\ 
AWf· a •• l •NO 3 no.,, .. c: ~fl-l(OO t ((fCj) 
P?2(1J.P1 .)(J):IJ .\Tf OF Putr,opp-,c; IN AkfA 2 TO kf OEtlVl:~fn T'l "'-'f4 ;> 
lh<O :l nuPJM. Pf' UIOO t (CFS.) 
PUJ ff J = ... ATE "" PUMP{l\ltt ►· n~ ORI INAC,f ,~ awt.A ~ nuu1 ... ,; PFWIOn l(f:F<- l 
w,TF" O,._. t:;l((.,.MIN'1 WFLI . PV"""(Nf7 FOR .&~FA J OU-'I,..,._ PfPfOO I ff ► C: J 

Pµo1.Pwo?.,P..,O):PWOPO..,Ttnt.. OF THE lfP,fC,J .... f)f THf MAI~ <"'U•••L .... r, 
~~A~ChFC.. TN A~FA J, ? ANn ~ 

Pt,r.rl):,V&ILAHI F PIVf-~ f"I OW AT THE Mf.:AO OF THf:. ""'("t ('.AtlfAI. ntU,-t lMf: 
Pft:atOO t ,c,.·o:.J 
t,f,l(lli-'•"trotfJL\=.,(Jltm r:tA T10 or; G"OlJNO .. ,Tfk 4NO "-U~J;ACF: tofATFW '"' ,..,,:, 
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lOJ, ~OLIJt201 
cn~~ON Ill ~ ,.~c -~, c . ~T~P,Al. fA,~fTA. G6~A,JN,TN~.FnTFF~,~~Ql,~I-~ ? . 

I K3 , K4 ,tc~ ,Kf. ,K7 ,KH, K"I , X •XI• •l,"1, $1JM,F • '"' •ROLO • c;Ci&.l F .~nLf, , 5 [ 7i: 
cn"~nN /?/ l.FFA~tl5,L~•L7,L~ •LQ,µI A,~?6,RJ6 
CO~wON /PQ~/ fnCWl,f~C ~2,fOCWJ,fDC~•tf iTµl , EOIP1,E0lP3, FO l~ ~ ,,)("~,rr 

1w1,nc~?,OC~3, 0 TP1,01Pl, OJPJ,t>[Sk•Cl~~ 
co~~ON /OPP/ ~Y.~S,rLFO,rLll•tl21,~t J l.rL12,CL?2,CL1?,CL11, CL? ~-rL 

ll3,CLARl,CLA~l•CL•P3, CLPll,CLPll,~L~l J •Cl.P?2,CLP23,CLP 3l •TA1,TJ~,T 
2AJ,ntl,~t2,0tl,1)MJl,~~12,0~[J,OS ,OA,~t,~ .csT,_Ol,.02,Al)].CO~,P~P , a~ 
3(12),lq()2),W~l(12J,-~2(121,W~l(l?).~Fl(l2),FR1Cl2),F~2<12)•f~jfl~ 
4)•RIN(7~),PF~Ofl2),tOfNJ,~frr,l(l2,Q~l•1•~~MTl,SSHT2,S~HT3•JC(J')•A~fl 
<;ZJ, IF Al 

COM~ON ,roS/ C&l,CA2,CCHl,CCH?,Pll•Pll,~l3,PIK,CTl•CT2,CTJ,rO,C ~~1 
1,c,~~•RAJ.~Al,~AJ,qA4,PEPl,PEQ?,owc~1.,,~cw2,0MIPl,O~IP?,~R~1.~PM~, 
Zhl<,ZO,TOTAI. 
.COMIIIO~ /AV/ n1;w1 (7~) .o~w2 ( 1C,) ,or, .. :J ( 751 ,cwt ( 7~) ,CW2(7!=i) ,CW.3 (•~>,A ll } 

lC75),Pll(7~l,Pl2C7Sl,DlJC7Sl,P2ii"C7Sl,~?3C75l,P33C75l•P34C7Sl,CC7~l 
Z,5HRTIC75),SHRT2C75l,SHHT~C75l 

OIMfNSION TJTLFCIOl 

RE AD INPUT OA TA 

READ C5,1R8l TITLF 
~EAO (5,lRlJ ~X,~C,NlC,SIZF,CON~EP 
AlFA=l. 
RETA=0.5 
GAfrr,IA::2. 
ST£Pz5f7F 
If AL=O 
RE.tn 15'h N'r,'4S 
REAO •~o. A(iAl,AGA2,ftiiAJ,Cl•C2,C3•t~- sr ,~ 
RfAO 1~2, O~Al•OMA2•0~AJ,Ow{t,O~l2•0MIJ•Dll,OI2,0l3 
REAO l~o. CAl,CC~t,r.•?,cr.~z.c~.cr1,cr2.cTJ 
PfAO l~n. C~WC,CAwc.c~tF.CPIF,cso~.cunH,CS~w.c~~w 
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ft 1,.,, r. 
A J -1 1 •1 

l""r' 'l 
l ~'.l·1 

A } 1-14 ') 

I ~c. 11 

} l'j ,-. q 

6 1 ~7 1: 
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103 wRM1:~-WW J 
104 C.fJNTINlJf 
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P~}CO?=~~IX?°Cl~ll 
k~JX03=~~JXl•r(Fll 

ltll-HTF Jt.tPUT OATA 

PP[t.i!T Jt,,4, NY,,..C. 
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IA=l 
PJ.,fNT lt-fll• TA, (""Pl (.11 • J= l , t,,,5) 
IA=Tl•I 
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[A:JA•l 
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CALCUL6TF WFC~AR~f C~tFFICTfNTS 

CLH•=l.n-cSMW 
CLF0=1.0-C5(_1H 
f.lf 11 •CJlaC•C<.w<: 
Wfl2sC~IF•C~TF•<l.fi-C~wc , 
Hfll=CCSOM/C.LFO)•CPON 
Rfl4=(CSMW/ClHW)*CR~•- Uf J ] 

RtCHIHGF cnFFF Fn~ C•1-c~2. c~ 1,A~l-~ll )N ~O~S ALl~E lON~ 

CLll=~Fll•~Fl2•Qf.13•PQOl•PFl4 
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CL3l=CL21 
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PFCMARfif COFF ~ Fn~ C•l•C~? •C •3• A~ l , Pl3 •~l3 

CL 1 ~=P l-l(11 • WF 14 
CL2 ) =Cll3 
CLJJ:Rf l l•Wf. l?•~I: l J •Plo} 1)JoRFl4 
CL AQl= P~01 • <~~~ ~• C~M W-µ F J]O CLH~) 
CLP13=rtFo 0 wr11•cLF n °Pfl ?•csn~•cPn~ 
Cl.P?3=Ct PlJ 
ClPJ]="F I I • ~fl 2 
CON=(3h~ . 0°?4 .l)0 ~0 . 0° ~1l . P/ 4 J ~"'0. fl l /~S 
TAl= CO~/(A~Al*~Cll 
TA 2=CON/ C6~ ~? 0 S(2 ) 
TAJ=CON/(A ~ A3 ~SC ~l 
PQ{ ► 1 T J,-.A, TAJ ,TA ? ,Ti,. ~ 

w1.a.q =O. O 
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? lO O 
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A ?1R. ~ 
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?~Ja 
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?4 ~ 0 
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,4~ (i 
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6 ~ .... 3,; 
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IF (~~R? - WM~?) 10~ •1 11~ •1 1)7 
1n1 ,dtM?,:<;wR? 
I nA CONTT,.Uf 

P~l~T l~Q, ~µ~l,w~~~-~w~~ 
'pt-.An l 7fJ. Of.l(""l •llM(lli ?•il""J Pl ,n-..p..17 

109 ~FAO 176, oc:~1.ncwl,O!Pl,i)IP~ 
•lll=llCWI 
X(2l=D<:•;> 
X13l=0!"1 
•1•1=0IP? 
IF I • I I l • Fil. 0. l GO T'l I ',k 

or.~:(OCWl•Orw?.ncw3)/CL H~ 
PPJNT 171, (l((JJ, .J=l,•~XI 
lilfµJTF. (Fi,19C.) TTTLF 
WRITF lf.,}P~} ~l,N(. ~ rr,~r,F.~ONV~O 
I( t z,-, x+ l 
1<2:zNX•?. 
K1:a.,IX•1 
k:4•NX ♦ 4 
1<c;a.._,X•"i-
t<,-:zNf'•NTC: 
K7=~C•l 
KAaN(•NJ(: 
K'Q•Kfhl 

N:aNX-NC 
~l•~•l 
IF (NI .is.- 0 31 r,o TO I J O 
N)z~ 
Nz2 

11~ N2zN+2 
~3=N•3 
~4=N+4 
N~:N+5 
Nt.,zflH6 
N7zN•7 
N~=N•JJ 
XN:.., 
XNX:NX 
X•'l=Nl 
RlA = 0 .5•(SQ~T(~.l -l.l 
R2hRIA•PlA 
R)A:R2A•PlA 
LC.:NX•S 
Lfl=NX•h 
L7:zNX+7 
LA=NX+ft 
L9=NX,q 
ICO~T=l 
NCONT=I 
WRITF f"' •lA ~> 
WPITF (t.,11!'4) ( Xf..1),J= l•"•X) 
FnJFFR=?,•C,.•C:•I>•~TFP 
FnLn=Fn I FFR 
1'-=NI 
CALL 5U~ P 
SP( Nll=S QR Tl5f0Ll 
WRJTF: (f..}Q?} FOTFFP,~P(t,I} 
IF (<; P (~J t}.1 . T .F f'l tF fP) <; !) r n 111 
C: .\ lf Wo.J JT F X 
w µ 1 <,_ d AF-} 
I N> 
ST ~P =O . ~~•Fl l l~FQ 
C.ALI FFti '- RL 
l,IO(ff (f.dq1) 
wµJTF (t-,ih .. , t'i?.(J ,-• F , . 1) , , J= l• t•: X) 
~ ~ JTF (~,}Q4) S~(JNF) 

IF (FOL n .L l .1 .n, GO Tn }C:.7 
111 '-! IJ JTF (~,1~7) 

/1, ,'-.,I- I 

A ;;,h 7 11 

A ?AJ.1 0 

I\ Jlf\ '~11 

"?7() 0 
?.7111 
?7? 11 

I\ ? 1:41, 
A -;> /4 0 

6 77C.I) 
A ;>H. 11 
I\ ;> 1111 
/J ;>H•'l 

A ;,> 7 '4 'J 

ll 7-.n,1 
-;,, ... 1,, 
?M,'f• 

.,,~) "I 

;;,~4 ·1 
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A ;,~,-.'l 

.:> ~ 1 ·, 
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A ;,-19 0 
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A ?. 'll 0 
,. ?(lt7'. (1 

;,i:.~ v 
,;>~4(j 

A ;>~r:, ·1 

?'-'1-. r, 
7 .. '7 () 

A ?'-'~ ' ' 
A 7..:,'-'II 
6 11'}()(1 

10 I ~ 
::-n.:>11 

A lO lll 
A ) (14 q 

A 10r:.. r, 
6 H}~tl 

,. 107 fJ 

/I ~ l} -c 1J 

·~nQ,, 
11 n r; 

ill t1 
, 1} ? ; I 

'- ~ l ·• ·, 
6 11 .. 11 
ft 1, .... .. 
4 11 ,._ ,, 

117 ,; 
11 i-tP 

A 11 !.j I 
A 1:,r,n 
4 1,)) ' I 

A 1;> ;;, t, 

t, 1 ;;> _l', 
~ 1;J4 :1 

6 1 ;>(;. ,1 

4 1 ;, ,-. ,-; 

ft ·~ ,-' 1 r. 
'\ '1 ,)~ : , 

,. i ;JC... 

ti 1 rn, · 
ft 1 i I " 
,. 1 ~ ;.> •, 
A, . , -~ 4 

r 

.i.:)JJF (t'u)H7) f ('.011.1 T.F" 11TF~•> 

rr.t I "-PTTFX 
FTFQ=k (., 4) 

r. Ct"J~PUTF CF.NTI-Jnyn nF" tlil l V'-:~1 TJrF ... ,,r l t-.. ff(AL POI 'f'MFlht ()N 
<: 

~TfPl=~TFP•(~DPT(J~· x.,.,.x ►•x-1., ,c r ~ 1 ,0~1)Qf(2.)) 

STfP?=~TFP•f~QUT(r~,•l.l-l.}/fX~•x o ~ 1) ~Tf?,)) 
FT A: ( S ,~p 1 • c x,.,.x- J • l -o c; rr P? l / c XI'• r: • 1 • 1 

nn 112 J =l , 11.1v 
'((J):l((,J)-J.' TA 

11? CONTTNllF, 
CALI. c;Tt,,PT 

f'\'1 113 f: l • ,\1 1 

nn l lJ .J=l • ► + • 
X? ( T •JI :xt f I , ,.I) 

I I J Cl'N fT"IJf 
nn 11ir, T=l • ""l 

TN=[ 
no 11• ,J=l•N• 

114 X(J)=X?(T,.I) 

r6LL ~u,..u 
C'i~ {I) =S(J~T I ~~flt. I 
TF ( 5, ~(t) . LT,FOfFFL,lj ~n To 11i:. 
C 6ll . F~ .A ~PL 
TF' (FOLn. 1.r .1.n , (:') ff' 1"7 

11~ f.ALI PROi-it F M ()1 
FI I) :P (,C9) 

J)t, C!l,.T!Nfl► 

117 ~TfP=O.n~oFnT~F~ 

tCO~T=TrOt..iT+l 
r 
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A 'tlftil 
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Iii f 1'=1. 
FIF"T A=O. i:.. 
(,AM4=?. 
)lt,O(:NX 

J<: O"-'T=O 
lC:HF"K=O 
l(HF"K=II 

JOI CALL qaPT 
nn 103 r=l•Kl 

no JO? J=l.NX 
]0? X(J):X](t, , !) 

f"JZT 
<:/ill SIJ~P 

10'3 COP-JTTNIIF 
r 
(". SFlFCT lA.RfiFc;.T VAllJF nF ~U"'41f> IN ~I~P!F-Y 
r. 

)04 SIJMH=SUMIJ) 
tt-,OfX=l 
on 10; J=2•1CI 

IF (~UMlt).LF".c;UMt-4) GO TO 105 
c;ut,o,.:c;uM, r, 
TN0fl(:J 

1 O", CON TT NIJ• 
r. 
r SFLFCT ,.,.TNIMll"'4 V.&.Ll/F" r)F <;IJ"-( J) IN c;p.1p1r:x 
r. 

~t.lJli!L =SUM f 1 > 
•llUi-T=l 
no 106 T=2•"l 

TF (SIIML.I f.SUMITl l GO TO !OS 
SUML=~UM f J l 
KQUNT::J 

}Of., CCNTfNIIF 
r. 
<: FtNn CF.t-.rTROTO OF POINTS •ITH I lJIFFf0F~1T Tt-tAN J NOf:< 
r. 

on IOJi J=1,~n, 
<;UM?:O. 
nn 107 I=l,Kl 

107 SlJM2=~U~?+Xl(l,Jl 
'11'1 (l<?•J>=J ./XNX•(c;11M?-X'l lll\lnFX, ,I ) l 

C 
C FJNl"J Rf Ft f:(:TJON or: HJ!;H POINT THP QtJr, t, C:F"-1T~O IO 

C 
Xl (K3•J>=?..*Xl (K?. ,J )•Y} { f~lr)ft , Jl 

!OP: X!Jl=Xlft<J, ,J J 
IN~I(] 
(4LL 5lJMh1 
IF" (c;U"'4(K31.l.T.<;IJ,..LI <;O T0 11? 

r 
C: 5fLl='iT SF COMO LAA(;Fc.;T \I.Al UF lN 5JMPLF X 
C 

IF (INnr:x.fn.11 r,o TO I O'­
SlJM5=SU~ { l) 
GO TO 110 

1 OQ su,..c;=SIJM ! ? l 
11 0 DO I I I T = I • < I 

i r: ( ( I NOF .x - J) • f (} . n} Gf• r () l l l 
r ► (c;.IJM(TJ. LF" .5UMS) r;o TO 111 
<;UMS=SU~ffl 

~ ,-1 .. ,, 

(l ?Qfl 

A ifl (I 

q, , 
i ?:i 
, 1 :1 

~ 14 ;, 

i~l • 

1,,1 1f,fl 
f-1 i7 f'J 

,..i n 

i4 11 
µ 40 0 

k i+lll 

Cl 4?0 

1,,1 41 H 
t--1 44/J 
A 4i;; f1 
._. 4-..0 

q 47!J 

~ 4M t ) 

J:, 4UIJ 

~ '°'f\0 
~ ;1n 

Ci?t, 

i:- -=, ,1.1 
q :; 4 n 
~ ~~,, 

.:;f,,fJ 

A 0:,7 ,) 

P ~r.tO 
~ 'i<.)(J 
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Q "'l fl 
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p "'l. '.) 
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p ~C.t1 
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A rnr, 
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~ un o 
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~ -1 .1'. 1) 

-( 7 [1 

l l l CONTINlJF" -.i ~M (1 

IF c~ UM t1<l) .c;T . su,..s1 r-.o T0 1 14 u MQ11 

An TO 1;;,,~ ~ ~ri!, 
r -11 ,, 
C F OR ~ EX:PANS JO\I n F ~1 ~"" ""It- JMIP~ TF 1-,1i:i,:u.-r TTOf\.J 1-jf\ ', ! 'J. :FH!r.:•i' q:-..:•: ·.tJ~.'1"' µ ~ ?o 
r. u 4 ·:i.11 

11? 00 11 3 , J: 1 • f\ i X .:)4 1, 

11 (1.-4 • ,J) = 1t I (I<?• . I I + ? . 0 f 1 l { I( l. ,JI - 'I- 1 ( .C: i-' • J J ) 
)11 X{J1=Xl(k4• ._l) 

J~•::1::1(4 
cau .. s11"'R 
IF (c;,UM(K4) .LT.c;.11u1 I ,;f'\ Tn 1;,1-i 
Gn TO 1?~ 

11• IF <"U,..lll'J).r.f.c:;u-..,.11 1;n rn 11,-. 
on 1 1c; ,1:1.~1r 

11c; 1() (P10FX, ,J):.:1 ll<l• , 11 
11~ n" 111 .J=l•~•x 

Xl (1<4t , ll=O.'-OX) ( Jl\ll)F1. I) .u.c;•x} (P<'?, , 1) 
117 XCJJ=Xl(.,.4+ ,JI 

I~•-.:k4 

C':!LI . <illt"~ 
IF" (<:UMH.r;'T.~IIJ~{t<4)) (;( 1 TO l;>t.. 

r 
C: RF.:OI.IC: f SJMPI F"Y 9Y i,.t,.l F If- ~FFI F(Tf/'h,1 ._.6P PF.Nc; TO PROflllCF /A l ""-'AFQ V 
C IJF THAN T~f ~AYJMlJ~ 
r 

DO 11 A J=l •NJf 

on ll~ T=l•l<l 
ltA Xl (f•J):(l.',•(.:J <f•J)+'(! 11en11~1T, Jl l 

no 1;;,o r=t."l 
l)O 1I~ J=l ,~IY 

1 lQ )I' {J):X) ( T , ,JI 
TN=T 
CALL SlJ~JJ 

J;>n C0NTINIJF 
l?l 5l•Mt=SU""' ( 11 

KOUNT=l 
on t?2 J=2••n 

TF (~llML.l r.c::11-.ifJ) ) r:,r, T n I?? 
~ IJMt_:c;.u..-r t 1 
1<0UNT=T 

Jn CONTTNIJF 
SP I TNF l =SQPT ( CIJo.A I t<(Hl~•T I I 
nn 17.J ,J=l• "-1Jf 

1?1 X (Jl :Xl O<OU"-iTt ,ll 
C.n TO 130 

I?• nn t2''i , J=l• ►!X 
1?.'i XJ fT~l)CX.J):lt} (K'4. , II 

~IJM ( fNflF X) = ~ IIM (W:4) 
CiO rn 1?1 

1?~ nn 127 J=l•"-IY 
x l ( H •OE)( • , ll :l( l 11'1 , .. . J) 

1?7 X( ,JJ:.Xl (TNOF' X•,ll 
~II~ { JNOFX) : c.; i,,-.. ( 1<'4) 
5U( TNF):C:: Q~ T( StJM(~ 41 1 
<;r Tn L~n 

l?A On J?9 , l=I •"-1'il 

Y) ( J ► • OEX • . J):){} (l( "l. ,J ) 

}?Q X(Jl=Xl(TNf\F"X, , 1) 
Sl1M ( {N OF X) :<: I JM (IC'l) 

SR { J "I F l =SOPT f c;1 1u ( t<] I I 
lln rr:0~1T=JrnNT+l 

00 l '31 . l = l , .. IX 
111 X? (J /\1F. , 1J .:.X f , 1) 

TF ,1cn~,T. LT. r.o-ll' } ) ,~n l () l4 '-! 
rr o"ir=n 
no 11? ,!=I • "'I ll 

11? X(,l)=Xllt<~• . ll 
Tt-•= <? 
CA LL S,J,..p 
n tFF ~=o . 
nr 133 r=l•kl 

11 .l t>TFFr..>=ntF"P~-, ~ul• fTJ- S1J'.Af ., ?l )**? 
l)T fl='R: 1. I (Y 70X~•l( ) •~ n PT ( LIT FF I-J l 
JI=' ,nJFq .. . Ar.J. flF -1 4 ) r.n Tl) } 41, 
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~ ~lo.ti 

R Q71l 

R qRO 
A ~Q O 
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~ 1n1n 
Q l il;? O 
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~ 1 040 
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~ lO"iO 
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.:I 1 :lUO 

" 11110 
R l l 1 0 
"" 1 t? n 
P 111 0 
a 114 0 
R l )'-1'1 

" 11~ 0 
A 11 7 tl 
~ 11 k l) 

A 110 11 
s:. 1~ 00 
., l ?l c, 
a 12? 0 
A li:'ln 
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P l?.~ 0 
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P l -;,7 1, .... 
a I ?Qr, °' q 1 ? ..:rn -....J 

" I ,0 ,1 
k } 1 I fl 

R l:l? cJ 
R 113 0 
Q 114 •) 
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A 1 ·-11\ n 
q 1 11 r1 
i.J l ,~ ,, 
i; 1 j0 ,'1 

" l 4 '1 l 

A l 4} '. } 

" 1 i+? •. I 

" } 4 l r"I 
A l 1♦ 4 !) 

A l 4'-tl 

Q \41- ') 

A } 47 fJ 
Q l1♦ 1'h 1 

~ l ~c.: ,"": 

" 1snn 
M }-:..J D 
µ l '-;:,! i 
M } r... l n 
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C TF f:'"LEXJPLF c;;p,1PLF)( MFTHt•O FA[tF.O Tn <- 11TT<iF'f' TM► CO"'!C.TI-JA(NTc;; wJT._.y 
C THF · TOLF~aNr.F (~[TF~ION Fo~ THF CUP~F~T c:;J &~F. THF c:; FaP~H I~ 
C PFRTUR~Fn FµO~ T~f onc;;JJTO~ ~MFUF T~f 1 VECTOU le:; ~TlJCK ANO T~f~J 
r fFAC.RL IS PFPEATF.O n~CF ~n~[ FPOM T~~ f,~ ~J~N[N~. 
r. 

(' 

, ....... 1 
'ilfUs?.0.•FOJFER 
C•LL su,-p 
~P(!NFlz5QPT("FOLl 
Or. 134 .J•l, tH 

114 X}(Kl•JJ•'l(,J) 
on 143 J=t ,,.,x 

F&CTl'P:J. 
W(J)zJ}(~l,J)•FAr.T~~•C.TfP 
X](L<l,JlzW(JI 
tNsLq 
r:lll ~UN'1 
X(JJ•Xlf~l,JJ-fACTOR•STfP 
rt fL"•Jl=r ( ,JI 
TN•L<; 
r.•Lt. SUMP 

135 IF (~UN(L<>l.Lf.Sll"(<lll GO TO 13'­
!F (SllN(l51.LT.Sll•41Klll GO TO IH 
r,n TO 13~ 

llb Wl(L~•J>•Xl(~l,J> 
c;UMflc;Jzc:;lJM(t('}) 

rl(~l•Jl=Xl<L9,JI 
"UM(~ I) •SIJM fl <II 
~ACT~PzFACT~R•l. 
X(J):X}(Kl•J>•FACTO~•~T~P 
tN=LQ 
t:ALL ~UtlN 
t;O Tfl 13'°t 

117 Xl (LCl.J) =X l ('<'l •J) 
C.U"'(LQJz<;IJMIKl) 
Xl P(l ,J)z'll fL5,JJ 

. c:;UM(Kl Jsc:;u,,4 fl~) 
FACTOQ•FAC:TnQ+J. 
X(J)=Xl(~l,J)-FAI.TOR•STEP 
TN•L<; 
r.•LL 5U"~ 
r.o rr, 13~ 

C ONE OIMfNSJ n NAL ~£-PCM AV AOLOF~ 5~CT tn ~ AL.ONG FAC~ r.no~OlN~Tf 
C 

111-1 HfJ)='Cl (I Q1J) - :q fLC. , .J) 
lC l (L"• J > ': X1 (L5,J)+~CJ)•c::n a 
X(J):Xl 11 . S.., J) 

TN•L" 
C"ALL ~lJ P,lQ 

X l (L 7 • JI ~= :t 1 Cl c;, JI +M ( .J) •W? A 
X CJ)= X l ( I_ 7, JI 
IN=L7 
C:ALL ~U"4P 
JF (<:IIM(lf..l,t;T.Sllt-!fl7)) (if) Tfl 14 0 
X l ( Lfl. J) = )( l ( L c;. J) ♦ ( I • - v:u I OM ( J l 
1tl (l~,J) --: )'J fl7• , ll 
X (JI =.XI (I A , , I) 
, N=L~ 

1, 6Ll c;uMR 
,~ (C"i UM(lFl).nT.SIP•"(l _f))) r,n rn 114 
Vl ILC.•Jl=~l (l.hfJI 
"Ul"(l~l=SlJM(L.f,) 
~n ro J4 ? 

139 rl(L9•Jl=Xl<L••JI 
t:;lllt4 ( t q I =Sll"I I l Ft) 

~O Tf't 14? 

J 1 '-1,i 

H \l.4 t) 

R l'">"'l 'l 
A 11,,~n 
,, 1 ... 7 11 
'"' J,.,,.q 

:1 '"' ~') 
'"- I 10 n 
"171'1 
~ 11 ;..io 
q 17 "i lJ 
R l 74 •l 
R 17""1) 
a 17"'- G 
;.I } 77 '1 

A l 7P O 
M l T<,1 1 

~ l": 011 
A l._.l !I 
A ltt? fl 
A }'3](j 

M l..\4{) 
P \k"iO 
~ lRl.o ll 
A 1~70 
Q \1,<A ') 

A }ClQO 

A t .:Jno 
R l ·Hli 
.\ l ➔ ?'l 

~ 1<,n11 
q 1'1"-11 
R 1 ~'-, Q 

R }~,;n 
R lt.J70 
R ,~~ (I 
Q } QQ<1 
R zaoo 
~ ?'lltJ 
~ ?O?O 
r-! ?010 
~ 204 11 
~ ?n~n 
~ ::>Oh n 

~ 7 0 7~ 
D ?OMn 
~ ?04~ 
~ ? 1 011 
Lf ::>)J ll 
P 7t 7o 
k 71 10 
M 714•1 
~ ?\L.. O 
~ ?l~ fl 
~ ? 17 1} 
~ ~ 1~ r1 
Q 7 1 0 1) 
~ ? ~ r,1 
.., ::> ? I II 
~ ::> ?? n 
L.. :.i ;:, 1n 
k ? ~ 4 n 
~ ?? '-. 11 
~ ~? ~ I} 

t-f ?? 7 ,1 
Q ;::,;:,~ ,, 

Q ?~Q 1J 
~ ?in~ 

r 
r 
r 

140 Ylfl. '-' • .Jl= ... 111"'• •1) 
YI (lM • . J)="l ti c;. , I) •"'1&01-1(.tl 
X(J)=>IHI a, . tl ~ 
TN!:I ~ 
t:.6ll c;IJM~ 
c:.Tf"P=~tlF 
C:.11,..(l QJ =c.;,11,..ft.ll\) 
TF" ( C:.lJ f,,t(I 71.~T .c;1u,4(l~I I r,n TO l"-1 
t.l Cl..._• ,J>=:te l fl . M•JJ 
C:::IIM(I C..) =c:;llM(l_ ftl 
t:;0 TO 14? 

141 X) (LQ• J >=Xl fl 7•JJ 
~IJM(I Q)=Cl!Mfl 1) 

t•? TF URSCJll(l_QeJI -.O (l_'- • ·J)).IH.O.OJ•~flTFF~I Ii,() TO I~"' 
Xl (Kl • .J) z-X) fl 7,JI 
XfJ):ic'tJ(L7 • .JI 
c;tJM (Kl) :icc;U•UL") 
c;P(l~FJzc;QQT(c;U~(~ll) 
[F (<iP(INF) ., T.F O JFF~) r,o Tn l&.4 

)41 Ct\NTINllF-" 
Jf'Hftc=IC~FK+) 
~ T~PzFn TF ff.I 

144 

14~ 
14~ 

147 

J•• 
I 4<1 

J<;O 

J<;J 

IF (ICt<fK.LF.?l fiO Tn IOI 
FnL'l•l.Of-1? 
WQITF t"'•l6o\) 
w~tT~ .(II\, Jfd I 
IIIIPJTF (1-,J,-;;>) (l(Jl•J=l,t •XI 
"-?[TF (f.•lf- "il F'"nJFFP,c.;,?{T NF"l 
r,o rn 1c..1 
nn 145 Jz- 1•"'• 

... 2 C t fl.IF • JI = w 1 (Kl • , JI 
X (JJ:l(J (K) , ,I) 
IF (C.H(JNF).l'H.FrlJFF"J f';f) TO 11"14 

~OOTFI~ n LAl"i,C.,6N~f r~TF~P(IL ~TtON FOP Tt~MT tNFPIJ.LITJFc; 

JF (51>(! NFl.r.T.n.1 r.o TO l~Y 
CALI. PRORLFa- LH 
FfNT:R( kO) 
no 1•1 ,1::1 .~.ii 

X(Jl=Jt?(tNF, , 11 
CALL. PPO~Lf~ (?l 
on J4Jt ,1 =K7•1<" 
Pl (Jl=QCJI 
nn \4Q •. l=l• NX 
XfJ)=Xl (KOU1'•T•.Jl 
CALI . P~OJ.(LfM (::>) 
nn 1so J=K7 •k~ 
R1(J):Q(.I) 
nn 1 c;1 ,J=l , ► - x 

H ( J} :X l (ltOUNT • . J) -X::> ( Tt 'F • . J) 
X (JI =Jt?.( JNf • . J) • O.c; o1-1 ( . I) 
t":11,U _ PQOA.Lf•: f,,1 (?I 
FL(i(ll= n . 
FLG<?):n. 

Fl<; ( ll =" • 
00 J c:;2 , l=K:7•KA 
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P6TTO=RFTl\)/(.:..•At ~6 I l 
nn 1 i; 1 ,1= l • "1.., 

~ ;> H o 
R ?•?II 
q ;,330 
A :>14 0 
q 7 ~c..r, 
A ? i"'I 
A ? 17 0 
Fl ::>O•<'I 
M °? i ' JII 

M ?40t\ 

~ 74\ P 
q l4 i-"l 
A. ?4 1u 
A 74411 
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I AT l<;F lf O IS/, IAEl6 . ~l 1 
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1 ( l?, • A~ r 1 2 J • 1,1~ 1 c 1? ) • .,, ~i? r J 2 > , w~ 3 1 1 c > , wf 1 1 1 t! 1 • Fl-l I f 1 2 1 • f ..,~ < l? > • r ~Jr I ;;, 
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SUBROUTINE PROBLEM (INQ) 

~IJR~OUT JNF i.>P OPl n• ( ft'JQ ) 
r, 
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C THI S SU~POUTT~F CAL~IJLATf THE (N•II VF~TJCE~ OF THF NEW POLYHEOPON 
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C'l~~nN /1/ ~X,NC ,Ntr. ,STf P ,JLFA,RfTA, GAMA,IN,JNF,FOJFE~,SEQL•Kl,~?• 
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r: ?20 
F ?30 
F- ?4n 
F An 
r: ;.'!f,f) 

F ?70 
F ?MO 

,_. 
-...J 
0 



(' 

C 
(' 

C 
C 

C 
C 
C 

C 
C 
C 

C 

SUBROUTINE OYP 

"tJAPOUT J~•f nvi-> (; 
r, 

T ... {c; SlJA~OllTJNf. nnp; THE f"J.,[JJ.ATJON.AI ~ TIJr)'t' .. -()q OPTJMjL ALLOf"ATJnN r, 
OF WATFi- FJ.IOM SIU~FA<:f ""'" At)UJFf. P Tn THPFF ntFFER[f'I.IT APOUNl)i-ATFQ c:; 
5AI.TNITY APF"Ac;; H 

r, 
cn~unN /PRN/ FOCWl,Fncw2.~0Cw].fOC~,ff)lVl,FOIP2,FOJP],Fnts~.oc~.nr A 

1w1,nrw?,ocw~,OIPl,OIP?,OfPJ,otsK,CL~~ ~ 

CCMMON /OPP/ NY,MS,('( FO,<Lll,C:L2l•Cl 3),f:L.l?,r.L2?,CLJ2.CLl3,rL23,CI r.; 
13J,CLARJ,CLAQ?,CLAA3,Cl.~ll,CLP12,CLµll,CLP 2?,CLP23,CLPJJ,TAl,TA?,T ~ 

lAl,ntl,OJ~,nr1,n~11,n~,2.nM[i,r,c;,nA,FN~,r~ r.AOl,_02,AOJ,CON,P~Q,A! fi 

.l(l2) ,AFl(l2l ,wP} fl?.> tlillQ?.(12) ,WR.3{12) ,r-.!FJ ()?1,FPl (12) ,FR2Cl2) •FQ](l~ r., 
4) ,Rt N ( 7",) ,PFRO ( 1?), JOf."IT ,~H~l X? ,.RMI )I 1 ,C.<:,•·tT l, S<;HTZ ,Sc;..,.T .l, AC ( 17 > • f.F ( l f; 
~2).fFIL r, 

COMMON /COS/ c,,.c-?.CCHl,CCHl.Pt),Pt2•PJ1.PtK,CTl.CT2.cT1,rn.cA11 A 
t,rT~~,PAl,~A2•RA3•RA4,Pf~l•PFR2•0~C~l•O~Cw?.OMfPl•0MTP2•W~~l•~RM~• r, 
?T~R.70,TOTAL ~ 

COMt10N /AY/ or;w} (7",) ,OC,'#?(7',) .nr,w1c1~1.<:i.,} 175l .CW2C75) ,CW3(7S) ,A~l r, 
l (75) ,Pl l ( 75> .Pl? (7':,) •Pl3(7c;) .P?? (751 .P?3 ( 7':>) .p33 ( 751 •P34(75) ,I": (7C..l ', 
?.,~HQTlt7~l•~MPT2(75l ,~HPT3(75J ~ 

COMMON /SPt/ A(20,30),R(?O),Z(30l•XP(l01.~0,NM.N~l,N~2.N~3.N~4.rn~ r, 
lT,IPHf.~f•IOP ~ 

PRINT 11~. ncw1,ocw?.n1~1,ntP?. ~ 

F.-frH:O.?~ C. 

IPENT=O r, 
IOP:n r, 

STAWT L00PS OF YFAR 

TnTaL:O. 
OGW! (l):OII 
omo1,I1 >:1'12 
OG • l I l I :f'! 3 
00 lfi7 JY=} ,,,n 

r; 
G 
G· 

" " r, 
r, 
G 

10 
?O 
:iO 
40 
'Sol 

nn 
7u 
so 
C..f) 

i nn 
11 n 
I ?n 
l lO 
140 
}C,(J 

lnO 
17 0 
)'~O 

JQO 
7.00 
210 
2? Q 
nn 
,? 40 
;><;o 
2f>O 
?70 
?RO 
;,~o 
]00 
310 
l?O 
no 
l4 0 

,; ''=-O 
STA~T LOOPS OF SUHPfR(OO OU~ING A V~A~ 

no H,,., J=l ,1r,,1s 

c; ]hO 
c; 170 
r. lQO 

<":. CONVE~T Yf:AP, c; 1u~PfRJOn rn 4 ~FQUE l"-•CE nr C.TAGFS 
11.on 

c; 4 no 
<~ 41 n 
~ 4~ 0 

r, 410 
Ii 440 
r, 41:,() 

r, 4C () 

r, 470 
r, 4~ 0 
r, 4Qf) 

G 50(• 
<; t; 10 

C 

r 
C 
r: 
C 
r: 
C 
C 
C 
r: 
r. 

N:-..5o ( JY-1) +J 
SSHTl:O.O 
SSHT2:0.0 
SSHTJ:0 • 0 
nn 101 11:1.20 

AIJl):0 0 0 
00 101 Jl=l,10 

A(tl,Jl)=O,O 
l 01 cn~T fJ\lllf. 

nn 10? I1=1tJn 
ZITll:O.O 

102 xo,111:0.0 
Pl~(NJ:r)J c;K 

c ~ r ~ K FfA S l~lLITY OF ~T~FCT R[VF"P flIVFµ ~ JON 
r ~ er RIVFR n1vEQSinN I~ T~f OPTJ~LL n~CISJON wHEN CANAL CAPACITY 
AN.) c;URF.ACF INF!_OW C:41\1 !'14f[T THE DF:Mar-.,nc; /lit; LON'i A'i 1,~ouNn WATF" Q 
TAALF CONST 0 ATNT<; NOT Vl0LATEn. ON(F" 6 W()UNO WATEP TftRLf co~~T RAJ ~ T 
Af.l f VlOLATFfl ,JOIN T n1::c1ic;10N ON H()W '41JCH WATER FRn~ F"ACI-I so 11 .:,cf T(• 

fACH A~EA NFFO TO ~F" OfCJ Of O ANO tN THJ'i CASF PlJ~Pt~G ~ ILL AL ~AV ~ 
Bf NECFSSAµY. A~O ~ I NCF (;4QU~n ~ATE~ TA~L[ 15 MUCH MnRf NEAD TH~ 
SUIJF"ACf NOW THAT IT CAN i-fOll('f: THF PU~1i:>Jt-.1G Cfl ~ T 

G t;?O 

G ~30 
r; ';40 

r. <;<s o 
-, ,,_ n 

r. '") 71 • 
r. .., i-, n 
r. "i 40 
r, AO (} 
r, n l O 
,; ~? O 
(; ,:,, 30 
r. "",4 0 

r 
C 
r. 
C 

(' 

r 
(' 

r 
C 
C 
C 
C 
(' 

r: 
C 
r 

r: 

In l 

nF-1 =.,;, '"' I~) -nc ... 
IF (OF"}) 101.101,10~ 
OP()=~~ J J\I (Ml 
f;f'I Tr, l r,c;.. 

Jn4 nµn=f)r~ 
DF" ?:r,r~- ( wR} 1.J) + "'"'? (JI +WQ ·-1 ( , J) -flt <;tc) ICLHW 
T F- I OF-? t l 47,147 • l 11 7 

l O'i r1F" ,1=~ p-, ("' l - f loll.fl C , J) +WQ i CJ) .+WP) ( . II -OISK) /CLHW 
JF. (rn- ·u \Oh,)D,.,,)n7 

10~ r1Pfl=~r~c~,, 
r-.(l TO )47 

l r'J7 <WO= f i,-.1-Jl (J) +1,1w7 f,J) •"''-'3 C. J)-OJc;K) /rl.HW 
Pl l IN) :n, 

lOR 

10<> 

1 I 0 
Ill 

11? 

111 

P]?(Nl=ll, 
Pl1( '" ):0. 
P??(N)=O• 
P?11N):O. 
P34!N):O. 
c;1-<PTl P l}=ll, 
c;..,.P12P•l):O, 
<;,t,-,PT3 (t-.'l :0 • 

c..-fr:_1< n(.\11,? ANO ... ~?( ,J}-PU ... PJNr, J'-i MFCf-''-ic;ARY IF nr.w2 JS LFC)c; , ........ 
-1-1? f , J) 

JF" (f)CWi'-oWQ?( . I)) 10~,10'-l,lf)Q 
r,w?(f,i) =•lCW? 
P??(Nl=-P'(JJ-nr~ ? 
r.n TO 1 JO 
r~•?(Nl=WP?( ,J) 
µ??(NJ:0,0 
IF (0".•}-WQ] LI) l 111, 112• l 12 
c..-t (N) :l)f"."'l 
P] l (Nl=•Pt l ,J)-nr'lll 
r;n rn 11 :t 
r"' l ftv) :i,11:q 1. 1) 

Pl l INJ:O.O 
r""1 ("1 l .;W~:l (,I) -f) TSK 

Ct-<F.~~ l'lfPTH rn WATFU TAHLf~ 

nct=nr~ ... , ,...,,_ ,,., 1 J 0 rw1 lt.Jl •CL?I 0 rw 2 1NI •CL3t•rw3 (NJ-RF"l <.JI - 1rL P 
11 -1 , O l op 11 I"' l l -> T 4 l -F R 1 CJ l - rw J l 
nr?=O~W21N) - ((l_l? •r~ }(M)+Cll?•CW ? (N)+CL32•CW3(N)-(CLPl2-l.O) 
O~??(N))OTA?-FP?(JJ-nMJ? 
Of:l=0~~11"'}-frL1] 0 fw}fNl•CL?1•CW?(Nl+CL33•CW](Nl)*TA3-fP](JI 
-nMtl+11.n-r.Lµ11, 0 r•tSK~TA3 
r F I or 1 , l 4 7. 14 1. 114 

(I\LCLILAlF AUTJFICTA I. QFCHAPGF ntvF~~1n~ 
IF ~~Tr~ Ln~r, J Nr, Cfl~ST~ AT~T VJOLATf~ • . IOINT OECI~IO~I IS NfCFSc;Aov 
IF 1,.iaTn-·1 oc;r,JN(, r.nNc;.T '-' AI~•T NOT vrn, I\TFr1, APTIFtr.JAL R(Ct-tAR(;F' ,...uc;T 
HF TH f I FI\C:,T OF Tl·H: Tl--i"'ll-t ~El.OW 
COMPARF AVAIi A .... 1.F: FxT q a nt'-iCHftR(,f: l.APA(JTY AT HF.'.AO OF" <::.6NAL, 
AVAJ LA41 F J.tJµA 5UPFAr.F •ATFW ANO c:;TnL{At, f SPACF Jf\l TH~ AQUTF'l:P 
f~TUA (l\ ~ 4l_ {.dPACfT Y FOM APTJFICIAL C~fHA~GE 

114 11/1° 1=1 r1 r.w 1-cw1 I N ) I/CL'"'" 

C F~T~A P fVF~ F1_n~ F O~ ft ~TTF'ICIAL PFC~A~f:~ 
<: 

t 1/\1--1?= ►> tr,: ( "-1) - ( f'lotl L (N) +CW? I Nl +l.w 1 I N )) /CLHW 
r 
r F:)T~A l\ (JIJfF! ..... <...,>,\(~ Fn w A~TJFJCTAI .JFf~ARGF: 
r 

IJt t..>l=llr }/{TAl flo r, 1-iW)/( l .+ CLAI-Jl /(LMI#) 
r r ,11"1.-11, 1 r 1. 1,, 1 .11 c; 

llS nt•l=IJ,\Q j-llA!-J ? 

r, t,.',u 
r, bM 
r, n70 
r. ~-0 

" ""0 
~ .,00 
r. 710 

" 1,0 
r. 13n 
r. 7411 
r. 7~0 
r. uo 

·11n 

r. 7Hf) 

r, 7011 

r. •no 
r, •10 

~?O 
r. •Jn 

M41l 

r, 4~ 0 
(; Hl'-11 

r. "7" 
,; •M 
r. ... Qfl 

" QOO 
r. "10 
r, ~? n 

r. 431) 
r, Q40 
r. Q~O 
r. 4h tJ 
r, 471 I-' 
r. -li.11) --.J 
r. 4qf) I-' 
c:. J ,mo 
r. IO 10 
r, l l'l?O 
r. l fl JO 
1; l 040 
n 1 nc;o 
r, l ()AO 
r. I 070 
r, 1,i A.O 

r. l 1lQQ 

f. 11 flO 
r. I 11 n 
t> 11 ?O 
r. 11 io 
C. l 14 f) 
r; 11 so 
,; 11 ~r, 
r; 11 711 
r, l lP il 
r.,. 11 Qn 
r.; 1;:,n o 
n 12 1 11 
C. l<? O 
,; 123 1) 
G 1740 
r. 1?~1 
C, l2h (} 
n 1?711 
r, 121-':IJ 
r. \2QO 
c; 1100 
r, I 3 I 0 
r.. 1 ~? c, 



r. 
r: 
r; 
r 

1 lh 

117 

l lk 

11~ 

17.0 

Pl 

P? 

1?3 
\?4 

125 

126 

1?7 
\?II 

1n 

110 
D I 

1.1? 

I 
7. 

TF (('\II}) l lM• 11 "• I 11, 
nll?.=UAP?.- IJAU3 
IF 1011?) IH,117,1?0 
APl(N):lJAQ2 
r.n TO 122 
nu]:UAAl-lJA..,3 
IF (!\113> ll~,llq,1;,n 
AJ11 (N) :lJA'-'l 
r,n TO 12?. 
A~l (NJ :slJAL>J 

r,n TO IZ? 
AP] (Nl•O.O 

IF n1~FCT ~!VER OIVFR~J O~ FE65JqLF, NO ( HF!'.~ ON WATfR QUALITY NFFn 
t';~fC~ n~ RfLATl~E WAT~• LEVEL CON~TWA! NT SFTWEFN AREA I ANO 2 

OT1=0Cl•O~tl-CLARl•AQ}(~) 0 TA1 
OT?=OC~•0~12-C.LARl•APl(~J•TA? 
nT12snT1-0T2 
If (DTJ2) 125,125,123 
IF CAP] (f\l)-U.IR2'l 124,12~'124 
Pn (NI s<AC·(J) • (Ot;•l (t,j) -ICU I •C w\ 11...i •CL3l•CW3 ('J)-l<Fl (JI> •Hl­
FP11Jl) -(Ot;W2 <N>- <rLl 2•Cw\ ( Nl •CL 1? •C •3<N))•T•2-ER2(J)l•ICL?? 
*Tl2-f':L2l*TA!l••P21Jll/(ll, 0-CLP??l•TA2•CL22•TA2-CL2l•Tll) 
JF IP?21N>,LT.o.o, r,n TO 12~ 
,;n TO 139 
!lTA!2=1!lT2-0Tll-ACIJl 
IF (!lTAl2l 127,176 ,126 
P?2(Nl=O.n 
r.n TO 139 
JF (APl (N)-UAU2) 124,121•5'1 2 4 
N0=5 ,..,,...~ 
N~1=2 
~,._2=1 
..., ... 3.3 
N"44:0 
IPHASF=O 
A(l,lJ•l , n 
A(2,l>=l,O 
A(2,3J•l.O/CL..,W 
A(~,4):-1.0 
A(J,~l:1:l.O 
a, (4,?.I =t .n 
A(4,JJ:t. n 
A cc;,, l I =CLAl-'1 
A15,3>=CL2I 
A(C.,4)=1, 0 /T~l 
A(f.,ll=C L AH C 
A(~, 2 l=C LP22-l. O 
A(~,31=CL?2 
I\ <li,5) =l . O/ T.i\ ? 
l) flf:l: U ,i\0 l- lJ AP3 
IF 1n n R) 12q,17q , \~ O 
A ( })= l/ AP} 

r.o TO IJI 
A(ll= ttA~.3 
A(?J= '-' l N( I\J ) - (<:W I ( "i l • i . \11'3 i .' J J J ,rl ~ lii/ 
AIJl=~C( ,Jl 
~ (4)=-.i ~? { J } 

A(l:5):0 t"; W} (N) / T6l-( f:L l l 4tC --,l ,' 1) • t.1 _"'3l*C W3 (N>-RF1 CJ) )-f.Rl ( ,J)/T4l 
R(~J=nfi ~2C ~ ) / TA?- (Cll 2•C~ l ,N l • tLl? ~C~l{NJI-ER2{JI/TA2 
? fl I =OA 
ZC? l =f~~ o- t or,w?. c~ l •? M. u l 
l13l=O~ 
C~LL SJ~P LF. X 
TF ClPHA5~-ll l:ll-l dJ? d 1 A 
P?;> ( N ) =~~? 1,J) 

,-; 1 i 3 0 
,; \ ]40 

r. 1 l~O 
,; l H--.O 
,-; l 170 
r, I 1A0 
r. I l"ll 
r, l•no 
r. 14M 
r, 14?0 
,; 1410 
r, 1440 
A 14~0 
r, 14~0 
6 1470 
,; 14~0 
(; 14.qo 
r, 1 i;no 
fl 1510 
G 1~20 
r. 1~30 
G 1540 
G 1550 
r. 1~60 
r, 1570 
,; 15HO 
G 1590 
G 1~00 
G 1610 
r. 1620 
G 1630 
,; 1640 
6 1650 
G 1660 
6 1670 
r. 1680 
6 1690 
G 1700 
G 1710 
G 1720 
G 1730 
c; 1740 
A 1750 
,; l 7E<iO 
G I 77 0 
G 1780 
r, 11qo 
r, 180 f) 
r, BI O 
r,. l A? O 
r, 11-1 30 
r, 1~ 40 
r, l l'\SO 
R l >lt-.0 
r, 1 1-\7 0 
,; l A:-HI 
r. \Aq O 
r. I 9 0 0 
(; } Q10 
Ci l ~ ?O 
r. 19 )0 
r, 1940 
r, l ~~0 
Ci l ~fi O 
R l ~7 0 
6 lqk O 
Ci 199 0 
~ ? ()O (J 

('. 

C 
~ 

r 
C 
C 

r 
r 
C 
r 

ni 

\l4 
D~ 

Dh 

D7 

11~ 

)1q 

140 
I 

I 
141 

\42 

14] 

144 

l4~ 
I•~ 

14 7 

I 

(.\ti? (Ml =0 • ' ' 
lt6P?.=~ft.1( '•JJ-CC'-l (Nl •\.llf2(NI •C\llll "i(NI 1 /CLHlif 
n~P.:IJAPJ-IIAl-':i • 
Tf. (O~~I 1 :n,133•1J4 
IIARP=IIA"fl 
r.n TO 11~ 
IJaPP:1161,,> 3 
nuP:11,bP?-LIJIRP 
IF (0111>) 13h,i3~•117 
.6P\ (NI =U.6~2-
r,n TO 140 
A~]{N):.UAUP 

r,n TO t•o 
6P) (._,l=XPI\) 
P??(N):JU.,17.) 

fi.i? (NI :.Cl-' (31 
nT) :XP ('t-) 

OT2=XP I~) 
r,0 T(l 141 
r ► 2(Nl=~R~(J)-P??( ~ I 

OTl=~r.WIIN)-ICLll•r~!(Nl•CL2l•CW?(~)•CL31 ■CW3(N)-8Fl(Jl•AQJ( 
NI •CLAW} I •TAl-FMl (.IJ 

nri:nr, w2 ,,.n - (('[ 12-wr-.i 1 t NI •CL?2• Cw? t N) •CL32•C1113 (JJ I •CLAiPl•,UJl t 1\1 
l•fCL~?7-l,Ol•P~2(~ ·11•T4~-~U7.( J I 
nT3=0~~3(NJ-CCLI3•(wl(Nl•Cl?~•CW?(NJ+CL33•C•3<N)•fCLP33-l.Ol 
•OTSK+f':LAg)o-APl (Ml l•TA)-F'-13( , J) 

(Mfr< PfLATTVE ••Tf~ LfVFL CON~TPAI NT RfTWEEN ARfA~? &Nn] 

OT?3= 0 T2-nn 
TF' tOT~3) 142.142,141:, 
OTA23•10T]-OT?l-AF.I J ) 
fF (0TR?1) l44•l•:J•l•3 

CALC ULATF f"WAt~ar,f PllMPJt.1r, i-l ATF 

P34{N).::0.II 
POQAl=~PfCM*ffLll•C~l(Nl•CL 7. 1° CW?INl+CLJ3•C~1(Nl+(CLPJ3-l.OI 
• n TSK•CLA~3•A~ll~l•~Rl(JI/TA31 
P34(N)=~ORAI 
~n TO 14~ 
P141Nl=IA~(Jl-lOT]-OT?l ) /TA3 
r;n TO l4f. 
P 1 4 (N): (OT2 J +AF ( , Jl) / TAJ 
OT~ =OT3•P14( ~ 1•Ti\ 3 
C f l\l }:(O" •<CWl (I\J l • C W~[ N) • CWJ("-i) I ,na•MU { NJ • J:::NR• ( (DGW2( 1\1 ) •OT2) 
~n ~~•2A. Ol*P2? {~ 1•F ~RA(( OG Wl( ~t ) +n T))•0 . 5+42 ~0J•P34(N))*CON 
,::.!, Tfl 16 4 

~ ► • F ~ • JOJ~IT OFf.'. J~I ON r ~ ~FCF S~A~Y , J ~P1JT COEFFICIENT S FOR PfRFQ~M 
T~E ~ UP ~ n uTt NF ~I~P LFX 

~-•{} ::: 1 'j 
\1 1,,.;: \ f. 

~ • ,y 1 = l n 
tJ ... ? .:-::fl 

i\l '~~= ( , 

i..iv :~ :: o 

r,1PP = N""'• l 
f,./()M:::: N (} , r,1.,. \ 
r~ ( !FAL . F·U. 11 f r)µ= l 
I PH A, SF = O 
A ( l, l ) = l . n 
~ ( 1 > .=. nr. wJ 
,, t? , 21...! J. n 
A f ? , ~) • CLFO 
A ( ? ) :;:: r)(.'.W? 

~ < 1 , .'3 ) = 1. () 

11 2010 
A 2020 
i; ?030 
ti ?.040 
r, 2oc;o 
r. ?OM 
r, 2070 
r, ?OAO 
G ?OQO 
r. 21no 
G 2110 
G ?120 
r. ?I 10 
{; 21•0 
r, ?I ~u 
r, ?1"'0 
r, 2170 
6 ?IRO 
,:; 71qo 
r. ?lOO 
r, ?~JO 
r. ?7?0 
G U30 
r. ?.?.40 
r, ??~O 
A 7.;)fiO 
G U70 
11 j);>AO 
t; 22Q 0 
c; ?.300 
r, 2 .HO 
r, ?J?n 
r. 2.330 
6 734 () 
r, 73c;n 
r, 23~0 
6 ?HO 
G 2380 
c; 7.JQO 
c; 2400 
G 2410 
6 2420 
r, 2430 
c; ?440 
G ?41:5 0 
G ?460 
r, ?.470 
ti ?4"40 
G ?490 
G 2~ 00 
r, 2 '? 1 0 
,; ?.c;co 
r, ?~ 30 
r, 254 0 
t:; ;;u-; c.u 
c; 2 c:;,;f) 
,; 2'i 7 0 
t:; ;:u; Q() 

~ 2c; G!l 

r, ? f-\ 00 
11 ? 'i l o 
,; ?1-, ? 0 

r, ?"- 3 0 
r, ?l,4 0 
G ? i,50 
r, ?. ,, f, O 
t:; 7h1 0 
~ ?f-iJ,d 1 

.... 
--.J 
N 



A ( 1.,-) =Ct ~ IJ f.; :;>'-t~O Afli; e.M)= -1. n r. ]370 
Af3•kl=CI FO t; ?ff)O A(l',,14):l,O/IA'> <l l]HO 
~f_'1):l)C:lll,'.l r. 771 0 r.n TO 1 '-i,_ A 3JQ0 
a (4 .1 J =t .n ~ ?1 ?'i l<i5 R(l<;): - M( l<;) G 3400 
6(4.21=1.0 r, 71 :rn t.'1~•1J=-r.LI ? ~ 1• 1 0 
Af4•31=1.0 A ?71tO Af)',,?)=-f'.I? ?. G 1420 
f'l~A=OCt-f-~{N(tJ) r, ?7~n A ( 1 ~ • 3 l = -iL ]? " J• )0 
IF ( ORq) l4R,14~•l•~ ~ ?7~r: Ac)';,~)=-1'": LD } ? ~ .i440 

14A ft ( 4 l sOCH•<: Lt••w r.; 7770 Af} ',,J J=l. Q- <:1_P?? r- 1•,;o 
c,n TO l'>O ~ 77,,._r, A(}',, A): l.O R 34-.0 

14<1 A(4):QJN("J)*C'.LHW A ?7Q O A(}c;,14):-t.n/TA? A ~4 7 0 
l'\O Af5•4l = t.n r, ?~On 1<;~ ~, 1~)=(n~~](N) - n~J]-F~3 ( ,l))/T ft~+ (l .n-cLPl3)•n1 ~K A :l4i40 

a <~•c:;l =l . ,'I r. ?Fil •1 I• ff·lfl"-lJ 15~ • 1c,1. l 'i 1 A J4QO 
4 f'- •" ) = l. o r, ~--1?0 1"7 a f 1 fi, l > =Cl l :l '1 3500 
1,,;i(C"i):OJPl r. 2~30 A(l f,,?)=CI ?.:l r. 1510 
A. (~,71 =1.fl r, ?. '14 ('\ a< 1 ~•31 =CL:lJ r, l5?0 
A (f.,A} =l . O ~ ? l4C"i0 A{l6,,-J=f'.LPl3 r. JS JO 
A ,~r~nJP? r- ;;, ~t-0 Af}f,.Al=ClP2 .1 r, 1c;•o 
A (7,4) :PF.Ql r.; 2~ 7 0 A(] "-•t..1):: -} .0 r, l~t;n 
A(7,lil=-l.O ~ 2qpo t,,(16 , l~l=l.O/TA1 r. J<;bO 
A (7,'-1 =-1 .0 r, 2~g 1) r,ri T() l~Q r. ]570 
A(A,1)=Pf~2 r, ?-=Inn ]<;~ A· ( 16) =-H ( 16) r. J~ ~o 
A( R,Pl=-1.0 r:. ?.41 r, A fl"• 1 l =-CL l ~ r. Jsqo 
~fQ,lll=l.O r, ?~i? O Aflf-•?l=-r.L?:i r, 360 0 
.e,('.J,141=-l. O r, ?. ":no A f 11, , 31 = - CLJ3 A 3h10 
P(Q):AA(Jl <-- ?~40 Afl~, f-l=-C Ll'l "l r:; Jn20 
!• <10'14)::.J. n r. ?'f"'-0 A f l~•>'I = -C":Ul?.1 r; 3630 
A(lO•l'' l=-1. 0 r; 2'-if.0 A (lF,, , cq:} eO t":. 1641'1 
n I I n, =AR ( ,J ) r. ?Q 70 A ( )I,. 151 =-1. 0 IT /Ii ::I r, v;c;n 
., 111,ll=J. n r, ?9~0 l"Q l""l!"l l "'iO T=l•:l r, 16b 0 
-l It 1 • 4 I: 1 • 0 r, ;,qqo ~ ,, o 7 CJ) :fl t; e. 3670 
>tll,IOl=I. O 1.; '.\000 \.O"ll =F'-l~•c ri c;w J ("-i l+? ~ . 01 r. 3"-~ 0 
Q( Jl)= -.HdCJI r, 30 lo 7 l '•) =r.ONl t":. l1'Q 1l ~ 

'112,i'l•l.O r, ]0 20 lti;;:l= ~nt•CONl G 1700 --.J 
Atl?.,C.J::CLFO r. 31130 7th)= AO?•l.O.._.l r. 3710 vi 
A(12,71-=l.O A 304(') CON2=fNP• ( Of.W?( M) +?q . O) r; 3 7 20 
Al 12,1 I I •I.O ,:; .1oso 7 ( 7) ::('.ON2 r, ]730 
;1 ;l2i=WR2(J) r:. 10"- 0 7 t n > =anJ•cn,.17 r, ~74 0 
6 c I 3 • ::11 =l. 0 6 3070 ](Q):f~Q0(0f.WJ( ~ )+4 ? .0) ,, J 7~0 
A(lJ, Fd =CLF O r.:, 30k0 7110l=CST r,; 37"10 
A(l3, ~l=CLFl1 l, JOQO 711Jl=CST ('; :l770 
A I 13, l;;,, I =l. 0 r. 3 I oo l I 1 2 > =CST r, :HAO 
A(ll): WR 3( , l) - Pj1( N! r. .11 Io CALL 'i T,..PU:"X r. 37QO 
A(}4-):(nf.1,q ("1) - r."'1{ ! - ► IH (J} )/ TA} ♦ >-IF-l ( .JJ r, 31 20 H (JPHA~F°-1) 1 ,1,170 ,1 ,1 .-; 3~00 
IF (P ( 14 l I lS? . 15 1 ~ 15 1 r. 3130 r G 31"' l fi 

I SI A(l4,l l=CL11 r. 114 f) r ~OU.JTI('JM TH~OlJGH , H1fNT PF<:T ~ro r-1 Ay c; z-..µ1.EX l.4ETM00 r, 3>PO 
Afl4,?l=fl2 1 r, 31 c;o r r, 1~] 0 
Afl4• 1l =<: I 31 r, .1 l h(') I• I c tNl =rn <.ro-co,-, r, 3q40 
A{ J4. 4)=CLPll ·· l • .-1 r. 3170 ii. 1 ( t.l) =XP f 11 C, 3~', I} 
A(l4, c;) ,: -l.O r.; 3lk 0 f'l',l ?('-1):XP{?l G Jiilf- 0 
A ( 1 '► • I•) ..: -1 • 0 M 3 1~0 i•1( N ):lCP(1) r, 3M70 
d.(14 , lJl= I. O/Ttl r, J ?. f)() :> 1 ] (f'1) :i Pf4) r, JJ:\.A {I 
r,n rn l ~:l r. 3?1 n PI;) ( f\, ) :'tP (')) c; 11-14 0 

I ~ ? I~!!') ) = - '"-i ( 1 4) r, 1??0 ::, 1 3 C"'· I =:t"P c,-,) r, Jqon 
!, i l _.) , 1 1 =-r:L 11 r, 1 2 ~n P ?/(Nl:Xµ(7) r. 341 0 
-' ! '>, "?l=-iL?l r; 3 ? 4 0 P::>] ( /IJ I ::CP pq r, ~4?0 
•1 t ::, ,~l-=-lL.1 1 r, 1,>c;11 P 14(N):)'.P (4) ,:; 1Q3 o 
\ 1 '•~ 4 ) =1 . 0 - f'l "-' 11 r, 1 :,,-,o C::.r1 l-'T l (1'1.1 l =:CPI I il) r.. 344 n 

I 14, C, l = l. 0 r:. 1:.>1 ,; c:.1-oi:nc1~, }="lCP ( ll l c; J~'"- 0 
· i it>, 1--- l-= l • 0 r. 1 ,:., 1-,, i; C::.--'P T l{"• J::CPfl?J f. J~hll 

, !-4 ,}11=-l. O/Ttl k 1;..,an ld-q ("-I) ;: 0 • r, "\~7 !'l 
l ;; ~ q I; C:,, j = tn(;\11?. ff,,1)-0MT? -F tJ?( ~I ) J /TA;;, r::. 1~no 1\1 l =~• 1 r, JqH,) 

i > ( R (l l;j I I p; c;. }';4.p; 4 fi 131 0 0~ Wl ( I\J l l =•PC 11 ! e t\ •.q l r-. ~<-,•,HI 
I~• A c 1 c; , 1 l =-CL 1? ~ 13 ;:i,1 fi(-. "12 ("-1] ):'l(P( }4 J .. rt ~I? ,;: 4 QOn 

A I) c;.? l =r'. 1.2? r; l ·13 () 0 GW1t ,.1 l ):'(P( ) I-;,) t- llMl ~ r, 4 0 tn 
A ( IC:,,1)::r t_32 A 3140 r r, 40? 0 
ACl'i,c;):(LP]?. r, 1)S O r C~frk ~nTF~ s~nu r~,~f~ ~ 4 030 
A(l C, ,1J= CI_P2? - l.n r~ 11f.O r r.. 4 1) 411 



C 
C 
r: 

C 
C 
r. 

r. 
r: 
C 

C 
C 
r: 
C 

r 

C 

' C 

' r. 
~ 

,. (SHPTl (N)-Pt.,u•w•, 1 ( .J} l lf.?.1,-,,-.110 
l"i!' fF" CS..,.4T l (N) -P•J.J•'IIIIP~ (.IJ I 1~1.1-.1.111 
I'-~ IF (~HATi(N)-PW~•~~lf .J)J ll,'-•ll<-C:,.\T'i 

STAT~S TUAN~F"OUMATJn~ 

1"4 ""l =N•l 
IF AL=" 
0~1111 tNl J =nTJ 
Of.ilif? (Nl) =OT?. 
nr-w11.,!l=nn 

acc,,,..ultTEO TOTAL ('OC:..T IJP TP Pf:wtor N 

J<,<; TnTatzTOT&L•Cf ~J 
I'-" CO"Tl"'Uf 
J1,7 CO.,T!NUf 

I-SA 
J<,Q 

170 

171 
172 

173 
174 

17~ 

CILCltlliTF Of~JGN CAi:JACJTY OF QtU{MA ';f Tl.1Rf..,ELL 

0tP1•0• 
,.TPsNY•,..~ 
00 )(\9 Jz\,~TP 

IF {OJP3-PJ4(l,, \f'il-1.)-..Q,lf')Q 

!lJP3=P3411 J 
CONTINUF 
Gfl TO 17~ 
S<a-tTl=SHJ:Hl ,.,., 

If C.HORTAGF" OF WATFP Qf1J l1 !F"-'fMnJT ~~F"ATF&.J THA~ ALLOWAflU:" LIMJT, 
ac;st GN A VFQY LA~~f ~05T TO F" LI~!NJTf ,~r s n~st~N ALT~RNATTV~ 

IF (SHRT;,IN)-PWR•wR;>( , J)J 171, 171'1 7 ? 
If (5MPT3(N)-P~ R•w1:n1 .J,1 174,174,17] 
S'i><T2a'i><RT21'1J 
IF ISHRT3(~,l}-PWR•wR '.1LI) I 174.}74,}7] 
SSHT3:zS~J:H3 (..i) 
PRINT 177 
TOTlLaJO.OF!~ 
IDE,.T=I 
RFTltRN 

I 76 FORMAT ( l~H UE~l6N VA0JA~l.E,4Fl2.?J 
177 FORMAT ( 2R~ Cl;D~ f ~1T Of~ J AN NOT FFAST~LF) 

f~O 

SUBROUTINE SIMPLEX 

SU~POUTJNF c;J~Pl.f1 

n-1JC"; Stl~R(}UTINF MJ NfM[Z): TH~ cnsr f)J." 4lPFI-J4TJON TH'10lJfiH TM € ,JOJP.IT 
0'" "SION$ OF 4L L THF OPfP tr,TJOM"L Vb.'-' JA MLFC:. L\Y llC:.TNC. THF STA..,f'APn 
SfMVL EX MET ... ()0 

C VARTARLF Ll5T ♦ o~~• 

(' l. M = ~IJM8FP Of OPTG[NA I f(JlJATJ0NC:. 
r. ?. NO= NIIM~fl-1 OF n .... rrqN!I. L VAQJA RLF C:. 
r J . A= VAPIAqLE C OF~~TCIFNT MAf '1 J~. r, 1~FNc; t oN FOP ~•l X NOV6P 
C ~LE"f.NTS. 
C • • q = rnNSTllNT COl.11'-I N VFCTO~. f){Mf:" ~t C:,J<ll\l FOQ M+2 El_f"t,,lf..., T<i. 

P •0'"'0 
,; 4:Jhfl 
-G 4 070 
r, 40AO 
r, 40QO 
R 410'1 
f.t 4 l l O 
r. • t?.n 
,; 4Ll :J 
r, 4 l 40 
r, 4JC.O 

~ 4lf-0 
r, 4} 70 
(. 4)J.11) 

,; 4}qO 
r, 4200 
r, 4ll0 
r. 4??0 
(; 4210 
,; 4240 
r, •isf'l 
C. 42t.O 
,; 4?70 
r, 4?AO 
(; 42Q() 

r; 41 00 
r-; 4Jln 
r, 417.0 
,; 4330 
(; 4340 
6 41~0 
(.; 43hfl 
r, 4.370 
r, 4 l~O 
6 43Q f) 
(; 44fl0 

G 4410 
r, 44i?0 
r, 4410 
r, 4440 
r. 445~ 
r, 44h0 

G 4470 
r, 4480 
r, 44QO 

r, 4C:,OO 

" I 0 

" ?O .. lO .. 40 
M s o .. ~o 
>< 70 
>< R I) 

M QO 
M 100 
M 11 o .. I ;,,, 

r 
r 
~ 
(" 

r 
C 
C 
(" 

r 
(" 

r 

r: 

c; • ._,.1 NUt•U."'P-' 'lF l FiC; Ci, -H-••"" -Qf,1-J:" f)IJ AI. JNf-"(Jl.JAL_JTJ~C:.• M un 
~. ~?: NU,.UF'~ OF ~~~ATfU-THA""-OQ-F !)IIAL IN•·riuAt ITIF~. H 140 
7. lii'l: f',UJ,..RF"W nt F flU6. I [TY <;T ATfM F._, f,::-; "ITH PO';JTJVF' J.1(1). H i,;n 
R. ,-.4 = ~IIJ ... ~i::-1,1 OF FPIJ ~llTY <;.JATf::Mf.:""fc; WITH NEGATJVF M(I). " !&O 
q• NOVU• = 101 Al ~UM~t~ rF VA~IA~LF<;, TN f,lfVl~En STA · O&wn M 17U 

CANfllONJCAl ►- ow ... H t~n 
1••· Ra,,~= .,.,,µ.y cn~T•J~l•IG J JNOTCfc; OF BASIS FOQ •~v JTF'P&Tff'\M• .. IQO 

OJMFNS{(J"-1 F'Qf,I w Fl f,..FPIITS • . Fl fMFNT5 AQf lfrtTE6ERc;. H ?on 
11. P: PJVOT Pfl~ NU~MF~ FO~ ANY tT~~arrn~. ~uc;T BF AN ,~,f~FQ. H ?.In 
12. ~ = ~rvnr rnLU~N "'u~~fP FOW '"'v 1ri::-~ATION. ~UST ~E AN INTF~FQ. " nn 

H ;nn 
COM~ON /C.PX/ A(?U•JO).q{?0),7(JOJ.XP{30J,N0eW,~l,~2,Mle~4.rnc;T.JPM H 14'1 

lt~f.,tOP H ?~0 
nt ... FNSlOM ~•5T Sf ~O) H ;>~o 
l~·TF~EP Q,S.HA~T~ ~ l1~ 
~)?14:M) ♦ M?+,..J+M4 

If (¥1234-M) 1~0.101.1~0 
tn} N0VA~=NO+M)+M2 

fr•WLIJ'fi~=,..+?. 

"'1 \-:..-I• 1 
0('1 10? Jct.?O 

;::u5Jc; f T > =ll 
102 C()N TTNlJf 

.. ?k() 

H ;>QO .. 100 .. II n .. VO 
H 330 
H l40 .. 1o;o 
H Jnn 

C CONVF~<;TON n~ MATUt~ A Tn ~T ANnAPn <:AN~ONICAL. FOQM >< H O 

' ~Plllc:; 1 :NO+ 1 
IF ,~1, 1n3 . 101.1n1 

I'. 
C FJU<;T. "nnJTTON OF ~L AC ~ VA~IARLF5 TO ~l SU~MATQ[X 
C 

r. 
r. 
C 

r 

tn3 n,1 1nh T=t•vt 
tr:::J 

~PLll(.;N' :Nn+" 

1n• 
1 nr. 

to~ 

107 
!O P 

at J. NPLUC.t<) = 1 • n 
nn 1rc;; J=~PLU51,~•fl VA~ 

TF ( ,J-NPLll~I() lll4.}0~.l04 
a(f.J):O.O 

<:!> NTTNHF 
JF fP(J)) );A.)O~,lOh 

CrlN TJNtlf 

,.. Fx r. r:nN VF l-l- T ""'? ~l!~ t-H'IT,.,,,x 

I ; fV?) lrJA•J 1t>•l0A 
"'l r,LUS 1 =Ml• l 
~ .. 1 ~A;>::J,,t } +M2 

n1 , Ill T=~l'-'IIIC.J.MJv;) 
w-=J 
~ PLll <;l( -::Jul'l+l'-

1\ Cr , ,._ 1PLtJ<;w) =-1.n 
nn 11 n ,J="-'~lllc;J • "-•OV Ai-i 

H CJ-NPLllc;K) l •l'•hllOdl'JO 
JOO A(T,. JJ =O.O 
11n r.n~ TJ NtJ f 

TF ( J-(J) I lit..~•lll.111 
111 U~TJNUF 

C ~1 .n ,..tJ1,Tl~IX ,.n NF' ~nc-; "'r. ('"(l,-JfD<.iT Ot,j ( \ µ ,.\.cTfF'ICIAL VARTA--lLf5 

' IP J < ft•'"+ ) 1 IJ• I I 7 • I 1 3 
~ 

r FJNAL. t_V. ~O~lVfl>T v4 

r 
11"3 ""l? "tPl =Ul+ "' ;.J +' 1~ •l 

nn 11 6 T:M] ?lO J . "! 

no 11• ~•-=l .MO 
1 I 4 "f J . , 1) = -/1 If • -II 

M lHO 
M lQO .. •no .. 410 
>< 470 .. 430 
H .. o 
... •s;o .. •M 
H 470 
M 4RO 
H 4QO .. o;o o 
M <;Io 

" 5?0 
M ..;30 
>< 540 

" c;;50 
M 'iM 
H ~70 
H 5i4 0 
H 5QO 

" ~no 

" ~J O 
H "20 .. f>J O 

" ~•n 
H ~~Q .. ~~o 

" ~70 .. ~•n 
H ~QO 

H 700 

" 71 C .. ';,o 

" 73,, 
M 740 
M '"" .. 7HI 
H 77 1) 

H 1• 0 
>< 7 Qf, 

~,,o 

I-" 
---l 
~ 



f F CPI I) ) 11c-. .11 c. . 1'; 1.f .. '1]11 0l'"4::0.P 4 l 4QO 
!IC. ~ I 11=-R ( T) M .,?O no 13~ f=I . .... M ISOO 
11 ,._ CON T TNIJf .. •nn f F I AC T• S I > 1 l ?, I J,' , l 7"' M lCil O 

r: .. ➔ 411 1?'1 ~ PSl( ON=AA<; ( q{J) J M 1~20 
r: CON<;T~UCT J OJ.• OF [NFf A<; f kJLJTY F•~U ATJON M q~o I F (F P S II ()N. L T• 0 • non ll I ) r.; n To 110 M l5JO 
r: .. "i'-1i TFST: P ({J/ A( T, ~ I M ] ~40 

1 17 MPt.11.:.,?:,..+?. M S70 I F I TF<; T .r,F. :"lFP.10~ I ,;r, rn 1 l? __. 1c;c.11 
no 1 tFI .1=1, .~1nv1Q .. q,.o OFNO~=TfC:.T M l ~hfl 

A f "'PL lt c; ? • ,J l : 1"1 • 0 .. aqn 1t-=I "4 l'HO 
(lOtlRT:Mll , M M 400 ~ 0 Tfl \ )? M l ';HII 

A (MPt t•~?,JJ =-A 11 • ~JJ +4 l~PllJ52•J I M 4 1 0 DO TF ( ~ ( J , <;) - OIIM) l]?,!32• 1 31 ... 1i., c.,o 
11 ~ C. IJNTINOF M \l?fl DI OIJM= I' ( f •'> .,. t non 

P(l4Pt.U~?)z 0 ,0 " 4 JO 1(1(:.J M l i,I 0 
On 11 9 J =J-1: l t ,w M ~-0 IV C:IJNTINIIF M 1 ,-. 70 

A ( .,rlP[ II<;? ) = - J'.t ( T) •~ f'-"PL tlS?.) .. 4<.0 I F (n(JM) 131 ,1 3 4 , 11) M } h:rn 
11 q C.ONT l "lllF M 400 l l:1 A~Ou-..:Afl:<; ( ni l "') M 1h40 

C .. 4 7 0 f P~TL O,.J :0. 00rJ l M J~<;0 
r: I NSF.R T ro~ OF CO <; f FiJt,,1('.T I ON COf"FF I C t~NTC:: JtHO llilA TPIX A .. Ql<0 I F (I\MOllM.I T .F P <:Jt 0~•) ~O TO l l4 M JM,0 
C ... QOO P:KI( M 1670 

~PLIJ ll;; l.:"" •1 M }000 (;0 TO 1:V, M lliFIO 
o n I zo J = l ,, ,.H") " IO I o l 14 I F ( Of. NOM- 1 0.0FA) } 'l,dh ] •l Jc; H lfi '1 ll 

A04 P LllC, l •Jl=7(JI .._, l 071} ] ;1c:; R=tc H ] 7110 
I ?O CO NTJNUF H 1030 .,,, PJVn T =A p:~.s, M 1710 

nn Ii>] J=NPL IJc;) .~OVAi-' t-1 1040 IF (PI VPT- 1 , 00 0 0 I l 'l 7 .t40 . 1 :n M 17 ?0 
a c><P) _llSI • _)) : 0,0 ..- l oc:;n t 'l 7 on 1,q . 1= 1 •"'ov" 0 " i nn 

l ?.l tn NTJNIJf H IOM IF ( A (R+,J I I I 3fl , l .3Q • 13H "i 1740 
R(,.. P l UC:. ll = O.n H I 070 11n A(R+ ,Jl = AIP +JJ/P J VO T 1-4 l 1c:;o 

C " I OAO l ~q CONTJNIJF H 1 J f,f'I 
C P )i0R L f'4 c;HOlll O ~()W RE TN T~F <:T ANO A~fl Tll..·Ff:ASI0ILI T Y FOP"'4 • Nn PF:Anv H 1090 R(a):R ( PI/PlV~T .. 1 no 
C F 0 H PH ~c;f o~,~ O~FP•Tro~c; M 1100 140 flAS!S(P):<; H 1 7~0 
r M 1110 no 1 • n T=l•M" M l 7 QO 

~=I M 11?.0 JF (J-Q ) 141 • I •~• 141 M IS00 
K l=l M 1110 141 fF ( A ( J • C. I I 14?+11t-fi.\42 M I AIO 

,_. 
On l?.4 T=t•u M I )40 14? no 1• ~ J=1.~1n M I A?.O -..J 

! F c l - '41 l 1?? . J 2 ?oln M 11 <;Q IF (J-51 143+ 14!.i , 143 M I ~30 V, 
I ?? AAS J S ( I) =t.JO • K H llM 10 I• ( _A 11:~ +, I) I 144-145+144 M l F.40 

t<=K• l M 1 1 70 144 A(T,Jl=A(f, ,J I-AIT•c;l~ft(O+JI M IH<i0 
r;O Tfl 124 >' I i fiO 145 <":ONT lNUf M IHi,0 

P3 RA 5TSfll=~OYAP•Kl .., l l 40 P(ll=P(l)-4({,S}O~ ( A) " I ~70 
Kl =Kl• l M 1 200 141, CONTJNIJF H I aAO 

1?4 CONTTNUf" M .12 1 o no 1 4A T=l • ""P M }qqo 
r M 1?20 fF ( T-P) l 47d4Fl+ l 47 M }Q00 
r, REGTN MAIN TTEA4TTO~r PAOrFOURF ooo i->~Ac;f ONE •• • H 12:10 1 4 7 "CI .c;) =O.n M IQIO 
C LOC AT Jn~ OF MQ~T NF~ATTYF PEALTIY€ PPJCF. H 124 (} \4.R CONTT NIIF >' I q?o 
C H l?C.rJ A I~, c; I= l • 0 M l QlO 

MJ,l=..-+2 ~ l?h rl ~=O H l ~40 
~O=NOVAP M 12"/ll l<K= rl M l"'',O 
1<nu...ir=1 .. l ~c;o 1<nu .. 1T=1< n 11~1r. 1 .. l"Hi O 

I ?-;; TFC, T=O.O H l ?.411 r;o TO 1 ;>c. 1-1 l ~7 o 
00 127 ,J=l •"•n ~ I J no }4Q TF IJ,IP - ,-ipLU<:?) l ~O+ l S l • 1"0 ._. l Q~ O 

! F (/i(MP, , 1)-TF.:C:.T) 12~,121.1?1 H 1:n u l'iO \10 TO l'-~ H l Q<.;O 
12~ JAVA! . A=Ak<:(A(MP.J)) M 11?0 IC.I IF l'H,..~· ) I 1-=.iJ, lS.3+ 1 '-i1 M 2000 

I~ ( AAV•La.1r.o.001) <-.n TO 1 2 7 " 1 no lC.2 TOL=0,001 H ~010 
iA AP=ARSIA(MP,J)) - AR S(T f S T) .,. 1:v. o R(MP):AA <:;. (~fMP)) M ?.0?0 
ARTAAP=A~S ( T4API H 11', 0 l< p.q,.:i::)-T f"l t i l S-1, I ·; 1 • l t...~ ~ ?030 
!F IAATRAP.LF.0.000011 r,o TO 127 M 1 H,o r H ?040 
TFST=A fMP, ,1) M 1 H O r AFC,H PHASf r ... n t-' 20~0 
5=J M 1 }~11 r H ?0",0 r M 1 "}40 l " :I "'1f.>:: • ◄ •l t-4 ?() 7( ) 

r s THF PJYOT rOLU~~ NtJ~qfp H 11.1](1 <;n r n l ?.C:.. i-1 ?fl PI) 
C >< 1 410 1c;4 P1-n ~r ,.~ H ?(lw(j 

1?7 C(l NfTNlJF 1-1 14 ?0 r;n H) , ~, 1-1 - ?\f1n 
ff cTfql l?.Fl-l4Qe] ?M M } 4 ")n }c;C.. C()$T=-~fMP) H '? } 1 11 
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APPENDIX E 

RESULTS FROM DIFFERENT COMPUTER RUNS 

FOR LOWER JHELUM CANAL COMMANDED AREA 



A. Input Dita 

1. General Data. 

I teas 

Edstina capacity at heads 

of vatercovnes (c:fs) 

Aquifer rross area (acres) 

She of tubC!ltlell (cfs) 

Nonuline Inten1ediate 
area area 

2,IS.C 

1.011,100 

819 

330,100 

Saline area 

819 

330,100 

4 6 (draina1e well ) 
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o. 25 (ski•in& well) 

Storage coefficient 

Initial depth to water table 

(feet} 

Miniaua allowable depth t o 

water table (feet) 

Maxiata allowable depth to 

nter table (feet) 

Dynuic head of ptapina (feet) 

Delivery efficiency fTca canal 

head to heads of watercourses 

Delivery efficiency froa canal 

head to heads of distributaries 

Annual cost of canal fr011 

distributary heads to heads of 

watercourses (RS/cfs) 

r•odelina ratio ~ 0 . 6 

b. reaodelina ratio > 0 . 6 

Annual cost of canal fro■ canal 

head to heads of distributaries 

(RS/ds) 

a. reaodelin1 ratio ~ 0. 6 

b . reaodelin& ratio > o. 6 

Annual tubewell insta llation 

operational and uintenance 

cost (RS/cfs) 

Annual cost of extra drainage 

works for salt water effluents 

(RS/cfs) 

Annual cost of shortage (RS/AF) 

Annual cost of canal operation 

and ■aintenance (RS/cfs) 

Cost of ener&Y for ptapina 

(RS/AF/ft) 

o. 16 

IS 

10 

90 

28 

o. 70 

0.85 

0.16 0 . 16 

16.S 18 

10 10 

90 90 

28 42 (drainaae well) 

2 (ski•ina well) 

o. 70 o. 70 

0.85 0 . 85 

2,119.82 2,119.82 2 ,119 . 82 

917. 33 917 . 33 

741.95 

321.44 

3,042 

177 

0.184 

917.33 

714.9S 

321 . 44 

3,042 

177 

0 . 184 

714 .95 

321 .44 

2,208 

4,600 

177 

0.184 

2. Monthlt: Water Reguire.ents (cfs). 

Month 
Area 1 with ISO\ Area 2 or 3 with tso\ Area 3 with 100\ 
cr~2in1 i nt ensit t: cro221ns intensit;t: cro2J:!in1 intensit;t: 

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 s,s.co 1,590 1,220 

Jun. 5,820 1,670 1,2S0 

Jul. 2,980 850 610 

Aug . 3,920 1,120 700 

Sep . 5,360 l,S40 960 

Oct . 4,160 1,1 70 720 

Nov . 5,220 1,450 860 

Dec. 7,720 2,210 1,230 

3. Li■its on relative differences of water levels in areas l and 2 and 

areas 2 and 3 1 and natural rechar1e froa rainfall and river in feet . 

Liait on relative water 
Natural recharge Natural recharge Month level difference between 

area 162 area 263 
area 1 area 2 or 3 

Oct . o. so 0.003 0.001 

Nov. o. 75 0 . 003 0 . 001 

Dec. 1.00 0.003 0 .001 

Jan. 1.25 0.003 0.001 

Feb . I.SO 0.003 0.001 

Mar. o. 75 0. 140 0.050 

Apr. o.so 0.030 0 . 010 

May o. 25 0 . 050 0 . 020 

Jun . o.so 0.120 0 .040 

Jul. 1.00 0.100 0.030 

Aug. I.SO 0 . 080 0 .0OJ 

Sep . o.oo 0 . 010 0 .003 

4 . River flows allocated to the ■odel area • low flow condition. 

Year Month Allocated river Year Month Allocated river 
flows (cfs) flows (cfs) 

Oct. 5,420 Apr . 7,080 

Nov. 3,990 May 6,380 

Dec. 5,040 Jun. 10,190 

Jan. 6,830 Jul. 11, 1S0 

Feb . S,530 Aug . 12 ,450 

Mar . 5,650 Sep. 6,230 

Apr. 8,910 Oct . 4,600 

May 8,560 Nov. 3,370 

Jun. 13,060 Oec. 4,350 

Jul. 14,070 Jan. 7,690 

Aug. 15,490 Feb . 6,310 

Sep. 7,950 Mar . 6 , 410 

Oct. S,850 Apr . 10,160 

Nov . 4,310 May 10,050 

Oec . S, 410 Jun . 1S,030 

Jan. 5,560 Jul. 16, 070 

Feb . 4,400 Aug. 17,S70 

Mar. 4,S40 Sep. 9,140 



II. Results 

\'ear -th 

Oct. 

Nov . 

Dec . 

Jan . 

Feb. 

Mar. 

Apr . 

May 

Jun . 

Jul. 

Aug . 

Sep. 

Oct . 

Nov. 

Dec . 

Jan. 

Feb. 

... r. 

Apr. 

May 

Jun. 

Jul. 

-'"&· 

Sep. 

Oct . 

Nov. 

Dec. 

Jan . 

Feb. 

Mar. 

Apr. 

"'Y 

Jun . 

Jul. 

-'"• · 
Sep . 
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1. RUN No. E. l - t.,o., river flow vith 150\ cropPin1 intensity in threo zones. 

Total cost includina fixed and operational cost for three year period • RS 166 ■illion s. 

a. Desip capacity of the systea. 

It• 

Canal capacity at heads of water courses (cfs) 

l\eaodel in1 ratio 

Tubewell installed capacity (efs) 

Nonsaline 

5,156 

2.39 

6,058 

Total design capacity at head of the aain canal "' 11,544 cfs 

b. Operational decisions. 

Stage CWl(k) CW2(k) CWJ(k) ARl(k) Pll(k) P12(k) PU(k) 

1,697 508 1,589 4,793 479 0 

1,079 610 1,104 3,591 359 

Z,336 692 500 94 

3,107 881 793 403 40 

1 ,930 608 l, .Hl 3,610 361 

2,046 511 1,399 3, 774 377 

2,980 850 650 2,5 10 

3,960 1,073 920 113 

S, 156 898 1,287 204 20 

10 4,160 1,170 970 1,422 

11 5, 1S6 1,4S0 1, 250 64 

12 3,139 526 1,900 4,S81 458 

13 1,97S 531 l,S89 4,S15 452 

14 1, 286 628 1,104 3,384 338 

15 2,430 700 500 224 

16 Z,288 811 793 1 ,222 122 

17 1, 20 1 546 1,332 4,339 434 

18 1,448 342 1,389 4,372 437 

19 2,980 570 650 1, 080 

zo 2,748 816 903 1,172 117 

21 4 ,965 882 1,287 395 40 

zz 4,160 1,170 970 1 , 422 

23 5,156 1,450 1,250 64 

24 2,2 12 26. 1,884 5 ,507 550 

25 1,168 463 1,589 5,322 532 

26 679 576 1,104 3,991 399 

2; 2, 189 381 475 240 24 

28 3,S10 1,000 800 225 

29 2,483 651 1,333 3,107 311 

30 2 ,4S2 629 1,406 J,368 337 

31 2,980 850 650 3,108 

JZ J ,920 1,120 920 1,765 

33 s, 156 898 1,287 204 20 

34 4,160 1,170 970 472 

35 3,236 915 1,036 1,984 198 

36 3,907 915 1,576 3,813 381 

ones 
lnte:n1edlate Saline 

915 2,010 

1.12 2.4S 

1,650 1,045 (drainage well) 

300 (skt.aina well) 

rmodeling ratio • 2.13 . 

P22(k) P23(k) P33(k ) P34(k) llGWl(k) 

955 95 200 16 .1 

425 42 200 16.9 

zoo 16 . S 

85 200 16 .0 

675 67 zoo 16. 7 

838 84 zoo 930 17.5 

zoo 586 16.2 

47 200 195 15.3 

625 62 200 51 4 14 . 3 

zoo 831 13.0 

zoo 408 11.9 

1,295 129 zoo 12. 7 

955 95 zoo 829 13.7 

425 42 200 156 14.4 

200 524 13.9 

85 zoo 13.8 

675 67 200 14. 8 

957 96 zoo 1,04S 15.8 

280 zoo 872 15. 0 

205 20 zoo 14 .7 

625 62 200 866 13 .8 

200 831 12. 5 

zoo 208 11 .4 

1,478 148 zoo 12.6 

955 95 200 1,003 14.0 

425 42 zoo 140 15.0 

19• 30 200 14 .7 

zoo 785 13.9 

675 67 200 14.4 

755 75 200 886 14 .9 

200 596 13. 5 

200 172 12 .2 

625 62 200 514 11.1 

zoo 814 10 . 1 

535 SJ zoo 10 .0 

1,295 129 zoo 794 10.4 

DGW2(k) DGWJ(k) 

17 . 0 17.3 

16.9 16 .8 

16.6 16.6 

16 . 1 16 , 2 

16.3 15 .S 

16. 7 16.0 

16.2 16. 2 

15.6 15. 8 

IS. S 15.S 

14.8 15.8 

13.9 15 .4 

14. 7 14 . 4 

IS . 1 14.6 

15.1 14.4 

14. 7 14. 7 

14. 3 14.3 

14.5 l l. 8 

15 . 1 14. 3 

15.0 15.0 

14.6 14 . 5 

14 .6 14 . 6 

13.8 14. 8 

13 . 0 14. 5 

14. 0 13.6 

14. S 14 .0 

14.S 13.8 

14.6 13.6 

14.0 14 . 0 

14.2 13.3 

14 . 4 13 . 7 

IJ.9 13 .9 

13.2 13 .4 

13.1 13 . 1 

12 .4 13.4 

12.4 12 .7 

13 12.6 
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2. R~ No . E. 2 - Low river flow Nith ISO\ ~r!!E2in1 intensitl in the nonsaline and inte:mediate areas and 100\ 

in the saline area. 

Total cost includinl fixed and operational cost for the three year period - RS 144 ■illions. 

.. Des ii!! ca2aci tl of the s rs te■ . 

Zones 
It• Nonuline Jnteraecliate Saline 

Canal capacity at h•ds of watercourses (cfs) 6,050 1,241 1,050 

R•odelin1 ratio 2.81 1.52 1.28 

Tubewell installed capacity (cfs) S,109 1,643 70S (drainaae well) 

300 (ski•in1 well) 

Total desian capacity at head of the Min canal • 11 , 917 cfs ; reaodelin& ratio • 2. 20 

b. ~erational decisions . 

Year Month Stage CWl(k) CW2(k) CW3(k) AAl(k ) Pll(k) P12(k) Pll(k) P22(k) P23(k} P33(k) P34(k) DGWl(k) DGW2(k) OCW3(k) 

Oct . 2,090 867 837 4,400 440 629 63 200 0 15 .9 16 . 5 17.6 

Nov. l , 130 940 722 3,539 354 99 10 200 16 .8 16. 0 17. 3 

Dec . 2,430 323 310 664 377 200 34 16 . I 16.1 17 . 2 

Jan. 3,243 977 560 266 27 200 1S . 6 15 .6 16.9 

Feb . 3,090 78 1 2,450 113 132 1,494 149 200 15.8 16 . 9 16.4 

Mar. 2 ,023 919 1,014 3,797 380 429 43 200 52 16 . S 16. 7 16.0 

Apr. 2,980 850 410 2,851 200 499 IS . I 16. 2 16. 2 

May 3,920 1 ,120 500 646 200 85 14.2 15.S 15.9 

Jun . 5 ,360 1, 540 760 987 200 152 12.8 14 .6 15 . 4 

Jul. 10 4,160 1 ,1 70 520 2,700 200 123 11.1 13 . 8 15.0 

Aug. II 5,220 1,4S0 660 163 200 51 10.0 13 . 0 14. 5 

Sep. 12 3,716 1 ,241 607 4,004 400 969 97 200 10.S 13. 3 13.9 

Oct. 13 2,368 891 837 4,122 412 629 63 200 11.3 13.3 13.5 

Nov. 14 1, 337 958 722 3,333 333 99 10 200 12 . 1 12 . 8 13 . 2 

Dec. IS 2,430 700 310 496 200 37 ll . S 12 . 4 13 .0 

Jan . 16 2,424 908 560 1,086 109 200 ll. 3 11.8 12 .8 

Feb. 17 1,216 874 990 4,324 432 349 35 200 12 . 4 11.6 12.4 

Mar. 18 2,179 59 939 3,64 1 364 1,301 130 200 13.1 12. 7 11.9 

A.pr. 19 2,980 836 410 1,043 14 200 483 12.2 12.2 12.2 

May 20 2,9S4 1 , 014 498 966 97 24 200 11.9 11.6 11.9 

J un . 21 5,272 1,142 719 88 398 40 200 10 .8 11.3 11.3 

Jut. 22 3 , 946 1, 152 520 21 4 21 200 10 .0 10. S 10 . 8 

Aug. 23 3,041 1 ,0S6 642 2,179 218 209 21 200 10.0 10 . 1 10 . 4 

Sep. 24 3,07 5 378 908 4,645 464 1 ,437 144 200 565 10.8 11.1 10 . 6 

Oct. 25 1, 845 562 812 4 ,644 464 913 91 200 705 11.9 11.S 11.0 

Nov . 26 1,3S6 335 669 3, 314 331 723 72 200 363 12 . 6 11.9 11.l 

Dec . 27 2;4f9 346 280 11 353 35 200 12.2 12 . 0 11.0 

Jan . 28 3,S10 1 , 000 56-0 447 200 696 11.4 11. S 11. S 

Feb. 29 2,448 979 990 3,092 309 349 35 200 11.9 11.2 11.0 

Mar . JO 2, 86S 639 984 2 , 955 296 780 78 200 228 12 . 2 11.5 10 . 7 

Apr. 31 2 ,980 850 410 3,096 200 503 10.8 10 . 9 10.9 

May 32 3,858 1,llS 500 6 1. 7 200 10 . 0 10.3 10.6 

Jun . n 3,051 936 725 2,309 231 408 41 200 10.0 10 . 0 10 .1 

Jul. 34 2,377 705 329 1,783 178 465 47 200 220 10 . 0 10 .0 10 .0 

Aug . 35 3,073 919 432 2,147 215 531 53 200 331 10.0 10. 0 10 .0 

Sep . 36 4 , 642 1,083 673 3,078 308 1, 127 113 200 541 10.1 10 . 5 10 .0 



Year -th 

Oct. 

Nov. 

Dec . 

Jan. 

Feb . 

Mar . 

Apr . 

May 

Jw, , 

Jul. 

Aug . 

Sep. 

Oct . 

Nov. 

Dec . 

Jan . 

Feb . 

Mar . 

Apr . 

May 

Jw, . 

Jul. 

Aug . 

Sep . 

Oct . 

Nov . 

Dec. 

Jan . 

Feb . 

Mar . 

Apr . 

May 

Jw, , 

Ju l. 

Aug. 

Sep . 
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3. RUN No . E. 3 - Low r i ver flow with lSO\ croeein& intens i ty in a ll three a reas vith storace coeffic i ents at 0 . 2S . 

Total cost includin& fixed and operational cost for the three year period • RS 17S million s . 

a . Oesi1n capacity of the syste■ . 

canal capacity at heads o~ lil&tercourses (cfs) 

Reaodelina rat io 

Tti>ewell installed capacity (cfs) 

Nonsaline 

6,198 

2 , 88 

S,429 

zones 
Intentediate Saline 

921 2,010 

1.12 2 . 45 

2 , 259 1.342 (dra inage we ll) 

300 (sk llllling ve ll) 

Total des ign cap&city at head of the uin canal • 13, 040 cfs r •odeling ratio • 2. 41 . 

b. Qferational decisions. 

su,e CWl(k) CW2(k) CW3(k) ARl(k) Pll(k) Pl2(k) P13(k) P22(k) P23( k) P33( k) P34(k) 

1, 692 513 1 , 589 4 , 798 48D 949 95 200 

1,074 615 1, 104 3,596 360 419 42 200 

2,336 692 500 94 200 

3,102 886 793 408 41 79 200 

1 , 924 613 1, 333 3, 615 362 669 67 200 

1,956 592 1 , 406 3, 864 386 749 75 200 

2 ,980 850 650 2 ,5 10 200 640 

3, 920 1, 120 9 20 330 200 270 

5 , 360 1 , 540 1 , 340 1 , 197 200 343 

10 4,160 1,170 . 970 2,9 11 200 666 

ll 5, 220 1 , 450 1 , 250 1, 397 200 680 

12 3 ,134 531 1, 900 4,586 459 1,289 129 200 

13 1 , 969 536 1,589 4 , 52 1 452 949 95 200 

14 1 , 280 632 l , 104 3 , 390 339 419 42 200 

I S 2, 430 700 500 224 200 750 

16 2, 282 816 793 1 ,228 123 79 200 

17 1 , 196 551 1,333 4 , 344 434 669 67 200 

18 1 , 240 531 1, 406 4 ,580 458 749 75 200 405 

19 2 , 930 850 650 880 200 922 

20 2,742 821 903 1, 178 118 199 20 200 

21 4, 959 887 1,287 400 40 61 9 62 200 852 

22 4 , 160 1 , 170 9 70 2 ,506 200 1, 342 

23 5, 220 1,213 1, 250 1,397 237 200 944 

24 2, 785 1 , 576 4 , 935 188 305 2, 050 205 200 

25 1 , 555 109 1 , 556 4,935 493 1 ,341 134 200 1,208 

26 6 74 581 1,104 3 , 996 400 419 42 200 10 

27 1 ,891 654 SDO 539 54 200 

28 3 , 510 1,000 800 218 0 200 784 

29 2,428 656 1 , 333 3 , 112 311 670 67 200 

,o 2, 447 634 1 , 406 3 , 373 337 749 75 200 503 

31 2 ,980 850 650 3, 760 200 976 

32 3, 920 1 , 120 920 1,821 200 296 

33 5,360 1,540 1 , 340 1,197 200 343 

34 3, 594 872 949 566 57 249 25 200 

35 2 ,925 921 1 , 010 2 , 294 229 529 53 200 85 

36 3 , 902 921 1 , 576 3,818 38 2 1 ,290 129 200 850 

DGWl(k ) DGW2 (k ) DGW3 (k) 

15 .7 16 . 8 17.S 

16. 2 16.8 17.2 

16.0 16 . 5 17.1 

15.7 16.2 16 . 8 

16.1 16. 4 16.4 

16 . 6 16. S 16.0 

15 . 8 16.2 16.2 

15.2 15. 8 16.0 

14 . 2 15.1 15 .6 

13 . 0 14.6 15.6 

12 . 1 14 . 0 15.S 

12 .6 14.5 14 .9 

13.2 14. 8 14. 4 

13. 7 14. 7 14 .1 

13 .3 14. S 14.S 

13.3 14. 2 14.2 

13 .9 14.3 13.9 

14.6 14.S 13.8 

14.1 14 . 2 14.2 

14 .o 14.0 13.9 

13.3 13 . 9 13.9 

12 . 3 13.4 14.4 

11 . 3 13.0 14 .s 

11. 9 14. 2 13.9 

12.7 14 .9 14 . 4 

13 .3 14.9 14. 1 

13.2 14. 6 14.0 

12. 7 14. 3 14. 3 

13,0 14.4 13 .8 

13. 3 14.5 13 .8 

12.3 14.2 14. 2 

11 . 4 13 . 7 14.0 

10.4 13. 1 13.6 

10 .0 12 . 8 13.1 

10.0 12 .8 12 .8 

10 .3 13. 2 12.7 



Year Mon th 

Oct . 

Nov . 

Dec .• 

Jan. 

Feb. 

Mar . 

Apr . 

May 

Jun . 

Jul. 

Au& , 

Sep . 

Oc t . 

Nov . 

Dec . 

Jan . 

Feb . 

Mar . 

A.pr . 

May 

Jun. 

Jul. 

Au&, 

Sep. 

Oct. 

Nov. 

Dec . 

Jan . 

Feb. 

Mar . 

Apr . 

May 

Jun . 

Jul. 

Aug . 

Sep. 
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4. RUN No . E.4 - Hip river flow with 150\ crDpptn1 intensity for all three areas. 

Total cost includ.in1 fixed and operational cost for the three year period • RS 156 millions. 

Destcn capacity of the 1yst•. 

It• 

CAnal capacity at heads of watercourses ( cfs) 

Reaoclelina ratio 

Tubwell installed capacity (cfs) 

Non1aline 

4,407 

2 . 04 

4.191 

ones 
Intenediate Saline 

1,532 2 , 010 

1.87 2,45 

1,374 981 (drainaae vell ) 

300 (skiJlllin1 well) 

Total desian capaCity at hHd of the ••in canal • 11,356 cfs r•odelina ratio • 2. 20 • 

b. Operational decision, . 

suae CWl(k) CW2(k) CW3(k) ARl(k) Pll(k) P12(k) Pl3(k) P22(k) P23(k ) P33(k) P34(k) 

2,674 776 1,605 3,816 382 770 77 200 

1,525 1,073 1,140 3,14 5 314 200 

2,430 700 500 1,374 200 64 

3,510 1,000 800 344 0 200 103 

1 , 953 1,226 1 , 385 3,588 359 59 200 

3,082 188 1,364 2,738 274 1,249 125 200 

2,980 850 650 2,038 200 360 

3, 920 1,120 920 695 200 153 

4,407 1,450 1,339 953 95 200 

10 4,160 925 970 352 245 200 830 

II 4,406 1 , 223 1 , 250 813 227 200 642 

12 3,904 800 1,918 3,816 382 1,085 108 200 

13 2,674 595 1,589 3, 816 382 951 95 200 609 

14 1,390 1, 061 1,140 3,280 328 200 

IS 2,430 700 500 1,144 200 184 

16 3,510 1 , 000 800 1,281 200 Ill 

17 3 , 088 1, 323 1, 38S 2 ,452 245 59 200 

18 3,693 740 1,406 2,128 213 749 75 200 

19 2,980 850 650 19 200 542 

20 2,270 846 909 1, 650 165 134 13 200 40 

21 3 , 018 934 1, 089 2 , 342 234 606 61 200 651 

22 2,337 697 775 1,823 182 473 47 200 455 

23 3 , 020 908 1,01 7 2,200 220 542 54 200 569 

24 4,407 1, 414 1,661 3,313 331 796 80 200 949 

25 4,003 848 1,372 2,487 0 249 1,022 IOZ 200 759 

26 2 ,462 1,022 1,129 2,208 221 130 13 200 488 

27 2,056 405 478 374 37 263 26 200 178 

28 2,137 640 653 1,373 137 360 36 200 305 

29 3,072 341 1,074 2,468 247 1,249 125 200 571 

30 2,004 1,428 1,125 3,816 382 242 24 200 606 

31 2 , 980 649 650 539 201 200 564 

32 2,562 894 785 1,358 136 226 23 200 160 

33 3,017 934 1, 089 2,342 234 606 61 200 651 

34 2,137 697 775 1,123 182 473 47 200 455 

35 3,020 908 1,017 2,200 220 542 54 200 569 

36 3,904 1,01s l,S84 3,816 383 1,195 120 200 981 

DGWl(k) OGW2(k) OGW3(k) 

15 . 6 16. 7 17.2 

16.2 16 .0 16, 7 

15.4 15 , 6 16. S 

14.6 15.0 16 . 1 

15 . 3 14 .3 15 .S 

IS. S 15.3 14. 8 

14.3 14. 7 14. 7 

13 , 3 14.1 14,3 

12.6 13 . 2 13, S 

11.7 12. 7 13. 7 

10. 7 12 . 2 13. 7 

II.I 12. 7 12 . 7 

11. 7 13 . l 12 ,6 

12 . 4 12.4 12 . 1 

11.6 12 . 0 12 .0 

10 .6 11 . 4 11.6 

10 . 7 10. 7 10 , 9 

10 . 6 10.9 10.1 

10.0 10 . 4 10 .4 

10 .0 10.0 10 .0 

10.0 10 . 0 10.0 

10 . 0 10 .0 10 . 0 
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