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ABSTRACT

This study reports on the optimal temporal selection
of irrigation technologies (graded and level furrows, level
basin and drip) that maximize net revenues of a farm unit
with different soil types. Unique to this study was the
inclusion of irrigation water management strategies that
allowed unbiased comparison of the different technologies;
for each surface and pressurized system of the study
simulation models were used to control the governing
parameters that determine the distribution and
effectiveness of the applied water, infiltrate equal
seasonal water depth in the root zone and adequately
irrigate a similar fraction of total cropland area. The
ultimate effects on crop yield were assessed by linking the
areal water distribution depths with specific crop-water
production functions.

A generalized mean variance model was constructed to
simulate the selected production activities of the farm; to
integrate the water delivery irrigation systems, crop mix
and soil types, and to include the alternative irrigation
water application strategies. Adjustments to stochastic
water supplies and revenues were also included in the model

as well as regulatory constraints associated with the
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quantity of water allocated over the growing season and
risk preference levels.

Given the model assumptions, the results indicate
that: 1) the generalized mean variance model was successful
in establishing an intertemporal path for irrigation
systems adoption; 2) high uniformity level basins were the
technology of choice in all soils, substituting the 1low
uniformity graded furrows; 3) with yield increases
realized, drip systems are likely to be first adopted in
soils of high intake rates; 4) increasing levels of risk
aversion changed the area-technology mix and added to
reductions in the areas under production; area reductions
under level basin took place in high intake soils,
suggesting that adoption of level basin in low intake rate
soils provide higher level of farm security and are more
likely to be given priority in the farm enterprise planning
by growers defined by the model as risk averse; 5) the farm
structure 1is considerably dependent upon cotton for the
production of net revenue; wheat contributions to net
revenue were relatively small due to the economic inability
of the crop to command scarce resources and generate

profits.
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CHAPTER ONE

INTRODUCTION

The factors bearing on the decision as to which

irrigation technology to adopt are of various natures and

they reflect the conditions under which the decision is

being taken.

Physical and cultural practices, economic and

social factors which can have a bearing on the evaluation

of irrigation system alternatives should be considered in

the selection process. Solomon (1988) suggests taking in

consideration the following:

A. Physical Considerations

NOOTde WY

Crops and Cultural Practices

Soils

Topography - Slope and Irregularity
Water Supply

Climate

Land Value and Availability

Energy Availability and Reliability

B. Economic Considerations

N W=

Capital Investment Required

Credit Availability and Interest Rate
Equipment Life and Annualized Cost
Cost and Inflation

Cash Flow

C. Social Considerations

B WN =

Legal and Political Issues

. Availability and Reliability of Labor

Skill and Knowledge Level of Labor/Management
Local and Government Expectations.
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Not all points are equally significant and site
specific consideration of the factors that can exert
predominant effects need to be analyzed in each case.
Generally, particular capabilities and limitations of each
irrigation system to the environment in which it will
operate as well as labor, management, energy and economics
tend to become the relevant factors to consider. The site
specificity of the factors that determine the most
desirable technology has made the design of a general model
for irrigation system selection difficult. The situation is
further complicated by uncertainties about the future. The
farmer tends to evaluate alternative irrigation systems
from the point of view of whether they are likely to be
economically more advantageous over a period of vyears
rather than in a single year.

When all the 1limitations and considerations are
isolated for each system under study, the final choice is
still a complicated matter. A technique that can
systematically select among these alternatives and
determine the most profitable combination(s) over the
period of planning is also a requirement for a better

solution.
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In Arizona, an intensive program of irrigation
system conversion to meet the water conservation
requirements of the five Management Plans mandated by the
1980 Groundwater Code is wunder way requiring detailed
consideration of the specific factors relevant for
improvement of the actual surface irrigation practices and
conversion to new water-conserving irrigation technologies.

The Arizona Department of Water Resources (ADWR)
(Cooperative Agricultural Study - Pinal AMA technical
report, 1986) showed that most systems used to irrigate the
crops grown in the Pinal Active Management Area (AMA),
where a predominantly agricultural economy exists, involved
flood irrigation with water delivered to the fields in
concrete lined ditches. The study also pointed out that the
most common irrigation improvement made in the Pinal AMA is
laser leveling a conventionally sloped field to a flat or
nearly flat grade to raise irrigation efficiencies and
improve yields.

Level laser and drip irrigation are a few systems
that have been adopted by Arizona farmers. Land and
irrigation improvement surveys conducted by the ADWR
departments of engineering and economic studies (Technical

Report of 1986) support the contention that both 1level



23

basin and drip systems are the most efficient types of
irrigation in use. The report also suggests that in the
Pinal AMA level basin systems are a prudent long-term farm
management practice that improve water management and
increase net revenues over operating costs. Wilson et al.
(1984) also analyzed the factors affecting investments in
drip irrigation for cotton in Arizona and they concluded
that drip systems reduce water application and, with
increased yields realized, they may become more profitable

than the conventional graded furrow systems.

Statement Of The Problem

Irrigation development and the upcoming management
plans for farms attest to the importance of selecting water
conservation practices and irrigation systems that are
technically and economically justified. Studies comparing
each of the new systems with the conventional sloping-
furrow irrigation assessed the profitability of 1land
leveling and drip irrigation on the Arizona farm
enterprise. These partial budget studies considered one
investment option in isolation, without taking into account
other possible investments, farming options and long time

planning. All these options, however, are endogenous
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decisions and the decision cannot ignore all others while
lingering over one. Farmers seeking changes in irrigation
technologies to increase returns of their enterprises need
to consider the profitability of their systems compared
with other alternative irrigation practices and
technologies.

A Dbetter solution is the simultaneous decision
within a planning framework that allows selection of the
most profitable farm plan from the number of possible
options. The solution should also take into account that
irrigation investments are long term decisions whose
associated costs are variable only when the farm 1is
contemplating the decision, but once they are realized they
become fixed costs, binding the decision maker for the
future.

An approach that is based on a multi-year planning
of the farm activities and the long-term investment goals,
and provides an optimal irrigation selection strategy to
the investor is needed. The mathematical programming
framework of profit maximization of the farm provides the
required tool for planning and the theoretical structure to
use in generating empirical results of a specific farm

enterprise as a whole planning entity.
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Price and yield fluctuations of farm products, and
variability associated with critical input supplies that
are not fixed at the beginning of the production period
induce risks in the farm enterprise and influence the
irrigation selection decisions. of the many input
uncertainties facing the farmer, the uncertainties
associated with the weather conditions are far more
important. Determined by factors beyond his control, he
cannot be sure of the seasonal water requirements of the
crop mix and thus, the amount of water to deliver, crop
yields, and ultimately the net returns of the enterprise.

Knowledge about the future is difficult but outcomes
are predictable through the decision theory that classifies
possible outcomes based on historic time series or through
subjective estimates of the probability of occurrence of
each outcome defined by the relative frequency of events.
In either case, the explicit recognition of risk as a lack
of information about the future creates a need to structure
the multi-year planning of the farm activities and the
long-term investment goals to include the risk associated
with variability in input supplies and output prices. The

generalized mean variance model (GMV), detailed in chapter
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2, provides an adequate struture to accomplish this goal

and specify the farm planning model.

Purpose QOf The Study

The specific problem analyzed in this study is to
determine the optimal temporal selection of irrigation
technologies that maximize net revenues of a farm unit once
the production processes and irrigation strategies have
been decided upon.

Farm activities, selected water delivery systems,
crop mix, soil endowments, alternative irrigation water
application practices, and stochastic water supplies and
output prices are simulated, and a multiperiod generalized
mean variance programming model for an optimal farm
irrigation systems selection is developed. The model also
assesses the importance of irrigation application
uniformity, regulatory water duty constraints, water costs,
and risk behavior associated with the decision maker on
irrigation technologies selection.

Specifically, the objectives of this study are to:
1.- Develop a generalized mean variance programming model

(GMV) of an irrigation farm considering soils,
irrigation systems, and water application management

alternatives with temporal uncertainties in output
prices and water application supplies.
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2. - Determine the inter-temporal optimal combination of
irrigation systems selection for the farm unit and
compare the changes when uncertainties related to
output price and seasonal water application are
included.

3. - Determine how irrigation water distribution
uniformities affect yields, cropped acres, water use
and irrigation system selection in different soil
types.

4. - Determine the sensitivity of the model to changes in
risk aversion levels, technical and economic
assumptions, and institutional or regulatory
arrangements.

The study provides an approach to farm irrigation
selection under risk by specifying the optimal mix of
irrigation technologies and produce information necessary
to guide investment planning in water saving technologies.
Related results assess the relative economic effectiveness
of water efficiency and uniformity practices of the
irrigation technologies on different soil types. Public
policy makers could also benefit from the results in order
to assess the impact of their regulatory constraints, and

shape future policy actions.

Dissertation QOutline

Chapter 2 presents a general literature review
relevant to the objectives. It reviews proposed
methodologies related to irrigation water management and

crop vyvield functions. It also presents alternative
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operational methods of whole farm planning that could
tackle the possible ways of undertaking crop-irrigation
activities, and details generalized operational methods
able to take into consideration relevant sources of
uncertainty facing the farming operation.

In Chapter 3 the processes of irrigation water
infiltration, distribution and uniformity are analyzed in
the context of the soil endowments of the farm and a
methodology is formulated to select comparable water
application management practices for the different water
delivery systems, to obtain the seasonal water applied and
the corresponding vyields. The practices define the
irrigation activities and also establish the water and
yield ©parameters (coefficients) to include in the
operational generalized mean variance model of chapter 4.
These coefficients uniquely relate the crop activity
identified by irrigation system, water application amount
and soil type to the total yield over the field.

The model for a farm optimal irrigation system
selection is presented in Chapter 4. The empirical
specification follows a generalized interpretation of risk

programming; mean, variance and covariance of the random
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variables, weighted by their probability of occurrence, are
included as input coefficients of the model.

Chapter 5 implements the optimization model of
chapter 4, tests its sensitivity to technical, economic and
risk averse coefficients and shows how these factors affect
the optimum choice of irrigation activities. Empirical
analyses with risk aversion coefficient set to 0.0 i.e.,
the decision maker assumed to be risk neutral, are compared
to progressively higher levels of risk aversion.

Finally, chapter 6 gives a summary of the study, the
main conclusions of this dissertation, and related policy
implications.

Figure 1 presents an overview of the models,
components, inputs and procedures developed throughout
chapters 3 and 4 to specify the overall generalized mean

variance model.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

Studies concerning the decision problem of improving
or changing technologies, and the associated economic
feasibility, involve large amounts of information from
different disciplines. A multi-disciplinary approach is
required for analyzing changes 1in irrigation systems
because of the specific nature of the farm production
process. In this regard, Nakayama and Bucks (1986)
emphasize that if irrigation technology, land and water
costs and quality are the most important features in an
economic comparison of Adifferent systems, other costs
(labor, tillage, weed control, fertilization, harvesting,
etc.) and profits (higher yields, earlier ripening, price,
product quality, etc.) should also be considered.

The biological process introduces sources of
variability in the farm production. Weather patterns,
irrigation water, fertilizer, pests and others, by directly
affecting crop yields and revenues, influence the timing of
investments and farm expansion. Investments can also

significantly increase the farm's exposure to financial
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risk. These risks affect behavior and add to the complexity
of the information needed for systems selection.

From an agronomic standpoint, all irrigation methods
that make water available to plants in the proper quantity
and at adequate time are equally satisfactory. However,
particular soil and topographic conditions and the type of
crop grown may make some water delivery systems ineffective
or inefficient under some conditions. Alternative methods
of supplying water on a given site for particular crops
must be isolated, and the best cost effective method of
applying the water determined.

The selection of irrigation systems and management
of water to maximize profit of crop production is, as
pointed out by Hill (1980), a complicated task and most
often is done by intuition. This selection implies an
optimization process of some sort. Such an optimization
involves the physical water delivery system, on-farm water
management practices, crop growth patterns, crop response

to water and fertility as well as costs and revenues.

Irrigation System Management

Factors affecting crop water demand have been

related to the absorbed solar radiant energy not used for
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photosynthesis. The radiant solar energy causes water
transpiration from plants and soil water evaporation. The
combination has been referred to as evapotranspiration
(ET). The purpose of irrigation is to dissipate this energy
load through adequate water application.

Doorenbos and Pruitt (1977) reviewed and updated the
extensive research that has been conducted to
quantitatively establish the crop water demand, which
varies with time during the growing season, differs for
each crop and is climate-dependent.

If water demand is controlled by climatic conditions
and not subject to management, water supply is, however,
subject to several management alternatives which control
the rate and volume of water applied, and the growth of the
crop. Several researchers (Howell, 1964; Zaslavsky and
Buras, 1967; Varley, 1976; Seginer, 1978; Stern and
Bresley, 1983; von Bernuth, 1983; Warrick and Gardner,
1983; Letey et al, 1984; Yitayew et al, 1985, Seginer,
1987; Warrick et al, 1987) have emphasized the importance
of water management and infiltration uniformity of water
applied as important factors in suppling adequate water to
meet crop demands and they have attempted to quantify the

relationship between crop yield, amount of applied water,
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and the uniformity of infiltrated water. When infiltration
is uniform over an entire irrigated field the potential
exists to supply exactly the amount of water needed to meet
the crop demand on all parts of the fieid. When
infiltration is non-uniform, parts of the field are either
over and/or under irrigated. Over irrigation results in
deep percolation, entails additional water costs and loss
of resources and may decrease vyields, while under
irrigation results in decreased yields and revenues. The
infiltration uniformity is consequently a significant
factor in establishing the water supplies and can be
influenced by irrigation technology and management
practices. For surface systems, the quantity of infiltrated
water 1is dependent on both infiltration opportunity time
and soil infiltration characteristics; for pressurized
irrigation systems, when ponding does not occur,
infiltrated water uniformity is the same as application
uniformity.

Warrick (1983) examined irrigation uniformities for
six assumed statistical distributions of depth of water
infiltrated using the coefficient of variation (CV) as the
statistic for uniformity. The distributions chosen where

log normal, uniform, a specialized power, beta and gamma
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distributions. For values of CV 1less than 0.5 the
distributions all gave the same result for practical
purposes and were related analytically to the
Christiansen's uniformity coefficient (uce) by the
expression UCC = 1-0.8 * (CV. Results for the normal
distribution have been established before by Hart and
Reynolds (1965), who postulated normal distribution for a
wide range of sprikler sizes. Recent studies of testing
normality of drip irrigation emitter flow (Bralts, 1983;
Clemmens, 1987; Wu, 1988) showed that the emitter flow can
be presented as a normal distribution. The distribution has
been used in evaluations of application efficiency and
uniformity for drip irrigation (Sammis et al, 1985; Wu and
Gitlin, 1983; and Nakayama et al., 1979), and infiltration
depths are arrived at rather directly.

A large body of literature has also focused on the
water use efficiency of different irrigation systems. Field
trials in Israel by Goldberg et al (1970) demonstrated that
trickle irrigation increased yields by 30 percent or more
over furrow or sprinkler irrigation when good quality water
was used. Bernstein and Francois (1973) also reported that
trickle irrigation required about one-third less water than

furrow or sprinkler for bell peppers. Sammis (1980)
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reported that when potatoes and lettuce were watered by
sprinkler, trickle, subsurface and furrow irrigation, the
subsurface irrigation method appears to offer the best
method of supplying uniform soil moisture in the root 2zone
to the plant throughout the growing season, resulting in
highest yields and high water use efficiencies. However, he
concluded that furrow irrigation, usinhg proper management
and short furrow runs, resulted in yields and water use
efficiencies as high as those of the other irrigation
methods. Hansen et al (1974) also compared the effects of
sprinkler, furrow, subsurface, and trickle systems on
water-use efficiency and yield on sweet corn. Corn vields
were the same for trickle, subsurface and furrow methods
while water use efficiencies were highest for trickle and
sprinkler systems.

Doorenbos et al (1984) recognized that crop ET is
affected little by the method of irrigation if the system
is properly installed and operated. They suggest that the
advantages of one irrigation system over another are not
determined by differences in total irrigation water
supplied but by the adequacy and effectiveness with which
crop requirements are met. They argue that the apparent

superiority of one system over another may be merely the
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result of too much or too little water being applied, with
the fault 1lying on the management, not the method of

irrigation.

Yield-Water Relationship

For vyvield-water relationships, the problem of
developing a unique relationship between yield and water
applied and/or used has also received considerable
attention because it summarizes the production relationship
and the level of yield that can be obtained from applying
various quantities of water. Much of the scientific work on
crop water relations has been experimental with reported
crop production functions showing the relationship between
vield and ET. Stewart et al (1973) have shown that when ET
deficit sequencing is optimal (i.e. any deficits are timed
so that they cause the least possible reduction in crop
yield) the relationship between yield and seasonal ET is
well represented by a straight line function for a large
number of crops. If the upper bound of yield is related to
the depth of water applied rather than ET, a curvilinear
relationship will result.

Barrett et al (1980) reviewed crop water functions

and defined yield-water use (ET) function as the ideal
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function, with the curvilinear functions representing
deviations from the ideal. They emphasize that the relative
proximity of the field production function to the ideal
allows an evaluation of irrigation management practices and
irrigation system performances. They made a quantitative
assessment of the effect of production functions on
agricultural income by considering the relative difference
between functions representing different irrigation
efficiencies and showed that losses in revenue due to poor
irrigation practices are substantial.

Grimes et al {1969) established c¢rop water
production functions for cotton by relating yield and
evapotranspiration. Solomon (1983) indicated the existence
of 21 yield functions in cotton, presented an extensive
literature review on other <crops, and from these
experimental results he derived generalized polynomial
crop-water functions by obtaining the <corresponding
parameters.

Doorenbos and Kassam (1979) published extensive
values quantifying the response of yield to water supply.
They called it the vyield response factor (ky), which
relates relative yield decrease to relative

evapotranspiration deficit. The ky values for most crops
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were derived on the assumption that the relationship
between relative yield and relative evapotranspiration is
linear and is valid for water deficits up to 50 percent.
These values of ky, they explain, are based on analysis of
experimental field data covering a wide range of growing
conditions. The concept of yield-water use relationship in
relative terms developed by Doorenbos and Kassam (1979) has
been proposed by Stewart and Hagan (1973) as a more
generalized way of presenting a production function by
expanding its possible range of application to geographical
areas of different climates and growing conditions.

In all the above studies crop water production
functions were used to establish the relationship between
yields and water applied. The economic implications of a
specific case of nonuniformity was investigated by Seginer
(1978). He presented an example for cotton that indicated
two regions: 1) where irrigation uniformity justified
increased water applications, and 2) where reduced
irrigation uniformity justified lower water applications to
maximize profits.

Sammis et al (1983) presented a method to analyze
the effect of drip irrigation management and design on

yield reduction due to applying different daily irrigation
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amounts under different application uniformities. For
surface irrigation systems, where infiltration is
controlled by the hydraulics of the system as well as the
spatial variability of the soil infiltration
characteristics, a study by Yitayew et al (1985) indicates
that if the so0il is perfectly uniform the differences in
opportunity time do not result in nonuniformities which
greatly affect yield and revenues. A similar study by
Wallender et al (1987) indicates that nonuniformity of soil
intake properties may affect wuniformity more than the
variability in intake opportunity times.

To integrate uniformity of water application and
economic concepts into irrigation systems design Hill and
Keller (1980) used the water distribution uniformity in
conjunction with the crop-water production curves to
estimate the contribution to the total field yield of each
incremental area-depth. The methodology emphasizes the
necessity of reliable crop-water production functions in
the maximization of profits.

Letey et al (1984) proposed a flexible methodology
for incorporating nonuniformity of infiltrated water into
the crop-water production functions estimated from

experimental plots which are relatively small and the
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infiltrated water is expected to be relatively uniform. It
can be used, they <c¢laim, for any infiltrated water
distribution or crop water production function. The crop
function, the distribution of the infiltrated water over
the field and the corresponding fractional area of the
field adequately irrigated must be determined or estimated
for a given field and crop. Their empirical analysis
demonstrates that conventional economic analyse which fail
to account for variations in infiltration uniformity may
substantially underestimate optimal levels of water
application.

Ayer and Hoyt (1981) developed crop water production
functions for cotton, wheat and alfalfa in different types
of soils, and used them in an economic analysis of water
problems and conservation alternatives for these major
crops in Arizona. Profit-maximizing guantities of
irrigation water were estimated from the production
functions leading to the conclusion that large amounts of
water may be conserved by changing from yield to profit
maximizing levels of water in medium to high-price water

areas.
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Whole Farm Planning

In the search for operational methods of tackling
the whole-farm planning problem, mathematical programming
techniques have proved to be useful tools.

According to Anderson (1977), of these programming
methods linear programming has been the most popular. In
linear programming terms, the farm planning problem is to
find the optimal wvalues o0f the variables Riseeos
xj,...,xn, where X represents the 1level of the
jth farming activity. The activities are chosen to be
representative of all possible enterprises that can be
conducted on the farm and all possible ways of undertaking
these activities. The choice of activity levels 1is

restricted by a set of m linear constraints of the form:

n
ng Aij Xj {< = 2} By 1

1,2,...m (2.1)

where one and only one of the signs £,=, or 2
holds for each <constraint, B; denotes either an
accounting identity or the available stock of the ith
resource, and Aij is the technical input-output

coefficient specifying the amount of the ith resource

required for a unit of product from the jth activity. The
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additional restriction that each activity level Xj be

non-negative is also usually imposed.

Optimality is judged in terms of the maximization of
an objective function subject to the above constraint
expression. The objective function is usually farm profit,

which can be written as

z=_§.c

351 3 Xj - F (2.2)

where 2 is farm profit, C; is the per unit net revenue

J
of the jth activity, and F denotes fixed costs.

Empirical problems solved within the programming
framework allow considerable disaggregation and refinement
in the simplified model described above. According to Dean
and Benedictis (1964), the empirical model allows for
multiple products, multiple labor restrictions within each
year, labor hiring in addition to family labor,
restrictions on product combinations as dictated by
agronomic and risk considerations, changing product, labor
and factor prices through time, and some modification in

the handling of family consumption, saving, and investment.

Their dynamic linear programming derives normative
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development plans through time for small land reform farms
in newly irrigated plains of southern Italy and
methodologically maximizes the present value of future
returns from annual plans over a 60-year planning horizon.

A similar approach was taken by Loftsgard and Heady
(1959) in their theoretical paper about application of a
programming model for optimum farm and home plans. The
proposed model involves solving optimal plans for a series
of years where productivity of resources on the farm
business is related to expenditures. Instead of a farm plan
for some point of time in the future, the objective is to
solve for the best plan in a series of years, with an
optimum for any year depending on the optimum in other
years, on the availability of and returns on capital in
other years etc.

According to Hazell and Norton (1986) the concept of
multiperiod linear programming takes the initial level of
investments as given and provides an optimal growth
strategy for the farm, which gives both the longer-term
investment 1levels and the optimal adjustment path that
should be pursued in achieving those goals. The solution to
the model provides a complete decision strategy for the

farmer.
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From the above studies, a multiperiod programming
model seems to capture a significant portion of the
complexity of the irrigation selection decision by allowing
flexibility in activities modelling as long term decisions.
The solution of the model, providing a complete decision
strategy for the farm, selects that particular pattern of
output and resource use through time and facilitates
alternative irrigation selection and investment plans to be
simulated under alternative water price, energy rate and
yield distribution and other relevant technical and

economic parameters.

Risk and Uncertainty

Agriculture production is a risky business. Farmers
face a variety of price, vyield, and resource risks.
Numerous empirical studies have demonstrated that farmers
behave typically in risk-averse ways.

Results from a survey of 149 agricultural producers
presented by G.R. Patrick et al. (1985) for 12 states in
the US, including Arizona, indicate that producers consider
a broad range of sources of variability in their operation.
Farm-type comparisons revealed that weather was considered

the most important source of variability in crop
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production. Crop prices ranked second. However, producers
ranked inflation, input prices, disease and pests, world
events, safety and health as other important sources of
risk. Concerning cotton producers, the study also revealed
that producers gave the greatest importance to operating
input costs of any farm-type group. Timing of investments
and expansion to avoid becoming overextended was considered
the most important managerial response to risk.

This long term emphasis where producers indicate
considerable concern for the wviability of the firm and
their ability to withstand adverse outcomes, 1led the
authors to point out that multi-year rather than single
year analysis may produce useful information for
understanding and guiding planning behavior.

A study of financial risk in cotton production for
farms in Arizona by Wilson and Gundersen (1985) complements
the Patrick study. It illustrates that in certain years
business risk can account for less than 50 percent of the
risk faced by the decision maker, and emphasis on price and
yield wvariability- business risk- should be shared with
uncertainty in the financial sector. These results

demonstrate that a broader treatment of the risks faced by
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the producer should be included in the formulation of the
components of their economic environment.

A variety of mathematical programming models have
been used to study farm planning under uncertain price and
production environments. The classic study by Freund (1956)
first proposed a quadratic programming approach to risk
analysis by recognizing that use of the expected income-
variance <criterion of  optimality is equivalent to
maximization of the expected value of an exponential
utility-of-income function if income is normally
distributed. Until recently, available procedures forced
researchers to consider either revenue or input supply
uncertainty but not both. Barry and Willmann (1976), Wiens
(1976), and Musser and Stamoulis (1981) worked on
stochastic revenues, while Chen (1973) focused on the input
side, with the study of the probabilistic protein supplies
in feed formulation.

More recently, Quirino Paris (1979) presented a
novel interpretation of risk programming, by proposing a
generalization of the traditional mean-variance model able
to take simultaneously into consideration both sources of
risk. The approach permits stochastic supplies of limiting

inputs into the conventional mean-variance (E-V) framework
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and still preserves the linearity of the structural
constraints. The source of uncertain costs analyzed is
supplies of fixed or 1limiting inputs, s, that act as
constraints on the production function. The approach is
relevant to a farm environment with aleatory supplies, such
as ground and/or surface irrigation water, labor, and
machinery availability.

Following Paris, the uncertain prices and supplies
of limiting inputs are usually handled in the E-V models.
With output activity levels indicated by the letter x and
input prices by the letter y, profits are m = p'x - s'y
= d'z, where d'= [p', -s'] and z'= [x', y']. Under these
assumptions, only the d vector 1is stochastic and is
normally distributed as d » N (E(d), X). The dual
pair of symmetric quadratic programming (SQP) describing
the uncertain problems of the firm is stated by Paris as
the following:

Primal max { E(p)'x - (2/2) x'Z_ x - (2/2) y'Z_ v}

p
subject to Ax - ¢ EGY < E(s) (2.3)
y20, x20;
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Dual min { E(s)'y + (9/2) yv'&

s ¥ + (2/2) x'Sp x }

subject to A'y + ¢ E§ x 2 E(p) (2.4)

y20, x20.

where E(p) is a n-element vector of expected value of

returns for activities, x is a vector of activities, y is

;.
L= ’
P

is an (n x m) matrix of variances and covariances of

a m-element vector of shadow prices for inputs,

returns for activities, Ss is a matrix of wvariances
and covariances of input supplies, ¢ 1is the risk
aversion parameter, A is a (m X n) constraint matrix
representing the nonstochastic technology of the firm and
E(s) is an m-element vector of expected input supplies.

Paris notes that the unusual and interesting
property of the above model is that, if a solution exists,
the vector y appearing in the primal problem represents
also the vector of dual variables (shadow prices). He shows
this property by defining the Lagrangean function of the
primal, using y as the vector of Lagrangean multipliers,
and verifying that the resulting Kuhn-Tucker conditions
are identical to the constraints of the above problems.

The economic interpretation of the models in (2.3)

and (2.4) reveals their usefulness and innovation in
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analyzing farm environment subject to risk and uncertainty.
The primal objective function requires the maximization of
the firm's expected net revenue minus the risk premium that
a risk averse entrepreneur may be willing to pay for a
certain 1level of monetary receipts. This risk premium
reflects the sources of uncertainty in the output prices

and input supplies; (9/2) x'Ep X is the subjective

cost the entrepreneur is willing to pay as a consequence of

uncertainty in output prices; (¢/2) y'> y is the

s
subjective cost the entrepreneur is willing to pay as a
consequence of uncertainty in the input supplies.

The primal constraints represent the technological
possibilities of the firm under a risky environment. They
indicate that the input use, Ax, must be less than or equal
to expected supplies E(s), adjusted by a term @E@Y,
which constitutes a marginal risk adjustment (opportunity
cost) directly related to the existence of uncertain input
supplies. For the dual problem expressed in (2.4) the
objective function can be viewed as the goal of an
alternative entrepreneur who wishes to buy out the original
owner and wants, surely, to minimize the total expected
cost of the firm's input supplies, E(s)'y, as well as the

amount of money that he should reimburse the original owner
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for the payment of the risk premium. The dual constraint
indicates, however, that an equilibrium solution is reached
when the marginal activity cost, A'y, is greater than or
equal to expected price, E(p), adjusted by a marginal risk
premium due to uncertain output prices.

Empirical applications of the symmetric quadratic
programming (SQP) in the agricultural sector have been
limited. Only the work of Kramer et al (1983), and McSweeny
and Kramer (1986) reported to use the framework to include
risk in the input supplies in analysis of soil conservation
policies and their impact on farm programs. These empirical
applications of models (2.3) and (2.4) have not accounted
for covariance between input supplies and output prices (or

revenues), = because the symmetric E-V as

ps’
stated in equation 2.3 embodies the assumption that the
covariance between input supplies and output prices is
zero. More recently, Paris (1989) revised the SQP presented
in equation 2.3 to account for non-zero covariances between
input supplies and output prices after recognizing that the
SQP specification causes the objective function to assume

values which, for a risk-averse entrepreneur are always

higher than those for a risk-neutral decision maker,
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inducing implausible economic interpretation. Writing the

variance as

var(m) = x'Z x + y'I Yy - 2x'Z o (2.5)

he included the missing information, (Eps), into

the SQP formulation conforming it to his generalized mean
variance (GMV) model specification already proposed in the

1979 paper. The GMV specification involves the bilinear

form ¢ x'Eps y as an additional component of

risk premium and is written as follows:

Primal max { E(p)'x ~ (9/2) x'Ep x - (9/2) y'Ss y

+<I>x'Epsy}

sub. Ax + 0 Ssp x - 0 Ss y < E(s) (2.6)

Dual min { E(s)'y + (9/2) y'ZS y + (9/2) x'Ep x

-0 x' Z v}
ps
sub. A’y—@Ep y+<I>pr2E(p) (2.7)
y20, x20.
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where the covariance term zﬁp appears explicitly

either to impose further restrictions on the input use, or
to relax their binding availabilities, depending upon its
sign. The nonstochastic input use Ax is adjusted to account
for the interaction between output prices and input
gquantities when equation 2.6 is restated as (A + ¢
Ssp)x < E(s) + & Esy. According to Paris
the assumption of zero covariance between revenues and
costs was convenient for maintaining a certain degree of
simplicity but proved not satisfactory empirically and on a
purely theoretical ground because of its economic meaning.
If both revenues and supplies are stochastic, the
generalized mean variance model of equations 2.6 and 2.7
provide the structure and the procedure to redefine the
problem and obtain plausible economic interpretation. No
previous study based on empirically derived data using the
GMV model of equations 2.6 and 2.7 has been published, but
the proposed structure seems to capture a significant
proportion of the complexity of our irrigation selection
decision problem by allowing flexibility for multiperiod
modelling of activities and concise analysis of the effects

of uncertainty in revenues and input supplies.
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CHAPTER THREE

IRRIGATION MANAGEMENT AND CROP YIELD

Introduction

This study compared furrow irrigation systems with
level basin and drip irrigation. These two systems have the
potential for high uniformities and are already being
introduced into the state of Arizona to counteract the
mandate of water reduction and ever-increasing application
efficiency requirements. The pertinent question frequently
asked is: which system is the best?. There is no easy
answer to the questipn, as Solomon (1988) points out. The
first issue, however, when comparing different irrigation
technologies is management. Hanson (1987) observes that
many studies have compared well-designed, well-managed drip
systems with poorly designed, poorly managed furrow systems
and, obviously, concluded that drip irrigation uses less
water than does furrow irrigation. Others (Sammis, 1980;
Hansen et al, 1974) do not support such a supposition.
However, despite increasing water scarcity and escalating
costs of irrigation, many producers continue to irrigate
intensively, applying excessive water to avoid vyield

reductions and variability of net returns.
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Recent studies (Letey, 1984; Seginer, 1983)
evaluating irrigation strategies concluded that the
propensity of irrigators to apply excess water may be
attributed to the lack of uniformity with which irrigations
are applied. In actual practice a portion of the field
receives an irrigation depth below the quantity desired and
a portion receives a depth in excess of the quantity
desired. Thus, many irrigators may over-apply water in some
portions of the field to assure that the entire field
receives some minimum water application. Under this
condition, the degree of uniformity to which water is
applied may favor an irrigation system as being apparently
superior over another system managed differently. As
Doorenbos et al (1984) argue, the apparent superiority of
one irrigation method over another may be merely the result
of too much or too little water being applied, with the
fault 1lying on the management, not the method of
irrigation. If we accept the findings of Pruitt et al
(1983) that for practical purposes seasonal ET from crops
can be considered unaffected by the irrigation system and
if differences do occur, the percent difference is quite
small, then there is a definite possibility of achieving

comparable yields from comparable amounts of applied water
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though using different irrigation systems. Crops do not
discriminate specific technologies and yield differences,
if they occur, are attributable to the management of water.
Considering that crop water requirements are often
calculated upon c¢rop ET and that non-uniformity of
infiltrated water increases the water requirements, the
issue to consider when selecting an irrigation system is
the amount of water applied and the effects of its spatial
distribution on crop yields. The uniformity of distribution
of infiltrated depths becomes the critical input data for
the analyses.

In this chapter a methodology is designed such that
each irrigation system in the the study infiltrates the
same seasonal required depth of irrigation in the root zone
and adequately irrigates a similar fraction of the cropland
area, for a given uniformity of water application. The
procedure allowed unbiased comparison of the different
systems and selection of a set of irrigation management
practices to include as activities in the programming model

described in chapter 4.
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Methodologay

Irrigation infiltrated water is measured at various
sites in the field and the variability of the obtained
values provides an indication of uniformity of the
infiltrated water over the field.

The matter, simple as it seems, is complicated by
the fact that uniformity is controlled by a large number of
irrigation variables. For surface systems (level basin,
furrow and border irrigation) uniformity of infiltrated
water depends upon the spatial variability of the soil
infiltration rates and the hydraulics of the system; for
pressurized irrigation systems that are properly designed
to avoid surface ponding of water and horizontal surface
flow, the uniformity of infiltrated water is equal to the
uniformity of application and poor uniformity is related to
the design of the system, problems of pressure regulation
between manifolds, excessive pressure losses due to
inadequate ©pipe sizing, plugged emitters and water
temperature effects.

Infiltrated depths are difficult to develop for
surface systems due to the larger number of choices
available in selecting irrigation variables. The important

hydraulic variables are flow rate, length of run, time of
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irrigation cutoff, surface resistance and slope, and the
soil variables are infiltration rate characteristics and
variability with respect to space. For these systems the
impracticability of field studies led us to the use of an
hydraulic model to control the irrigation wvariables,
simulate the hydraulics of surface irrigation, and obtain
the measures of uniformity of water infiltrated. The
procedure allowed to obtain a sequence of different
irrigation outcomes that led to the development of
management-design charts for each surface irrigation system
as superimposed plots of average low-quarter infiltration
depth and corresponding uniformities, from any combination
of inflow rate and cutoff time. From these charts,
presented latter in this section, irrigation uniformities
were selected for specific irrigation requirement in the
root 2one, and management parameters (inflow rate and
cutoff time) obtained. New irrigations were simulated with
the selected parameters. All the simulated irrigations were
forced to infiltrate the requirement at the lower quarter
of the field. The assumption that the required depth just
equals the average lower quarter depth of infiltration

ensured that each system got the same average depth in the
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root zone and also showed that approximately 87 percent of
the field had been adequately irrigated.

For drip systems uniformity and distribution of
infiltrated depths depend on hydraulic design,
manufacturing variation in emmiters, system operation and
maintenance. An analytic function for the spatial
distribution of depths was assumed, expecting that they
closely approximate the normal distribution. The area
irrigated was divided into increments, uniformity of
infiltrated depths specified, and the seasonal requirement
depth met for 87 percent of the field.

The described methodology allowed a single procedure
to compare surface and pressurized irrigation systems. The
inputs of the hydraulic model, selection of management

parameters and management-design charts are as follows.

Hydraulic model
The SRFR computer program model developed by

Strelkoff (1989) was used to simulate the hydraulics of the
surface irrigations. The model is based on the physical
principles of conservation of mass and approximations to
the impulse-momentum relationship. It assumes that inflow

of water is distributed evenly across the width of the
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strip of field to which water is introduced at a known
volumetric rate, and the strip possesses known roughness
and infiltration characteristics as well as known bottom
configuration, length, and downstream-boundary condition (a
free outflow or ponding behind a dike). The model is a
predictive tool in which the user supplies values of those
parameters that influence the outcome of an irrigation and
it returns the infiltrated depths, volume of runoff, if
any, and merit of irrigation parameters, i.e., water
application efficiency and wvarious distribution indices
that result from the conditions of the irrigation. Through
variations of inflow rate and cutoff time the model yields
hypothetical irrigations for the given field conditions. It
computes 1longitudinal variation of depth and discharge
along the length of the surface stream at a sequence of
times after the start of the irrigation. The movement of
the wave front during stream advance and recession is
obtained allowing the calculation of the opportunity time.
With infiltration a known function of wetted perimeter and
opportunity time, the ultimate post-irrigation longitudinal
distribution of infiltrated water depth is calculated. With
the irrigation requirement known, the deep percolation is

determined, as well as various distribution parameters.
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Model Inputs
The inputs of the SRFR model, which are defined for
each combination of crop, soil and irrigation system are:
Hydraulic Properties of Crop and Soil

.Manning roughness
.Intake characteristics

System Geometry

.Average field length and slope
.System cross section and spacing

Irrigation Management Parameters

.Required depth of application

.Inflow rate

.Cutoff time

The demonstration farm at the Maricopa Agriculture

Center, a University of Arizona research and demonstration
facility located three miles east of Maricopa and three
miles north of the Casa Grande-Maricopa Highway, in Pinal
County is the representative farm selected for use in this
study. The field input values needed to simulate the
hypothetical irrigations approximate the general conditions
of the farm fields under furrow and level basin irrigation,
with lengths (L) of 240 meters, furrow spacings of 1.0
meter, field slopes (So) of 0.05 percent and laser leveled

basins, 180 meters wide. The selected crops are cotton, the

principal crop in the farm and in Pinal County, and wheat.
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Soil and crop conditions, that yield the physical input
parameters required by the model, and the management

parameters are described in detail below.

Soil and Field Geometry

Post et al (1988) and the Soil Conservation Service
permeability classes (scs, 1974) provided general
information on the three soil series of the farm,
summarized as follows:

Trix - With an approximate area of 346 hectares,
Trix is a deep, well drained very slowly permeable soil
whose upper horizons are formed in fine textured recently
deposited alluvium, which in turn overlies Casa Grande soil
material. Typically it has a dark brown clay loam or sandy
loam surface horizon 0 to 30 cm deep. The upper subsurface
horizon ranges from 30 to 100 cm deep, with similar
characteristics as the surface horizon. The total available
soil water is estimated as 0.15 cm/cm and the SCS intake
family as 0.45. This intake family is related to
infiltration parameters (Hart et al, 1983) that when
converted to fit the SRFR required Kostiakov infiltration
equation (Appendix A) yield a K value of 2.358 cm/hra,

an a value of 0.742 and a ¢ value of 0.7 cm.
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Casa-Grande - With an approximate area of 482
hectares, Casa-Grande 1is a deep, well drained slowly
permeable soil formed in old alluvium. On the farm it is
typically brown to reddish brown sandy loam or sandy clay
loam surface horizon from 0 to 30 cm deep. The subsoil
horizon from 30 to 60 cm is usually a reddish brown sandy
clay loam, with increases in calcium carbonate content with
depth. The total available soil water is estimated as 0.158
cm/cm and the SCS intake family as 0.80 resulting in a
Kostiakov K with a value of 3.695 cm/hra, an a value
of 0.773 and a ¢ value of 0.7 cm.

Shontik - With and approximate area of 26 hectares,
Shontik is a deep, well drained moderately to moderately
rapid permeable soil found in sandy alluvium. It has a
brown sandy loam surface horizon 0 to 30 cm deep, and is
usually higher in sand content than the Casa-Grande surface
horizon. The subsoil horizons extend from 30 to 100 cm or
more, and are very similar to the surface horizons. The
total available soil water is estimated as 0.2 cm/cm and
the SCS intake family as 1.0, yielding values of 4.4436
cm/hra for K, 0.785 for a and 0.7 cm for c.

Irrigated fields were simulated with Manning flow

retardance coefficient, n, of 0.04 to express the effects
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of hydraulic boundary conditiens and the wetted perimeter
of the furrows computed with a power-law, function of water
depth in the channel (b = C yMm), Average values of
17.9 and 0.72 for C and m, respectively were obtained from
studies conducted 1in the Maricopa farm by the Water
Conservation Laboratory of the USDA/ARS in Phoenix,

Arizona.

Management Parameters

The management parameters - required depth of
application (Zreq)' inflow rate (qin) and
cutoff time (tco) - are the governing variables

that determine the results of any irrigation. Inflow rate
and time of cutoff are the two inputs that were varied for
each soil type and technology to provide the sequence of
hypothetical irrigations. The other physical parameters
i.e, length (L), bottom slope (So), Manning roughness (n),
and Kostiakov infiltration coefficients (K, c) and exponent

(a), were fixed for each soil type.

Management-Design Charts

In the simulation of each irrigation the inflow rate

(qg..) and the time of cutoff (teo) were

in

subjected to ranges such that each system delivers enough
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water to advance to the end of the field while not
exceeding maximum non-erosive velocity. The sequence
allowed, for each system, field condition and crop, to
obtain a sequence of different irrigation outcomes, and to
establish a grid of points of average depths of water
infiltrated and corresponding unformity coefficients (UCC),
as illustrated for graded furrows in figures 2 and 3, for
48 hypothetical irrigations in Casa-Grande soils.

A gridding algorithm (SURFER package, Golden
Software, Inc. Colorado, 1985) using kriging interpolation
and search techniques allows one to take the grid of points
and draw continuous lines through the points of equal
uniformity and water depth, defining the contour maps of
figures 4 and 5. These two maps, superimposed, provided
with irrigations possible to perform with each system for a
given required depth of application and a target
uniformity; they define the combinations of inflow rate and
cutoff time for each preset required depth and uniformity
conditions.

With 3 surface systems (graded furrow, level furrow

and level basin) and 3 different soil types, a total of 18
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contour charts were prepared, 9 representing the average
low quarter depth of water infiltrated (LQ) and 9
representing Christiansen's uniformity coefficients (UCC),
respectively. Figures 6 through 14 present the management-
design charts defined by superimposition of the

corresponding contour maps.

Irrigation Water Applications
The required depth of water to apply at each

irrigation (2Z is generally given as an average

req)
depth for each field even though the soil-water reservoir
may not have been uniformly depleted throughout the field,
and the water will not be distributed uniformly over the
soil as a result of the irrigation (Hart, 1980). It defines
the depth of water that can be stored within the root zone
between the field capacity and the allowable level the soil
water can be depleted for a given crop, soil and climate
without affecting growth. This fraction of the total stored
water in the root 2zone readily available to the crop
depends on type of crop and evaporative demand. A value of
0.50 was used as is customary in most surface irrigation

systems in arid and semi-arid areas. This estimate and

further assumption that average rooting depth for cotton
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and wheat is constant and equal to 120 cm (Doorenbos et al,
1979) allowed the required depth at the time of irrigation
i.e., the so0il moisture deficiency or desired management
allowed deficiency (MAD), to be set as 9.0, 9.5 and 12.0 cm
for the Trix, Casa-Grande and Shontik soil series,
respectively. The rooting depth assumption is practical and
permits equal water applications during the crop growing
season.

For each surface technology and soil type, by
choosing these required depths (MAD) to infiltrate as the
LQ average depths, two irrigation schemes (I and II) with
the highest and lowest uniformity possible were selected
from the management charts of figures 6 to 14. They
represent two extrémes of water management practice and, in
terms of wuniformity, the best and worse performances
expected from the surface system when delivering water to
the field and satisfying the crop requirements.
Accordingly, a total of 18 surface application levels,
(qin’ tco), were selected.

The management parameters selected above were used
individually as inputs for new simulations to obtain the
corresponding 1longitudinal infiltration @profiles and

measures of the potential application efficiency of 1low
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quarter (PELQ,), Christiansen (UCC) and 1low quarter
distribution uniformity (LQDU) coefficients. PELQ is the
ratio of average LQ depth (when equal to MAD) to the
average depth of water applied. It is a measure of how well
the system can apply water if management is optimal and is
the only efficiency term that should be used to compare
systems or methods (Merriam, 1980); UCC is the average
depth infiltrated minus the average deviation from this

depth, divided by the average depth infiltrated.

n
S
vee = 1 - =1 (3.1)

where w; is the application depth of water at the i-th

observation point in the field, W is the mean
application depth, and n is the number of observations. The
LQDU coefficient is the ratio of the average LQ depth of
irrigation water infiltrated to the average depth of
irrigation water infiltrated. The two values provide single
measures which may be used to compare system uniformities
and indicate distribution problems.

The above strategy guaranted that, in each soil

type, each system infiltrates the same depth at the 1low
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quarter of the field. Equally, it defined the water that
percolated below the root zone of the crop, the runoff, and
the fraction of the area adequately irrigated. Tables 1 to
3 summarizes the irrigation inputs and results of
irrigation schemes I and II for three different soil types.
These values are used in the programming model described in
chapter 4 to explicitly represent the irrigation water
application levels of the different systems.

With all systems compared in the programming model
under the selected irrigation practices, the 1irrigation
system{s) most likely to be selected will depend on the
amount of water applied, the effect on crop yields and

differential costs.

Spatial Distribution of Infiltrated Depths
To proceed with the method and predict the effects

of each irrigation on crop yield some means must be
identified for obtaining the seasonal depths of water
infiltrated at different area fractions of the field.

For the study a total of 18 surface 1irrigation
applications have been selected and the 1longitudinal
variation of infiltrated depths along the length of the

surface stream obtained from the SRFR model runs. Post-



Table 1.

IRRIGATION I AND II DESIGN VARIABLES AND
PERFORMANCE OF THE IRRIGATION TECHNOLOGIES

(Intake family 0.45).

Sorl: TRIX
Intake fasily:s (.49

Irrigation Irrigation Inflow Cutoff Applied Infiltrated Runoff ucC ¢ PELD & LBDY ¥
Technoiogy Schese  Rate Tize Depth Depth Depth
(1/s)  {ain)  {ce) {cn) {ca) {4) (%) {%)
Graded
Furrow I 3,00 515,00  38.63 9,35 29,28 97.50 23,30 96.40
II 1,20 B815.00  24.45 9,92 14,97 95,40 3t.B0 94,60
Level
Furrow I 3.00 440,00  33.00 10,76 22,24 88,00 27.10  B3.90
I 1,36 6BG,00  23.12 10,99 12,13 86,20 38,70  82.10
Level
Basin 1 2,60 152,00 9.828  9.88 0.00 93,30 90,90  91.10
1 1.35 322,00  10.87 10,87 0.00 68.0¢ 82,30 83,20

$ UCC - Uniforaity Coefficient-Christiansen
$ PEL® - Potential Efficiency of Low-Buarter
$ LODY - Low-Quarter Distribution Uniforaity
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Table 2.

Soil: Casa-brande
Intake family: 0.80

IRRIGATION I AND II DESIGN VARIABLES AND

PERFORMANCE OF THE IRRIGATION TECHNOLOGIES
(Intake family 0.80).

84

Irrigation Irrigation Inflow Cutoff Applied Infiltrated Runoff UCC & PELR S LQDU 8
Technology Schese  Rate Tise Depth Depth Depth
{I/s)  {ain)  (ca) {ca) (ca) (1) (2) {2)
Braded
Furrow I 3.00 336,00 25,20  10.15 15,05  95.00  37.60  93.40
Il 1,20 591,50  17.75 10,72 7.02  90.40 53,40  88.40
Level
Furrow 1 2.80 296,90 20,78  11.9% 8.83 83.90 45,40 79.40
11 1,20 536.30 16,63  12.87 3.76  79.00 56,60 73,70
Level
Basin I 3.30 135.30 1f.16  11.1b 0.00 89.00 B4.70 85.10
11 2.00 255.80 12,79 12.79 0.00 82,30 73.40 74.30

$ UCC - Uniforaity Coefficient-Christiansen
$ PELO - Potential Efficiency of Low-Quarter
$ LODU - Low-Buarter Distribution Uniforaity



Table 3. IRRIGATION I AND II DESIGN VARIABLES AND
PERFORMANCE OF THE IRRIGATION TECHNOLOGIES

Soil: Shontik

(Intake family 1.0).

Intake family: 1.0

85

Irrigation Irrigation Inflow Cutoff Applied Infiltrated Runoff UCC ¢ PELO & LODU 8
Technology Schese  Rate Tiae Depth Depth Depth
(1/s}  (min)  {co) (ca) (ca) (1) (1) 14]
Graded
Furrow 1 3.90 35,00 27,5 13.08 1448 93,70 43,50 91.90
Il 1,20 642,00 19.26 14.54 4,70  85.80 62.10 82,50
Level
Furron 1 2,40 380.00  22.80 15,52 7.28 82,00 52.10  77.10
Il 1,70 495,00 21,04 16.19 4,85 79.50 56,50 74,20
Level 3.50 162,00  14.18 14.18 0.00 69.10 84,30 85,00
Basin 1
Il 2,40 264,00 15,84 15.84 0.00 83.70 75.00 74,00

$ UCC - Uniformity Coefficient-Christiansen
8 PELR - Potential Efficiency of Low-Quarter
$ LADU ~ Low-Quarter Distribution Uniforaity
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irrigation synopsis of one simulation is reported in
Appendix B. Based upon these application profiles the
percent of land receiving different depths of irrigation
water was arrived at directly. However, the infiltration
values required to establish the relationship between yield
and water applied are for the entire season. With the
infiltration function and rooting depths assumed constant,
the seasonal infiltrated depth at any site in the field is
estimated as the product of the infiltrated depth per
irrigation and the number of irrigations per season. The
missing information at this point is, however, the number
of irrigations, a function of the seasonal crop water
requirement.

Crop water requirements are calculated on the basis
of meeting the evapotranspiration rate (ET crop) of a
disease-free crop, under optimal soil conditions including
sufficient water for unrestricted growth and development.
Selection of the seasonal average low-quarter depth
infiltrated equal to ET crop guarantees that surface
irrigations will infiltrate the crop water requirement at
the 87 % of the field receiving the least amount of water.

It also allows immediate calculation of the seasonal
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irrigations and estimation of the seasonal infiltrated
depths in each i-th section of the field.

For drip systems the values of the seasonal water
applied and the spatial distribution of irrigation
applications in a field setting were established from the
assumption of normally distributed application depths.
Theoretically, drip systems are capable of high
uniformities and efficiencies, but evaluations of on-farm
systems have found low uniformities. Hanson (1987) states
that of 57 drip systems tested in the San Joaquin Valley in
California, 17 percent had uniformities greater than 90
percent, 61 percent were between 70 and 90 percent, and 21
percent were less than 70 percent. Causes of the lower
uniformities were poor water quality and filtration and
subsequent plugging, and excessive variability among
emitters.

In this study, a range of uniformity possibilities
were assumed to represent drip irrigation acti?ities in the
programming model described in chapter 4. PFigure 15, based
on Hart and Reynolds (1965), presents the curves used in
the study for the selected irrigation uniformities. The
cumulative frequency curves (S-curve) relating the relative

irrigation depth (percentage of the mean irrigation depth)
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to the fraction of the field area receiving at least that
depth show that a percentage of area receives an irrigation
equal or less than the desired application depth.

In order to apply the desired amount of water to a
fraction of the total area comparable with the area
receiving at least the low-gquarter depth under the surface
irrigation technologies, for each irrigation uniformity the
seasonal mean irrigation depth applying that desired depth
of water was estimated. For a particular uniformity (UCC)
the seasonal mean application depth was arrived at by the
assumption that 87 percent of the field area meets or
exceeds the irrigation requirement. The area irrigated was
then divided into increments and for each parceling of the
field the quantity of water actually infiltrated was
estimated as the product of relative depth and the seasonal
mean application depth.

This single procedure established the yardstick
required to compare surface and pressurized irrigation
systems. The difficult query, however, is: how to predict
seasonal crop ET required to establish the desired seasonal

irrigation depths?
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Crop ET Prediction

Of the many uncertainties facing the farmer, perhaps
the most uncertain factor is weather. It can affect, among
others, both yield quality and quantity, number of days
suitable for field work, crop mix and water supply. 1In
irrigated agriculture a common practice 1is to use mean
climate data for determining mean ET crop. However, due to
weather changes, ET crop will vary from year to year and
for each period within the year, making estimates of water
requirements based on ET crop very difficult. Doorenbos et
al (1984) suggest that when sufficiently 1long climatic
records are available a frequency analysis can be made and
dependable values of ET crop obtained from probability of
values expected 3 out of 4 years or 4 out of 5 years (75
and 80 percent probability of occurrence). Statistical
analysis of this type requires time and data which are
seldom available.

The Soil Conservation Service has used for design
purposes an empirical method of estimating peak ET based on
mean monthly values, but for routine irrigation management
it falls short of being practical. Irrigators make
decisions based on their subjective estimates of probable

ET outcomes. These subjective estimates are personal in
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nature but quite often the irrigator will use all available
information, including historical records, expert opinion,
and personal experience, to formulate +the appropriate
subjective probabilities. Some modern decision theorists
(Doll et al, 1978) consider that subjective probability is
the only valid concept for decision making, arguing that
the probabilities used in decision making ideally should be
those of the person who bears responsibility for the
decision, while others attach more value to objective
measﬁres of probability as relative frequency of events
that occur in nature. The issue revolves around the nature
of the probabilities to be used in the decision-making
process.

Young (1980, 1981) evaluated the criteria that
objective ©probabilities, with particular emphasis on
variability indices, should conform to 1in order to
represent reasonable substitutes of subjective assessments
and set forth basic theoretical criteria for constructing
objective variability measures computed from historical
data, summarized as follows:

Criterion 1. The variability measure {(Var) should be
conceptualized as the appropriately weighted mean square

forecast error from a series of one-step ahead forecasts.
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Symbolically:

Var(X) = E(X-EX)2 (3.2)

This is simply the second moment about the mean of
the relevant probability distribution, and for a weighted
discrete historical frequency distribution the wvariance is

approximated by expression (3.3)

HEs

t

where n is the number of time-ordered observations in the

time series; by is the probability weight for the

& = . '
t.;l bt = 1; O<bt<1), Xt 1ls

period t;
actual value of X in period t, Kt is the
expectation of X; generated in period (t-1) when the
decision must be made, computed as explained in the sequel.

Criterion 2. The expectation for period t should use

only information available at the time the expectation is

formed, i.e., only information from periods 1,..., t-1.
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This principle recognizes that probability judgements are
based only on past and present, not future, information.
Criterion 3. Procedures for computing the

variability measure (var) and expected component

(ft) should incorporate information from a
limited number of past periods. This criterion recognizes
that decision makers are likely to consider information
from distant periods obsolete after a point.

Criterion 4. More recent information should be given

greater weight than more distant information in the

computation of the expected component (it's) and
variability levels (Var's). This criterion recognizes that
decision makers are likely to give greater weight to recent
events in formulating subjective assessments because these
events are judged better indicators of current and imminent
changes in trends and also reflects the notion that memory
of past events fades in strength as time passes.

Criterion 5. Both expected components and
variability levels should be updated frequently, preferably
each period. This recognizes the principle that decision
makers update subjective probability assessments as new

information becomes available.
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The preceding theoretical criteria focuses on the
conceptual issue of how expected mean value and variability
indices can be specified to conform to practical decision
making approaches. The concept 1is appealing and of

practical use for prediction of mean seasonal ET crop

values (ft's) required to estimate the number of
seasonal irrigations and water supplies, which are Kknown
post facto, i.e., available to the individual only at the
end of the observed period. However, calculation procedures
to incorporate Young's methodology and predict seasonal ET
crop values for the years of our study require historical
time series of cotton and wheat evapotranspiration (ET

crop), the measurable variable (Xt)°

Crop ET Estimates

Several methods have been developed and are at use
around the world to predict the effect of climate on
reference crop evapotranspiration (ETo) and obtain a
measure of crop water requirements. The choice of methods
is based primarily on the type of climate data available to
completely integrate the climatic factors that influence
evapotranspiration. Historically, the crops used as

reference have been alfalfa and grass and the effect of
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climate on these crops has been defined as their rate of
evapotranspiration when they are covering an extensive
surface, actively growing, completely shading the ground
and not short of water.

Evapotranspiration of particular crops (ET crop) is

related to the reference ETo through the relationship

Etcrop = Kc * Eto (3.4)

where Kc is the crop coefficient that accounts for the
effect of crop characteristics on crop water requirements,
ETo. The most accurate ETo values are calculated £from
measured values of temperature, humidity, wind and sunshine
duration (Penman equation) and Kc estimated from
experimental crop coefficient curves.

An FAO Penman method and a computer program
developed in Doorenbos et al (1984) were used, with the
default day/night wind ratio, to calculate the historical
ETo time series for the area studied, using daily required
weather values from the Mesa Agricultural Experimental
Station, near Phoenix. Tables 4 and 5 present the ETo
values calculated for the period 1969 to 1987. Crop

coefficient curves for cotton and wheat were constructed
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Table 4. AVERAGE REFERENCE EVAPOTRANSPIRATION (ETo) AND

SEASONAL ETo FOR THE GROWTH PERIOD OF THE
COTTON IN CENTRAL ARIZONA.

Cotton stages of development

Initial Developsent Nid-season Late-season ETo

YEAR APRIL  MAY JUNE  1-15JUL 16-31JUL AUGUST SEPTEMBER OCTOBER 1-15KOV  (sa)

1949 182,70 214,52 235,50 122,55 130.72 251,10 1B3.90 126.17 42,75 1489.9
1970 212,10 263.19 245,40 130.80 139,52 225,06 168.00 119.04  36.15 1539.3
1974 170.10  206.46 213.30 125,85 434,24 212,35 166,20 116.87 32,25 1377.6
1972 189,00 216.69 223,50 124.35 132.64 221.65 171,00 94,86  35.10 1408.8
1973 187,20 245.83 246,60 126,30 134,72 179.80 170.40 121,21  34.65 14467
1974 186,90 231.57 253,50 117.60 125.44 236.33 179.40 115.32  34.00 1482.3
1975 179.10  217.31 222,30 117.00 124,80 212.04 174.00 116.87  34.B0 1398.2
1976 180,00 218.24 224.40 117.45 125,28 212.97 173.80 116.87  34.80 1405.8
1977 199.80 227.23 250,20 123,90 132.16 230.33 176.70 119.04 35,60 1496.0
1978 183.30 226,30 239.40 121.80° 129,92 217.31 173.10 119.04  35.70 1445.9
1979 179.40 201.19 226,80 114,00 121,60 196,23 165.30 104.78 32,70 1342.0
1980 176,00 198.7¢ 202,80 112.50 120,00 193.44 151,20 103.23  30.30 1283.2
1981 182.70 218,55 225.00 112,05 119,52 203.36 159.90 109.74  35.25 {34b.1
1982 163.80 208,63 204.30 109.35 116,64 203.98 164.40 99.82 30,75 1301.7
1983 163.65 228,94 233,31 115,95 123.48 1B0.54 £6B.78 106.98  28.35 1350.2
1984 154.83 232,25 19%.74  99.90 106,56 185.88 167.04 110,83  J4.45 1268.7
1985 164.82 238,20 237,00 124,95 133,28 223.82 171,30 £20.65  37.63 1431.7
1986 194.40 238.30 247,80 §20.60 128,44 232,75 171.51 116.06  40.20 1490.3
1987 218.16 213,56 251.B4 121,80 129.92 214,77 166,62 136,15  41.80 1494.2

Stations Mesa Experimental Fara - Central Arizona
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Table 5. AVERAGE REFERENCE EVAPOTRANSPIRATION (ETo) AND
SEASONAL ETo FOR THE GROWTH PERIOD OF THE
WHEAT IN CENTRAL ARIZONA.

Wheat stages of developaent

Initial Developsent Hid-season Late-season ETo

YEAR 15-30NOV DECEMBER JANUARY FEBRUARY MARCH 1-15APR. 16-30APR. 1-20MAY  (ma)

1969 42.75 63.55  39.52  73.64 131.13 91,35 94.35 138.40  691.7
1970 36.15 45.26 66,03 95,76 147.87 106,05 106.05 149.80  773.0
1911 32,25 44.02 62,31 87,36 146,01 B85.05 85.05 133.20 475.3
1972 35.10 53.94 62,31 80,35 151,28 9450 94.50 139.80 71.8
1973 4.5 94.87  35.80  70.28 103.54 93.40  93.60 158.60  b44.9
1974 36.00 54,56  64.17 96,40 127.41  93.45  93.45 149.40  715.0
1975 34.80 52,39  60.45 B1.48 $26.48 B9.55  B9.55 140.20  &74.9
1976 34.80 52.08  60.14  B81.76 126,79  90.00  90.00 140.80  &76.4
1977 36.60 50.22 &4.48  @B.4B  134.85  99.90  99.90 146,60 721.0
1978 35.70 49.60 56,11 82,32 140.12 91,65  91.65 146,00  493.2
1979 32.70 48.05 57.04  78.68 126,79 89,70  89.70 129.80  632.5
1980 30.30 49.60  58.28 77.00 109.74 85.50 85.50 128.20 424.1
1981 35.25 44.95 5611 77.84  122.14  91.35 91,35  141.00  640.0
1982 30.75 49.29  54.87 73,36 143.53 B81.90 81,90 134.60  650.2
1983  28.35 40.640  54.87  68.32 110.47 B1.90 81.90 147.80  414.4
1984  34.65 53.00 48.67 467.20 111.91 77.40 77.40 149.80  620.0
1985 37.85 49.91  50.76  65.24 107.26  B2.35 82,35 133.60  639.1
1986 40.20 54,25 6448 67.08 143.84 97,20 97.20 133.80 73B.i
1987  41.40 45.26  63.86  89.60 137.64 109.05 109.05 137.80 7337

Station : Mesa Experieental Fara - Arizona
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based on average crop coefficient wvalues published by
Doorenbos et al (1984) for the different stages of the crop
growth and used to calculate annual ET crop for the same
period. Tables 6 and 7 presents the Kc values used for
cotton and wheat and the ET crop values. They constitute
the time series values needed to calculate expected mean
seasonal values for each year of the period 1979-1988, our

planning horizon.

Expected Seasonal Crop ET

To conform to the above outlined criteria and
calculate the expected component (3.4), i.e., the mean
average seasonal ET crop, the descending weighted moving
average technique was used (Young, 1988). The average of
the immediately previous n years that represent the

expected component for year t was calculated as:

n
X, = 2 b:X (3.5)
t i=1 1*1
where
_ _ 0.5l

by = w7 (3.6)

> 0.5t

i=1



Table 6. AVERAGE CROP EVAPOTRANSPIRATION (ETc) AND
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SEASONAL ETc FOR THE GROWTH PERIOD OF COTTON
IN CENTRAL ARIZONA.

Cotton stages of developeent

Initial Developaent Hid-season Late-season ETo
YEAR APRIL  HAY JUNE  1-15JUL 146-31JUL AUBUST SEPTEMBER OCTOBER 1-13MOV  (ma)
Crop coefficient (Kc)

0.250 0,250 0,525 0.975  1.150  1.150 1,025 0.775  0.575 (ma)
1969 45.68 53,63 123,64 119.49 150.33 288,77 188,50 97.78  24.58 1092.4
1970 53.03 45,80 128,84 127.53 160.45 256.82 172,20 92,26  20.7% 1079.7
191 42,53 51.62 111,98 122,70 154,38 244,20 170.35 90.57  18.34 1004.9
1972 47,25 .17 117,34 121,24 152,54 254.90 175.28 73,52  20.18 1016.4
1973 45.80 41,46 129,47 123.14 154,93  206.77 174.66  93.94  19.92 10i1.1
1974 46.73 57,89 133.09 114.66 144.26 272.01 183,89 89.37  20.70 1062.%
1975 44,78 54.33 116,71 114,08 §43.52 243.85 178.35  90.57  20.01 1006.2
1976 45.00  54.56 117.81 114,51 1M.07 244.92 180,20 90.57 20,01 1041.7
1977 49.95  56.B1 131,36 120.80 151.98 244.88 1B1.12 92.26 21.05 1070.2
1978 45.83  54.58 125,69 118,75 149.41 249.91 177.43  92.26 20,53 1036.4
1979 44.85 50,30 119,07 111.15 139.84 225.66 189.43 81,20 18.80  960.3
1980 42,75 49,68 106.47 109.49 138.00 222,46 154,98 80.00 17.42 921.4
1981 43.68  54.6% 118.13 109.25 137.45 233.86 163.90 B83.05 20,27  968.2
1982 40.95  §2.16 107.26 106.62 134.14 234.58 188.51 77.36 17.6B  939.2
1983 40.91  57.24 122,49 113.05 142,23 207.62 173.00 82.91  16.30  955.7
1964 38,71 38,06 103.29 97.40 122,54 213.76 171.22 B5.89 19.92 910.8
1985 41.21 59,55 124,43 121,83 153,27 257.39 175.58  93.50  21.65 1048.4
1988 48.60  539.58 130.10 117,59 147.94 247.66 175.80  89.95  23.12 1060.3
1987 54.54 53,39 132,22 118,76 149.40 246.99 170,79 105,32  23.B1 1055.4

Station: Hesa Experiaental Fara - Central Arizona
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Table 7. AVERAGE CROP EVAPOTRANSPIRATION (ETc) AND
SEASONAL ETc FOR THE GROWTH PERIOD OF WHEAT IN
CENTRAL ARIZONA.

¥heat stages of developaent

Initial Developeent Mid-season Late-season ETo

YEAR 16-30MDV DECEMBER JANUARY FEBRUARY HARCH 1-15APR. 16-30APR. 1-Z0MAY (ma)

Crop coefficient (Kc)

0.50 0.65 1.00 1.20 1.20 1.20 1.00 0.30

1969 21.38 41,31 59.52 88,37 157.36 109.62 91,35  49.20  438.1
1970 18.08 29.42 66,03 11491 177.84  127.26 106,05 8490  724.1
191 16,13 28,61 62,31 104.83 175.21 102.06  B5.05  bb.60  640.8
19712 17.5% 35,06  62.31 96,43 1B1.54 113.40 9450  69.90  670.7
19713 1.3 35.67  55.80 8434 124,25 112.32  93.80  79.30  602.6
1974 18.00 35.46 64,17 115.92 132.B9 112,44 93.45 T 70 b4b.T
1975 17.40 34.05 60,45 97,78 131.78 107.46  89.55  70.10  &28.6
1976  17.40 33.85  60.14  98.11 152.15 108.00  90.00  70.40  630.1
1977 18.30 32.64  &4.48 106.18 161.82 119.88  99.90 73.30  676.5
1978  17.85 32,24 56.11 98,78 168.14 109.98  91.65  73.00 647.8
1979 16.35 31,23 57.04 94,42 152.15 107.64 B9.70  64.90  b13.4
1980  15.15 32,24 58.28 92,40 131.69 102.60  65.50  68.10  9B2.0
1981 17.63 29,22 Sb.11  93.41 146,57 109.62 9135 70.50  b14.4
1982 15.38 32,04  54.87 88.03 172,24 98.28  B1.90  4&7.30  610.0
1983  14.18 26,39  54.87 B1.98 132,80 98.28 B1.90 73.90  564.3
1984 17.33 34.45 48,67  B0.64 13429 92,88 77.40 74.%0  340.4
1965  18.83 32.44 40.76 78,29 128.71 98.B2 82.3% 76.80 577.0
1986 20.10 35.26  64.48 104,50 172,61 116.68  97.20  76.%0  &87.7
1967  20.70 29,42 63.86 107.52 165.17 430.86 109.05  4B.90  695.5

Station : Mesa Experimental Fara - Arizona
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The procedure is concerned only with 1limited
observations (n) prior to the predictive period t to
conform to the proposition that memory of past events fade
in strength as time passes when the decision-maker is
evaluating past outcomes. Simultaneously, it allows
periodic revision of the data for each time period by
dropping off the oldest observation and adding on the
newest one (learning from experience). It also emphasizes
the importance of recent events by using declining weights
as t increments from the most recent to the most distant
year. The calculated value for each time period becomes the
expectation generated in period t-1. 19 years time series
ET crop data (1969-1987) were used to obtain the expected
means for the 10 years period, 1979-1988. Table 8 presents
the time periods involved in each year's expected mean ET
crop calculations for cotton and wheat and the c¢rop ET

values.

Crop Yield

Adequate irrigation at the maximum application
efficiency is the primary goal of irrigation system design
and management. Departure from the ideal 1is, however, the

common setting in practice and description of merit of
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Table 8. TIME PERIOD INVOLVED (1969-1987) IN THE
CALCULATION OF MEAN EXPECTED CROP
EVAPOTRANSPIRATION (ETc) AND COTTON AND WHEAT
ETc FOR EACH YEAR OF THE PERIOD 1979-1988.

FPeriod Year Time Total ET ET
Involved Cotton Wheat
(cm) (cm)
1 1979 1969-1978 10 104.0 65.2
2 1980 1970-1979 10 9.9 63.2
3 1981 1971-1980 10 6.0 60.7
4 1982 1972-1981 1¢Q Q6.4 61.0
=) 1983 1973-1982 10 95.1 61.0
6 1984 1974-1983 10 95.3 58.7
7 1985 1975-1984 10 3.1 57.3
8 1986 1976-198%5 10 98.9 57.5
9 1987 1977-1986 10 102.4 &3.1
10 1988 1978-1987 10 103.9 66.3

- —— . S ot T " s o P S i S e oy S S e St e P USSP i e S e e o Gt s S e S T S W G
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irrigation relying only on application efficiency indexes
remains incomplete until a measure of the uniformity of
application is obtained. When infiltration is uniform over
an entire area the potential exists to supply exactly the
amount of water needed to meet crop demand on all parts
irrigated. This potential does not exist when infiltration
is non-uniform since parts of the field must be over-and/or
under-irrigated. Over-irrigation results in deep
percolation and under some conditions may decrease vyield
while under-irrigation results 1in decreased vyield. A
quantitative assessment of the effect of infiltration
uniformity on crop vyield 1is required when comparing
irrigation technologies and their contribution to net
returns.

Expected field-level vields under non-uniform
application conditions requires knowledge of seasonal
infiltrated depths at different points over the field and
information on the crop-water production function. The
distribution of water depths used in conjunction with the
crop-water production curve provides the possibility to
calculate the contribution to the total field yield of each
portion of the field receiving different amounts of water

depth. Figure 16 adapted from Hill and Keller (1978), with
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Seasona/ depth of applied warer
T

Average

4 f?_é_a_f land receives this depth

a % of lond receives this depth

¢% of fond receives this depth

b% of land ot this \vield

y |25 of fand at_this |

yield

Yield
\,

Seasonal depth of applied warter

WATER DISTRIBUTION FROM IRRIGATION SYSTEMS AND
ITS EFFECT ON CROP YIELD. (Adapted from Hill and
Keller, 1978).

Figure 16.
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depths of application represented as an S-shaped pattern,
illustrates the procedure. Thus, if the frequency

distribution for water over the field is f(w), then the

average yield, Y, is

Y = ? y(w) f(w) dw (3.7)

The form of y(w) is usually the yield-ET crop-water
production function suggested by Stewart and Hagan (1973)
and f(w) 1is any assumed distribution function that
estimates the seasonal water distribution over the field.
For computational convenience, the distribution function
can be approximated by a discrete distribution and the

expected yield calculated as

. m
Y = S Pi Y(Wi) Ai (3.8)

where Y is the total farm vield, Ay is the area

th

in the 1 section of the field, m is the total

number of area increments of the field, P; is the

1

percent of 1land receiving w; depth of irrigation

water, w; is the depth of application received by the

1
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th  srea increment and y 1is the functional

i
relationship between yield and depth of applied water. The
above procedure requires detailed knowledge of the depths
of water applied and infiltrated at each fraction of the

irrigated area as well as seasonal crop-water production

function.

Crop Yield Prediction

Management options set forth in the study guaranteed
that the desired amount of water--adequate irrigation--is
applied to 87 percent of the field in all the three soil
types and irrigation systems. The calculated ET crop
(tables 6 and 7) represents the seasonal desired
infiltration depth and it is the information required to
define the seasonal number of irrigations and ultimately
the seasonal depths infiltrated in each i-th area section.
Tables 9 to 11 presents the irrigations per season,
seasonal applied and infiltrated depths required to
irrigate cotton grown in Casa~Grande soil series under
graded, level furrow and level basin technologies. Similar
results are presented in Appendix C for each combination of
crop, soil and surface irrigation technology , while tables

12 and 13 illustrate two cases of cotton under drip
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Table 9. GRADED FURROW COTTON YIELDS, SEASONAL WATER
APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS

UNDER IRRIGATION SCHEMES I AND II (Intake family
0.80).

Irrigation: Graded furrow

Irrigation Year Irrigation Seasonal  Seasonal Average

Scheae 8 per Intiltrated Applied Yield
season depth depth

{ca) {ca) (Mg/ha)

1 1979 11 111.7 7.2 1.56

1980 11 111.7 271.2 1.53

1981 10 101.5 252.0 1.57

1982 10 101.5 252.0 1.98

1983 10 101.5 252.0 1.57

1984 10 101.5 252.0 1.57

1985 10 101.5 252.0 1.5%

1986 10 104.5 252.0 1.59

1987 1 111.7 277.2 1.35

1988 11 111.7 1.2 1.56

11 1979 11 117.9 195.3 1.48

1980 11 117.9 195.3 1.4

1981 10 107,2 171.5 1.50

1982 10 107.2 171.5 1.50

1983 10 107.2 177.5 1.49

1984 10 107.2 177.5 1.49

1985 10 107.2 177.5 1.46

1985 10 107.2 177.3 1.53

1987 1 117.9 195.3 1.46

1988 11 117.9 195.3 1.48

$ Irrigation I and Il designed to obtain hidh and low
irrigation uniforaities, respectively (see table 1).
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Table 10. LEVEL FURROW COTTON YIELDS, SEASONAL WATER
APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family
0.80).

Irrigation: Level furrow

Irrigation Year [Irrigation Geasonal  Seasonal Average

Scheae ¢ per Infiltrated Applied  VYield
season depth depth

{ca) (ca) (Mg/ha)

I 1979 1 131.6 228.6 1.39

1980 11 131.6 228.6 1.37

1981 10 119.6 207.8 1.40

1982 10 119.6 207.8 1.40

1983 10 119.6 207.8 1.39

1984 10 119.6 207.8 1.39

1985 10 119.6 207.8 1.38

1986 10 119.6 207.8 1.4

4987 11 119.6 228.6 1.38

1988 1 131.6 228.6 1.39

I1 1979 1 141.6 182.9 1.37

1980 11 141.6 182.9 1.36

1981 10 128.7 166.3 1,37

1982 10 128.7 1656.3 1.37

1983 10 128.7 166.3 1.37

1984 10 128.7 166.3 1.3

1985 10 128.7 166.3 1.36

1986 10 128.7 165.3 1.38

4987 11 141.6 162.9 1.3

1988 11 141.6 162.9 1.3

¢ Irrigation I and II designed to obtain high and lou
irrigation uniforaities, respectively (see table 1).
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Table 11. LEVEL BASIN COTTON YIELDS, SEASONAL WATER APPLIED
AND INFILTRATED AND NUMBER OF IRRIGATIONS UNDER
IRRIGATION SCHEMES I AND II (Intake family 0.80).

Irrigation: Level basin

Irrigation Vear Irrigation Seasonal Seasonal Average

Schene § per Infiltrated Applied  VYield
geason depth depth

(ca) (ca) (Mg/ha)

1 1979 11 122.8 122.8 1.43

1980 11 122.8 122.8 1.39

1981 10 111.6 111.6 1.4

1982 10 111.6 111.6 1.4

1983 10 11L.6 111.6 1.43

1984 10 111.6 114.6 1.43

1985 10 111.6 111.6 1.4

1986 10 111.6 115.6 1.47

4987 11 122.8 122.8 1.4

1988 1t 122,8 122.8 1.43

I1 1979 1 140.7 140.7 1.33

1980 1 140,7 140.7 1.34

1981 10 121.9 127.9 1,36

1982 10 122.9 127.9 1.36

1983 10 127.9 127.9 1.35

1984 10 127.9 121.9 1.35

1985 10 127.9 127.9 1.3

1986 10 127.9 121.% 1.36

4987 1 140.7 140.7 1.35

1988 11 140.7 140.7 1.35

§ Irrigation 1 and 1I designed to obtain high and low
irrigation uniforaities, respectively (see table 1).
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Table 12. DRIP COTTON YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF
94 PERCENT.

Crop: Cotton

Uniformity coefficient UCC(Z) = 94.0
Year ETm Seasonal Seasonal Average
Infiltrated Applied Yield
depth depth
(cm) (cm) (cm) (Mg/ha)
1979 104.0 114.0 114.0 1.53
1980 92.9 109.5 109.5 1.53
1981 6.0 105.2 105.2 1.53
1982 96.4 105.6 105.6 1.53
198% 95.1 104.2 104.2 1.5%
1984 5.3 104.4 104.4 1.53
1985 3.1 102.0 102.0 1.53
1986 8.9 108.4 108.4 1.953
1987 102.4 112.2 112.2 1.53
1988 103.9 113.9 113.9 1.53

Area adequately irrigated = 87.5 percent
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Table 13. DRIP COTTON YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF
88 PERCENT.

Crop: Cotton
Uniformity coefficient WCC(%) = 88.0

Year ETm Seasonal Eeasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (cm) {Mg/ha)
1979 104.0 126.0 126.0 1.41
1980 9.9 121.0 121.0 1.41
1981 6.0 116.2 116.3 1.41
1982 6.4 1146.8 116.8 1.41
1983 95.1 115.2 118.2 1.41
1984 F5.3 115.9 115.5 1.41
1985 3.1 112.8 112.8 1.41
1986 98.9 119.8 119.8 1.41
1987 102.4 124 .1 124.1 1.41
1988 103.9 125.9 125.9 1.41

————— s S et S S i G o S S D b et T o o S Al e G A (ot P S e S et S (P S S B ot S o G e o S S

Area adequately irrigated = 87.5 percent
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irrigation with different uniformities of application of
water. However, in order to use the result of these
irrigations and predict yields a water-yield relationship
was required.

Field experiments in which the quantity of
irrigation water is the experimental- and vyield the
dependent variable have been used to establish crop-water
production functions. The water treatments summarized as
such and expressed in relative terms to relate vyield
reduction to percent evapotranspiration deficit are more
generalized ways of presenting production functions and
transfer them among geographical areas of different
climates and growing conditions (Stewart et al, 1973). The

function is presented as:

(1 - 35 ) = ky (1 - g ) (3.9)
Y = actual yield
Ym = maximum yield
ky = yield response factor
ET = actual evapotranspiration
ETm = maximum evapotranspiration

where yields are expressed on a relative basis with the
value of 1.0 representing maximum yield and seasonal values

of water applied scaled by seasonal maximum crop
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evapotranspiration to adjust for climatic conditions. A
similar functional form for cotton grown in central Arizona
reported by Bucks et al (1982) was selected and modified
for the purposes of the study. The modified quadratic

relationship is specified as:

S ET; S Er; .
Y, j=1 23 j=1 13 o
T - -1.56 + 5.15 ( ET ) - 2.59 ( ——jﬁ;r—') (3.10)

where j represents the number of irrigations per season,

ith the fractional area and ETij the amount

of infiltrated water that supports ET in the ith
area. A site specific function has not been developed for
wheat 1in Arizona and we adopted the linear relationship

proposed by Doorenbos et al (1979) and modified it as:

.giETij
_ !:
setting Y, to 4.5 ton/ha, the average maximum vyield

registered for the farm.
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Expected cotton yield is specified as a function of
ET and under non-uniform application conditions vyields
declined in sites where infiltrated depths were larger than
maximum crop ET (ETm). Excess water normally can lead to
poor soil aeration and/or fertilizer leaching, reducing
plant growth and decreasing yields. For these sites with
high infiltrated depths we assumed decreases in cotton 1lint
to 0.8 of maximum yield, set to 1.6 ton/ha. Although
arbitrary, it is probably more reasonable to 5ccept 20
percent vield reduction than accepting the low vyields
predicted by the gquadratic equation. The irrigation depths
received in the different sites of the field and the yield
function (3.10), weighted to account for the areas, were
linked in a computer program to calculate the spatial mean
cotton vyield.

For wheat, maximum yield is obtained for infiltrated
depths equal to ETm and for water depths beyond ETm there
is no more increase in yield (constant), as predicted by
the linear production function. Insufficient water in the
areas with application depths below ETm led, however, to
reduction in plant growth and yields.

Tables 9 to 11 present expected yields per hectare

for irrigations delivered by graded, level furrow and level
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basin under C(Casa-Grande so0il serie, while Appendix C
presents average cotton and wheat yields per hectare
obtained with the same irrigation technologies in the three
soil series of the study. Tables 12 and 13 also present the
average cotton yield obtained with drip irrigation for two
selected uniformities of application and adequately
irrigating 87 percent of the field; appendix D shows cotton
and wheat yields per hectare and water applied when other
uniformities are selected. The procedure followed 1in
calculating seasonal average total yields per hectare from
the partial yields of the different sites are illustrated
in tables 14 to 21; tables 14 to 16 present graded furrows
cotton yvields obtained in the three different soils , while
tables 17 to 19 present the level basin yields expected in
the same soils. Irrigation scheme I was applied for all the
cases; tables 20 and 21 illustrate the same procedure for
drip irrigation and they show expected yields when two
uniformities of water application and fraction of the area
which is fully irrigated are specified.

The irrigation applications and uniformities were
incorporated into the programming model specified in the
following chapter as alternative irrigation activities of

the farm unit, with water applied and yield values



Table 14. TOTAL AND PARTIAL YIELDS OBTAINED WITH GRADED
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FURROW IRRIGATION I AND SOIL INTAKE FAMILY 0.45.

Hydraulic characteristics of crop

Manning n
Field length
Soil intake family,

I£(SCs)

and soil:

0

.04

240 meters

0

Irrigation - Management Parameters

Unit inflow rate

Irrigation cutoff time
Average applied depth per irrigation
Number of irrigations per season

K X
(distance)

(m)

1 0.0

2 1.1

3 8.1

4 56.2

5 112.8

6 138.3

7 161.3

8 181.7

9 208.5

10 217.7
11 240.0

Fraction of

Total Area

20.
23.
10.

12.

(%)

.458
.917

042
825
583

.583

667

.417
.417
.282

Average Total Yield (ton/ha) =

1.

Inft. 2

.45

Seasonal
(cm)

57

114.
116.
115.
114,
112.
111.
110.
108.
108.
108.

0

® O N & ;O O O N »

3.0 liters/sec
8.6 hrs (515 min)
38.63 cm

12

Yield in the
Fractional Area
(ton/ha)
1.
1.

1.

587
535
547

. 557
.568
.574
.581
.587
.582
.588
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Table 15. TOTAL AND PARTIAL YIELDS OBTAINED WITH GRADED
FURROW IRRIGATION I AND SOIL INTAKE FAMILY 0.80.

Hydraulic characteristics of crop and soil:
Manning n = 0.04
Field length = 240 meters
Soil intake family, If(SCS) = 0.80
Irrigation - Management Parameters
Unit inflow rate
Irrigation cutoff time

3.0 liters/sec
5.6 hrs (336 min)

oo n

Average applied depth per irrigation 25.20 cm
Number of irrigations per season 11
K X Fraction of Inft. 2 Yield in the
(distance) Total Area Seasonal Fractional Area
(m) %) (cm) (ton/hza)

1 0.0
0.458 118.8 1.508

2 1.1
0.667 119.9 1.486

3 2.7
10.250 118.8 1.509

4 27.3
5.000 117.7 1.522

) 39.3
7.042 116.8 1.533

8 56.2
9.833 115.5 1.544

7 79.8
13.792 114.4 1.554

8 112.9
5.417 112.2 1.570

g 125.9
5.167 111.1 1.577

10 138.3
’ 4.917 110.0 1.583

11 150.1
9.125 108.9 1.588

12 172.0
4.208 107.8 1.583

13 182.1
4.000 108.7 1.5886

14 191.7
3.792 105.6 1.598

15 200.8
3.825 104.5 1.600

16 209.5
8.667 103.4 1.800

17 225.5
6.042 102.3 1.800

i8 240.0

Average Total Yield (ton/ha) = 1.58
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Table 16. TOTAL AND PARTIAL YIELDS OBTAINED WITH GRADED
FURROW IRRIGATION I AND SOIL INTAKE FAMILY 1.0.

Hydraulic characteristics of crop and soil:
Manning n

Field length

Soil intake family,

I£(SsCs)

nn

0

.04

240 meters

1

Trrigation - Management Parameters

N0 h W N e

o o©

10
11
12
13
14
15
16
17
18
19

Unit inflow rate

Irrigation cutoff time
Average applied depth per irrigation
Number of irrigations per season

(distance)

X

(m)
0.0

12.

27.

39.

§6.

78.

112.

125.

138.

150.

161.

172.

182.

191.

200.

208.

217.

232.

240.

5

= O W o= W O O O N W W

w <\ o o 3

0

Fraction of
Total Area

w N o0 oo w

[
W

N O W W W B b e s W

%)

.208
. 187
.000
.042
.833
.782
.417
. 167
.917
.667
.458
.208
.000
.782
.825
.417
.333
.858

Average Total Yield (ton/ha) =

1.

Inft.

.0

VA

Seasonal
(cem)

"108.

50

127.
126.
1286.
125.
123.
120.
118.
117.
116.
114.
113.
112.
110.
109.
108.

106.
105.

8
9
0

O oo O W =

[

W N O O O N o s W

3.5 liters/sec

(315 min)

5.3 hrs
27.56 cm
9

Yield in the
Fractional Area
(ton/ha)

1.
1.

1

372
389

.404
.420
.448
.487
.508
.529
.538
.555
.562
.568
.580
.584
.588
.592
.587
.589
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Table 17. TOTAL AND PARTIAL YIELDS OBTAINED WITH LEVEL
BASIN IRRIGATION I AND SOIL INTAKE FAMILY 0.45.

Hydraulic characteristics of crop and soil:
Manning n = 0.04
Field length 240 meters
Soil intake family, IF(SCS) 0.45
Irrigation - Hanagement Parameters
Unit inflow rate
Irrigation cutoff time

2.6 liters/sec-m
2.53 hrs (152 min)

Hnn

Average applied depth per irrigation 9.88 cm
Number of irrigations per season 12
K X Fraction of Inft. 2 Yield in the
(distance) Total Area Seasonal Fractional Area
(m) (%) (cm) (ton/ha)
1 0.0
3.375 129.6 1,337
2 8.1
8.000 128.4 1.361
3 27.3
5.000 127.2 1.383
4 39.3
7.042 126.0 1.404
5 56.2
8.833 124.8 1.425
6 79.8
13.792 122.4 1.462
7 112.8
5.417 120.0 1.495
8 125.9
5.187 118.8 1.508
9 138.3
4.917 116.4 1.835
10 150.1
4.687 115.2 1.547
11 161.3
4.458 114.0 1.557
12 172.0
4.208 112.8 1.566
13 182.1
4.000 111.8 1.574
14 191.7
3.792 110.4 1.581
15 200.8
3.625 109.2 1.587
16 208.5 )
3.417 108.0 1.582
17 217.7
3.250 106.8 1.588
18 225.5
3.083 105.8 1.588
19 232.9
2.858 104.4 1.600
20 240.0

Average Total Yield (ton/ha) = 1.49



Table 18. TOTAL AND PARTIAL YIELDS OBTAINED WITH LEVEL

120

BASIN IRRIGATION I AND SOIL INTAKE FAMILY 0.80.

Hydraulic characteristics of crop
Manning n

Field length

Soil intake family,

I£(sCs)

0

0

Irrigation - Management Parameters

W O N O Ou d» W NN =

[ I S S S S S R S N T e
O W o ~N O ¢ta b W N = O

21

Unit inflow rate

Irrigation cutoff time
Average spplied depth per irrigation
Number of irrigations per season

(distance)

X

(m)
0.0

2.

18.

27.

39.

56.

79.

112.

125.

138.

150.

161.

172.

182.

191.

200.

208.

217.

225.

232.

240.

= O W o W W W DN W W N

o o N » o 3

0

Fraction of
Total Area

W N o W o

[y
w

N W W W W W b b D

(%)

.125
.687
.583
.000
.042
.833
.792
.417
.187
.917
.887
.458
.208
.000
.792
.825
.417
.250
.083
.958

Average 'Total Yield (ton/ha) =

Inft. 2

.04
.80

and soil:

LI T I 1]

Seasonal
(cm)

- 105.

1.43

132.
132.
132.
132.
132.
132.
128.
125.
123.
118.
117.
115.
113.
111.
107.

103.
101.
99.
86.

3

W ;g O N R g W W W W W

@ O N o o0 OO »

240 meters

3.3 liters/sec-m

2.3 hrs (135.3 min)

11.16 cm

11

Yield in the

Fractional Aresa

(ton/ha)
1.
1.
1.

O s

280
280
280

.280
.280
.280
.355
.415
.450
.496
.522
.544
.563
.577
.593
.598
.600
.598
.593
.583



Table 19. TOTAL AND PARTIAL YIELDS OBTAINED WITH LEVEL
BASIN IRRIGATION I AND SOIL INTAKE FAMILY 1.0.

Hydraulic characteristies of crop

Manning n
Field length
Soil intake family,

If(SCS)

and soil:

0

.04

240 meters

1

Irrigation - Management Parameters

O oo N O o b w NN e

[ T R S S S S T O T
® O 3 M b W N = O

20
21

Average Total Yield (ton/ha)

Unit inflow rate

Irrigation cutoff time
Average applied depth per irrigation
Number of irrigations per season

(distance)

X

(m)
0.0

M
~

12.

27.

39.

58.

78.

112.

1235.

138.

150.

161.

172.

182.

191.

200.

208.

217.

225.

232.

240.

W O O @ N W W w

O v N o 0 N = O W -

o

Fraction of
Total Area
(%)

.125

0w N oo o0 >

1

()

N W W W W W o b b

.083
.1867
.000
.042
.B33
.782
.417
. 187
.817
.667
.458
.208
.000
.792
.8625
.417
.250
.083
.858

1.

Inft. 2

.0

Seasonal
(cm)

38

132,
132.
132.
132.
132.
132.
132.
130.
127.
125.
123.
120.
117.
115.
112.
108.
107.
105.
102.

8.

3

@ O N OO O W = 0O W W W W W W

(=

o O w

3.5 liters/sec-m
2.7 hrs (162 min)
14.18 cm

9

Yield in the
Fractional Area
(ton/ha)
1.
1.

1.

= e

[ R S N S T =

280
280
280

.280
.280
.280
.280
.318
.372
.420
.448
.487
.520
. 547
.568
.584
.585
.598
.800
.585

121
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Table 20. DRIP IRRIGATION TOTAL AND PARTIAL YIELDS OBTAINED
WITH 94 PERCENT WATER APPLICATION UNIFORMITY.

K Percentage Average Fractional 1Infl Z Yield @n the
of Total of the Area Seasonal Fractional
Area Area Aresa
%) (%) % (cm) (%>
1 100.0
97.5 5.0 93.7 1.564
2 85.0
82.5 5.0 i01.4 1.589
3 80.0
87.5 5.0 104.0 1.600
4 85.0
82.5 5.0 105.8 1.588
5 80.0
77.5 5.0 107.5 1.594
6 75.0
72.5 5.0 1086.8 1.589
7 70.0
87.5 5.0 110.1 1.583
8 65.0
82.5 5.0 111.2 1.577
g 80.0
57.5 5.0 112.4 1.569
10 55.0
52.5 5.0 113.5 1.561
11 50.0
47.5 5.0 114.5 1.553
12 45.0
42.5 5.0 115.8 1.543
13 40.0
37.5 5.0 116.7 1.532
14 35.0
32.5 5.0 117.8 1.520
15 30.0
27.5 5.0 118.1 1.508
16 25.0
22.5 5.0 . ]
17 20.0 120.5 1.488
17.5 5.0 .
18 1 15.0 122.0 1.4867
12.5 5.0 .
19 10.0 123.9 1.438
20 5.0 7.5 5.0 128.6 1.384
21 0.0 2.5 5.0 132.3 1.280

Average Total Yield (ton/ha) = 1.53

Average Applied Irrigation Depth, seasonal (cm) = 113.97

Uniformity Coefficient, UCC, per cent = 94.0

Fraction of Area Adequately Irrigated, (%)

87.5

Maximum Crop Evapotranspiration, ETm, (cm) 104.0
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Table 21. DRIP IRRIGATION TOTAL AND PARTIAL YIELDS OBTAINED
WITH 88 PERCENT WATER APPLICATION UNIFORMITY.

K Percentage Average Fractional 1Infl Z Yield in the
of Total of the Area Seasonal Fractional
Area Area Area
(X) (%) (%) (cm) (X)

1 100.0
87.5 5.0 81.1 1.410

2 85.0
82.5 5.0 88.3 1.580

3 90.0
87.5 5.0 104.0 1.600

4 85.0
82.5 5.0 108.2 1.591

5 80.0
77.5 5.0 111.6 1.574

6 75.0
72.5 5.0 114.6 1.552

7 70.0
67.5 5.0 117 .4 1.526

8 65.0
82.5 5.0 119.9 1.485

g 60.0
57.5 5.0 122.4 1.482

10 55.0
52.5 5.0 124.8 1.425

11 50.0
47.5 5.0 127.2 1.383

12 45.0
42.5 5.0 128.6 1.338

13 40.0
37.5 5.0 132.0 1.286

14 35.0
32.5 5.0 132.3 1.280

15 30.0
27.5 5.0 132.3 1.280

16 25.0
22.5 5.0 132.3 1.280

17 20.0
17.5 5.0 132.3 1.280

18 15.0
12.5 5.0 132.3 1.280

18 10.0
7.5 5.0 132.3 1.280

20 5.0
2.5 5.0 132.3 1.280

21 0.0

Average Total Yield (ton/ha) = 1.41
Average Applied Irrigation Depth, seasonal (cm) = 125.88

Uniformity Coefficient, UCC, per cent = 88.0

Fraction of Area Adequately Irrigated, (X) 87.5

104.0

Maximum Crop Evapotranspiration, ETm, (cm)
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representing technical coefficients. In summary, a total of
24 comparable irrigations with known uniformities, 18 of
which from surface delivery systems and the remaining from

drip, were included as available irrigation activities.
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CHAPTER FOUR

THE GENERALIZED MEAN VARIANCE MODEL

Introduction

Most mathematical programming models are
optimization problems constrained by the availability of
resources such as land, water, and investment capital. The
economic analysis is explored by means of the profit
maximization model of the firm (farm) operating in a
competitive market and attempting to maximize profits to
assure 1its long-run existence. The model analyzes the
effects of the resource constraints on profits and finds
the optimal solution to the simultaneous independent
decisions facing the farmer i.e., what combination of
products to produce, how to combine inputs in the
production of a given 1level of output and what 1level of
output to produce (yield per ha) for each product.

One drawback of these risk neutral models 1is the
failure to recognize the effects of uncertain revenues and
uncertain input supplies on farm planning. The mathematical
programming model chosen for this study of irrigation
technology adoption is a quadratic programming model. This

structure is commonly specified to model the effects of
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farmer risk attitudes on optimal resource allocation
patterns, farm planning, adoption behavior and income.
Given the uncertain price and production environment that
farmers operate within, the generalized mean-variance (GMV)
approach of Paris (1979) was used to specify an actual
optimization model including the simultaneous consideration
of the sources of risk: output price variation, input
supply variation, and output price-input quantity
covariation.

The model was applied to data from a representative
farm with 854 hectares of cropland in Central Arizona. The
most common crop mix in the study area includes cotton and
wheat, which were included in the model, as well as
uncertainty in output prices and water supplies based on
crop evapotranspiration (ET). Selection of irrigation
technologies is an investment that ties up capital for many
years and economic incentives to adopt new technologies are
based on returns over those years. Hence, a period of ten
years, 1979 through 1988, was assumed for the planning
horizon.

Several irrigation technologies were incorporated
into the model as alternative crop production activities

available to the farmer. A production activity is a method
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of producing a crop on one hectare of land. In the model
each crop was specified in several ways in each year to
allow for alternative use of the different irrigation
technologies and, for each technology, to allow for
different water application uniformities. For example, one
activity is cotton produced with graded furrow irrigation
in one type of so0il with water applied to allow a
uniformity of distribution of 95 percent. Another activity
is cotton under the same so0il and technology, operated to
obtain a percent uniformity of distribution of 90 percent.
Thus, different costs, different yields, and different
returns are associated with each way of producing the
hectare of each crop.

The GMV model maximizes profits generated over the
entire planning horizon by determining the optimum amount
of land, irrigation technologies and water application
strategies to devote to each of the two crops each year.
The profit maximizing solution simultaneously complies with
available resources for production, variabilities in price
and weather, and institutional regulations related to water
duty policies.

The objective function maximizes‘the discounted sum

(present value) of annual activity returns net of variable
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costs of production for the ten years period subject to the
fixed resource constraints and non negativity constraints
for activity levels. The annual net return is calculated
through a series of accounting activities and balance rows,
with accounting activities collecting the annual net
returns into the objective function, but only after they
are discounted to 1979 wvalues. This is accomplished by
multiplying all the entries in the objective function by
rt'l, where r = 1/(1+4i), i 1is the discount rate,
and t is the year that a specific activity is selected. A

12 percent discount rate was used in the study as the

opportunity cost of capital for the farmer.

Model Specification

The mathematical structure of the generalized mean
variance computer model in this study is represented by a
set of equations, namely, an objective function, resource
constraints and non-negativity requirements. In addition,
the model is characterized by the feature of quadratic
terms providing measures of the variability in returns and
input supplies.

The model specification is as follows:
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OBJECTIVE FUNCTION:
T 1 T 1 K
MaxZ=) ¥ CP*QS;-Y. Y ¥ Ci* Xi
t=] i=l t=1 i=l k=1
T I K T 1 K
=Y 2 X CWy*WUp-Y, 3 Y CSp*Xin
=]l i=1 k=1 tx] ie] k=1
10 3
=¥ 3 IC12,*T12; =) Y IC13,*Ti3,
=1 j=1 t
-y Z IC14,*T14;, -; 2 I1C23,*T23;,
t j )
T J
2 1C24,*T24;,
=1 j=1

T 1 IP
-@/2*Y, Y Y QSy *VBi. *QSp.

=l =l ip=l

T 1 P
—0/2*Y, Y Y P *VS. *Py,

t=]l j=] ip=l

T 1 IP

+6*Y 3 Y P, *VSP, *QS;.
t=l iel ip=l
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i=1 1=l Jj=1.2,3;k=1;1=1

k=1 1=l i=1;j=1,2,3;t=1...10

k=1 l=1 i=2;j=1,2,3;t=1...10

Commedity Balance and Area Transfer
4

J
2

=1

&)

J L
XuSY Y X
1 1=t i=1,2:k=1,..4:1=1...10

Yipae * X — Q53 =0

M=
M

"
H

1 i=1,211=1...10

Land - Technology Transfer
©)
I L 1 L
> ¥ XpausY, D, Xiawen=T12jg) = T3y~ Tldj gy
izl 1=] i=l I=1
=12.3; k=1; t=2...10
Q)]

1 L 1 L
2 2 XgasSY, 2 Xgan+ T12j0-n = T23j- - T2y
j=] (=1 inl Isl F=1,2.3; k=2; 1=2...10
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(8)

] L ] L

2 Y XSy, Y Xigae-n+T13j+ T234,)

iel 1=l i=l I=1 =12.3; k=3; 1=2..10
©

I L 1 L

2 2 XgaSY, Y Xjageny+Tldjy+ T2,

=1 1 i=1 1=1 j=12,3; k=4; 1=2..10
Water Required Bal . Surface Irricat
(10)

P IP

LQRD; * NOI; ;, =ET;;+¢* 3. VS;;, * Py — 6* Y VSPj, * QS
=1 ip=1

t=1..10; i=1.2; j=1,2,3

an

RUN; k1 * NOI 5, = WR; 541, =0 1=1,...10; i=1.2; j=12,3; k=12.3; 1=12

(12)
J L
> Y WR; ki * Xijiti— WUix, =0
=1 1= t=1,..10; i=1,2; k=123
Water Required Balance - Drip Icrieati
(13)
IP IP
HDCy, * WR; 5y 1, =ET; + ¢ 3, VSy, * Py —6* Y, VS *QSyp,
ip=1 ip=l
t=7...10; i=1,2; j=12.3; k=4; 1=1.2
(14)

y L
Y Y WR;jne* Xijuna— Wi, =0
Pl =1 1=7,..10; i=1.2; k=4
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Water Entit] { A i
(15)
] X

Y. >, WEUy, S TWE;
=1 k=1 i=1,2; t=1,..10

Water Used Balance
(16)

K
Y, WU;,,—~TWE; S0
k=1 i=1,2; 1=1..10

INDICES -SETS AND ELEMENTS OF THE MODEL

I (IP) - Number of crops, i (ip).
1 - Cotton
2 - Wheat

J - Number of soil types, j, surveyed in the farm.
1-Trix
2 - Casa Grande
3 - Shontik

K - Number of irrigation technologies, k, considered for the study area.
1 - Graded furrow
2 - Level furrow
3 - Level basin
4 - Drip (Trickle) irrigation

L - Number of irrigation schemes, 1, elected to represent the water distribution
uniformity obtained with each irrigation and technology.
1 - High Christiansen uniformity coefficient
2 - Low Christiansen uniformity coefficient

T - Number of time periods, t, of the planning horizon.
1,2,...10 (1979-1988)
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PARAMETERS - ENDOGENOUS VARIABLES OF THE MODEL

LQRD; -Required depth of water application - related to each soil type (j) and
changes with time (t).
Units: (ha-cm/ha)
Data source: Post et al. (1988) and management decision.

ETi -Seasonal crop evapotranspiration - related to the crop (i) and changes with
time (1).
Units: (ha-cmvha)
Data source: MESA weather data and Modified Penman equation.

RUNjjnt -Water applied in one irrigation - surface technology. Related to crop (i),
soil (j), technology (k) and varies with time ().
Units: (ha-cm/ha)
Data source: SRFR computer model.

HDCy, -Distribution coefficient - (ET/Average depth applied)
Related to the Uniformity coefficient - irrigation scheme (1) and changes
with time (t).
Units: dimensionless
Data source: Hart et al. (1965)

VSiip.t ~Variance matrix of crop ET. Related to the crop (i) and varies with time (t).
Units: (ha-cm/ha)?
Data source: FAO - Modified Penman equation.

VPiipt -Variance matrix of crop prices. Related to the crop (i) and varies with time
(t).
Units: ($/kg)? )
Data source: Arizona Agricultural Statistics

VSPjip.t -Covariance matrix of crop ET and prices. Related to the crop (i) and varies
with tire (t).
Units: ($ ha-cm/kg ha)
Data source: same as in VS jps and VP;jp

¢ -Risk aversion coefficient.
Units: 1/3

CP;; -Price of crops - related to the crop grown (i) and changes with time (t)
Units: ($/kg)
Data source: Arizona Agricultural Statistics

Cixt -Production costs (without water) - related to the crop (i), the technology
used (k) and changes with time (t).
Units: ($/ha)
Data source: Arizona Field Crop Budgets
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-Water costs - related to the crop grown (i), the technology (k) and changes

with time (t).

Accounts for;

a)  Water application cost i.e., cost of energy and repaits for the water
distribution system and irrigation labor.

b)  Cost of energy and well repairs for pumped water or the cost of
purchased water.

Units: ($/ha-cm)

Data source: Arizona Field Crop Budgets

-Ownership costs - related to the crop grown (i), the technology (k) and
changes with time (t). Accounts for machinery, well and water distribution
system depreciation, insurance and taxes, and management services.

Units: ($/ha)
Data source: Arizona Crop Field Budgets

-Investment costs to transfer from graded furrow system to level furrow.
Accounts for the laser leveling costs. Varies with time (t).
Units: ($/ha)
Data source: Laser leveling and Farm Profits - John Daubert and H. Ayer
and Pinal AMA technical report - SCS/USDA-October 1986.

-Investment costs to transfer from graded furrow system to level basins.
Accounts for laser leveling and ditching costs. Varies with time (t).
Units: ($/ha)

Data source: same as in IC12;

~Investment costs to transfer from graded furrow to drip irrigation.
Accounts for the cost of material and installation. Varies wath time (t).
Data source: Drip Irrigation for Cotton - Paul Wilson, H. Ayer and G.
Snider. Ag. Ec. Rpt. #517, USDA

-Investment costs to transfer from level furrows to level basin. Accounts
for ditching costs. Varies with time (1).
Data source: Pinal AMA technical report
Laser Leveling and farm profits

-Investment costs to transfer from level furrows to drip irrigation.
Accounts for material costs and installation. Varies with time (t).
Data Source: as in IC14;,

~-Maximum amount of land under cotton.
Fixed by crop rotation. .
Units: (ha)

-Maximum amount of land under wheat.
Fixed by crop rotation.
Units: (ha)
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SOL; -Amount of land of soil type (j) available.
Fixed.
Units: (ha)
Data source: Personal Communication - John Regan
Deparunent of Arid Lands.
Yijkn -Yield of the crop grown (i) in the soil type (j) with the irrigation technology
(k), under the irrigation scheme (I). Varies with time (1).
Units: (kg/ha)
Data Source: Crop production function models
TWE;; -Total water allocated to crop (i) during the growing season (t).
Accounts for the whole area under crop (i).
Units: (ha-cm)
Data; Groundwater Management Act - Water Duties
DECISION VARIABLES
WRijkit -Required seasonal water to grow crop (i) in the soil type (j) with the
irrigation technology (k), under the irrigation scheme (1). Varies with time
(t).
Units: (ha-cm/ha-yt)
Pj; -Input (shadow) price. Related to crop (i) and varies with time (t).
Units: ($/ha-cm/ha)
NOIj;; -Number of irrigations (surface) per season. Related to the crop (i), soil (j).
Varies with time (1).
Units: dimensionless
YA -Discounted net revenue.
Xike -Hectares with crop (i) under technology (k).
Varies with time (1).
Units: (ha)
WU -Total water used to irrigate crop (i) under technology (k).
Varies with time (t).
Units: (ha-cm)
T12; -Area transferred - from graded furrow to level furrow -
within each soil type ().
Varies with time (t).

Units: (ha)
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-Area transferred - from graded furrow to level basin -
within each soil type (j).

Varies with time (1).

Units: (ha)

-Ares transferred - from graded furrow to drip irrigation -
within each soil type (j). .
Varies with time (t).
Units: (ha)

-Area transferred - from level furrow to level basin -
within each soil type (j).
Varies with time (t).
Units: (ha)

-Area transferred - from level furrow to drip irrigation -
within each soil type (j).
Varies with time (t).
Units: (ha)

-Quantiry of commodity (i) sold.
Varies with time (t).
Units: (kg)

-Water used to irrigate crop (i) in the soil tye ()
under the technology (k).
Varies with time ().
Units: (ha-cm)
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The mathematical relationships are explained in

detail below, one relationship at a time.

The Obijective Function

The objective function maximizes the sum of annual
net profits and provides a link between periods thorough
the activity decisions made each year. The first component
of the objective function is the total revenue accrued from
the sale of commodities. The expected market prices offered
each year for the commodities produced are based on mean
average state prices of the ten years prior to the year in
consideration.

Costs consist of seven components or terms. The
first two variable costs relate to the crop production and
the third is ownership costs of each irrigation technology,
incurred regardless of the farm's level of production. The
cost of producing an hectare of a crop on a particular soil
with a particular irrigation technology times the number of
acres of each crop produced is the per hectare variable
production cost.

Water costs were removed from these production
expenditures and they include the water application cost

(energy and repairs for the water distribution system and
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irrigation labor) plus the cost of energy and well repairs
for pumped water or the cost of purchased water.

Ownership costs are included into the objective
function representing depreciation, interest, taxes, and
insurance costs incurred for each technology. These costs
are normally considered fixed once the investment is made
and not included in programming models although, following
Lierman (1983), they are variable when the farmer is still
contemplating whether or not to invest in a new irrigation
technology, which is the case here.

The other four costs are investment costs per
hectare incurred in moving from a lower level of irrigation
technology to a higher one. They are equivalent to the
transfer costs of the Soil Conservation Service (1986)
associated with 1land 1leveling, installation of concrete
ditch 1lining and drip irrigation and they depict needed
investments for additional hectares of some technology.

The remaining terms in the objective function are
the quadratic terms of the GMV model. They provide measures
of the variability in returns and input supplies. According
to Paris (1979) these terms represent risk premiums that a
risk-averse farmer would be willing to pay for a non-random

level of income. A major concern in the study was the
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inclusion of variabilities in water availability based on
crop evapotranspiration. Crop ET 1is affected by weather
variations and it represents the crop water demand to be
met by each of the irrigation schemes in order to have
crops actively growing and not stressed by lack of water.
The subjective cost that this input variability imposes on
net income is thus considered in the objective function.
Variability in water supplied presumably interacts
with crop yields and consequently with prices. The last
term of the objective function is an additional component
of risk premium expressing the above interaction, via the
covariance matrix of input availabilities and output

prices.

The Constraints

The set of equations or constraints to be satisfied
in the problem usually represent the technical and

financial relationships involved in the farming operation.

Land Constraints

The model assumes that in the first year of planning
(1979) graded furrow technology is to be expected in the
three available so0oil types (854 ﬁectares). The 1land

constraint initializes the model to reflect the farmer's
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irrigation technology and soil. It indicates that the total
number of hectares of a certain soil type used to produce a
crop with graded furrow irrigation technology cannot exceed
the total number of hectares of that soil type available in
the farm. Of the total 854 farm land hectares, soil 1
(Trix-intake family 0.45) occupies 346 hectares while soil
2 (Casa-Grande-if 0.80) and soil 3 (Shontik-if 1.0) occupy

482 and 26 hectares, respectively.

Crop-Area Limits

Although many different crops are grown in the Pinal
AMA, the most predominant cropping pattern includes the
annual field crops of cotton and wheat. The crop-area limit
constraint diverts 2/3 of each soil type for cotton
cropping and the remaining 1/3 to wheat. This sequence
allows 231 hectares of cotton in soil 1, 321 hectares in
soil 2 and 17.3 in soil 3. The sequence is pursued for all

the years of planning.

Commodity Balance and Area Transfer

The first constraint ensures that the total output
of each commodity produced 1is actually sold. The row
performs an accounting balance allowing no shortage or

excess of output of any commodity in the model. The issues
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involving yvield calculations were discussed in chapter 3
and they provided the yield coefficients per unit area
required to set up the commodity accounting.

The area transfer row also performs a simple
transfer function allowing all the hectares of a crop in
different soil types and irrigation schemes to be collected
into a single quantity representing the hectares of the
crop produced with a specific irrigation technology. This
term is transferred in each year to the objective function

for net revenue calculations.

Land-Technology Transfer

In the Pinal AMA, irrigation technologies available
for farm use varied throughout the period of this study.
The model conveys this fact by matching time period
availabilities with irreversible area transfers from graded
furrow to level furrow, level basin or drip irrigation, and
additional transfers from level furrow to level basin or
drip irrigation. Level basin and drip irrigation were the
most recently introduced technologies in the county and
they are included as options of the model only in 1985 and

thereafter.
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The land-technology transfer constraints perform the
critical function of tying the multiperiods of the study.
They keep record of the initial crop areas under a specific
technology and irrigation scheme for each soil type and
they adjust for each year's land transfers from lower to
higher levels of irrigation technology. They also allow the
solution of the model to provide a decision strategy for
the farmer, giving him the long term optimal adjustment
path (yearly adjustments) that should be pursued in

selecting irrigation technology to achieve maximum profit.

Water Required Balance - Surface Irrigation

All gquantities of water required to produce an
hectare of a particular crop on a particular soil type with
a particular surface irrigation technology in any of the
ten time periods are calculated within the model using the
concepts of chapter 3, i.e., the 1low-quarter depth of
irrigation required, crop evapotranspiration and the water
applied in each irrigation simulation run. They constitute
the first two constraints of the water requirement balance
and introduce nonlinearity into the constraints, preventing
the use of linear programming algorithms even when the risk

aversion coefficient is zero.
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The last constraint is a transfer row that adds
together the calculated seasonal water for each soil type
and irrigation scheme and collects it under water used to
produce an hectare of a particular crop with a particular
technology. This water used is collected in the objective
function for calculating variable water costs.

The unusual and interesting property of the above
specification is that because crop evapotranspiration
(consumptive use) 1is subject to variability, the water
supply in this case is adjusted for variability by the
variance-covariance terms. These terms appear explicitly
either to impose further restrictions on the input use, or
to relax their binding availabilities, depending upon the
sign of the terms. The signs are indeterminate until the
individual variances and covariances are calculated. Both
terms are measured in cm of water and are subjective risk
adjustments that implicitly reflect the perception that the
farmer has of water use for the current season. For
example, when the risk adjustments are negative the farmer
can be thought of as making an intuitive adjustment
downward in the expected value of crop ET, .and consequently

would plan on using fewer irrigations during the season.
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Water Required Balance - Drip Irrigation

All quantities of seasonal water supplies required
to produce an hectare of a particular crop on a particular
soil type with drip irrigation technology in any of the ten
time periods are calculated within the model by making use
of Hart's distribution coefficients (Hart et al, 1965) and
the expected seasonal crop ET calculated in chapter 3.
These water applied depths are adjusted by the same risk
terms imposed above for surface irrigation technologies and
they reflect similar subjective perceptions of risk
attributed to the farmer or farm manager. These constraints
introduce also nonlinearity within the model.

The last row performs the same accounting function
explained above for surface irrigation but in this casé it
collects all the seasonal water used with drip irrigation
within the farm operation and transfers the amount to the

objective function for water cost calculations.

Water Entitlement Accounting

Specific limits on maximum quantity of groundwater
or surface water on each hectare have been established as
irrigation water duties by the Groundwater Management
Plans; these limits are used for calculating the seasonal

water entitlement of each farm with grandfathered irrigated
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land. The water entitlement constraint is included to keep
account on the water used having no effect on the optimal

solution.

Water Used Balance

The water used balance is the critical constraint
that introduces the total seasonal water entitlement within
the model and sets the level of water per year available
for use with each crop and irrigation technology. It
balances the crop water demands with crop water
availabilities. The 1limits set by the water entitlement
will presumably trigger the model to assume increasingly
sophisticated conservation practices and select irrigation
technologies with higher potential to conserve water, for

example level basin and/or drip irrigation.

Data Used In the Base Model
The nature of the farming operations and
specification of the model dictated which type of data to
use in the study. They can be divided into physical and/or
engineering data and economic data. The first grouping is
data such as the number of hectares of different soil
series, type of crops, water applications and expected

yields, irrigation distribution uniformities representing



146

irrigation strategies and total water entitlements. Most of
these data was obtained from the calculations presented in
chapter 3. Drip irrigation uniformity included in the base
model was set at 92 and 84 percent, to be comparable to the
uniformities observed for level basin. Projected parametric
changes on the base model (chapter 5) will consider other
levels of drip water uniformity distribution. The second
grouping includes expected commodity prices and associated
variance-covariance estimations, crop production costs, and
investment costs required to transfer from one type of
irrigation technology to another.

Data structure and methodologies are explained below
and appendix E presents the algorithmic representation of
the model which includes tables with all the parameters

considered in the base run of the model.

Commodity Prices and Associated Variances

Prices play a unique role in farm management
decisions. They condition the 1level of earnings of the
farmer which remain once all resources are paid for and
define the profit profile of the farm business. However,
farmers who supply commodities to the market are usually

unable to control the market prices and must take them as
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given. Price variations create uncertainty and because the
future cannot be foreseen, inputs and investments are
allocated without perfect assurance of a specific return.

Concerning this study, high commodity price
variability may prevent the model from selecting irrigation
technologies with high costs per hectare. Since inputs and
investments are allocated at one point in time while
returns accrue at a later date, the farmer, who bears
responsibility for the decision, must estimate the
probabilities associated with price expectations.

In order to establish the price expectations and
variabilities for the periods 1979-1988 we used the
theoretical criteria 1laid out by Young (1980, 1981) and
analyzed in chapter 3. Mean expected prices and variances
calculations required historical time series data of cotton
and wheat prices. Upland cotton and wheat prices per unit
were based on seasonal average prices received by growers
and reported in the Arizona Agricultural Statistics
bulletins for the marketing season under consideration. The
concept used to estimate these prices is that of a price
which, if multiplied by the total quantity of a commodity
sold, would give the total amount received by all farmers

for that commodity. The estimated price thus reflects



148

prices received by farmers for all classes and grades of
the commodity being sold, including premiums or discounts.
Analysis of these prices showed considerable variability
with time.

To conform to Young's descending weighted moving
average technique we used prices of 19 years (1969-1987) to
calculate the expected prices (equations 3.5 and 3.6) and
variability (equation 3.3) for each year of the period
1979-1988. All prices were corrected for inflation by using
price deflators for gross national product reported in the
Economic Report of the President (1988). Table 22
summarizes expected crop prices and their variances for
each year of the planning horizon. Variances were
calculated with prices discounted at a rate of 12 percent.
Similar method and time period was used to calculate ET
variance-covariance matrix for cotton and wheat. Those
values are reported in table 23.

Variability of water supplies presumably interacts
with prices as specified in the objective function and
water balance constraints of the model by risk terms
involving covariance matrices. Covariance estimates were

obtained by using the following expression:



Table 22. EXPECTED VALUES AND VARIANCE-COVARIANCE OF
DEFLATED AND DISCOUNTED COTTON AND WHEAT
PRICES FOR EACH YEAR OF THE PERIOD 1979-1988.
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—_PRICES

YEAR COTTON WHEAT

COVARIANCE

1879 2.33 0.210
1980 1.88 0.170
1981 2.00 0.174
1982 1.88 0.178
1883 1.87 0.178
1984 1.92 0.173
1885 1.84 0.166
1986 1.75 0.158
1887 1.83 0.148
1888 1.58 0.141

VARIARCE __
COTTON WHEAT
0.054164 0.000881
0.022088 0.000362
0.008098 0.000157
0.078807 0.000074
0.081861 0.000458
0.043850 0.000305
0.045392 0.000170
0.039375 0.000215
0.023881 0.000188
0.011240 0.000155

.004795
.001857
.000747
.000080
.005076
.002886
.002458
.002749
.001824
.001238
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Table 23. EXPECTED VALUES AND VARIANCE-COVARIANCE OF
COTTON AND WHEAT EVAPOTRANSPIRATION (ETc) FOR
EACH YEAR OF THE PERIOD 1979-1988.

ET VARIANCE
YEAR COTTON WHEAT COTTON WHEAT COVARIANCE

1979 104.0 65.2 4.59 3.17 3.62
1880 89.9 83.2 18.15 5.23 9.42
1981 86.0 60.7 24 .49 8.95 14 .60
1982 96.4 61.0 12.38 4.80 7.43
1983 85.1 61.0 7.76 2.29 3.75
1984 85.3 58.7 3.81 6.45 1.42
1985 93.1 57.3 6.49 4.97 3.53
1986 88.8 57.5 37.01 2.50 2.87
1987 102.4 63.1 30.74 3.27 20.97
1988 103.8 66.3 17.863 2.866 15.29
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=

Cov(x,y) =

¢ bt (xt - R)(Yt -¥) = bt (Dxt) (Dyt) (4.1)

1

where x and y are the price and ET variates, n 1is the
number of time-ordered observations in the time series and
bt is the probability weight for the period (equation
3.6).

The method was wused in the <calculations of
covariance matrix of crop prices and ET. The variance-
covariance matrix of tables 22 and 23 and the covariances
estimates reported in table 24 were used as parameters of

the model as shown in Appendix E.

Production Costs

The costs of production considered in the analyses
were divided in production costs except water, water and
ownership costs. Most of the cost figures were adapted from
the University of Arizona annual crop budgets for Pinal
County and they provided the necessary variable production
cost estimates.

The crop budgets were developed for a representative
farm in the County and were used in the model to represent

typical costs of a farm operation. Budget operating costs,



152

Table 24. EVAPOTRANSPIRATION (ETc) AND REAL PRICE
COVARIANCES OF COTTON AND WHEAT FOR EACH YEAR
OF THE PERIOD 1979-1988.

_ET ET
—COTTON___ —  WHEAT _
PRICE PRICE ___
YEAR COTTON  WHEAT COTTON WHEAT

18978 -0.01813 -0.00380 -0.04853 -0.00313
1880 -0.01777 -0.00289 -0.01180 -0.00202
1881 -0.01581 -0.00235 -0.01029 -0.00155
1882 -0.01721 -0.00092 -0.01377 -0.00057
1883 0.00371 0.00118 -0.006876 -0.00028
1984 0.001189 0.00038 -0.00828 0.00062
1885 0.01427 0.00058 0.00574 0.00053
18986 -0.02584 -0.00338 0.00107 0.00008
1987 -0.02307 -0.00325 -0.01738 -0.00270
1988 -0.009888 -0.00186 -0.00650 -0.00218
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water excluded, were considered the same for crops produced
with furrows and level basin technologies. Cost estimates
for cotton subsurface drip were also from Hathorn's
budgets, but for wheat subsurface drip the cost
calculations were complemented with figures adapted from
Wilson et al(1984).

Water costs were isolated, adapted to metric units
(hectare-cm) and used as input coefficients for cotton and
wheat under surface and drip irrigation. They included
costs of energy and well repairs for pumped water, costs of
energy and repairs for the water distribution and irrigator
labor. Lower water application costs were considered for
level basin systems due to lower irrigation labor costs.
They were adjusted for labor use by adopting the 7.4 and
4.9 seasonal hourly irrigation labor per hectare for cotton
and wheat estimated by the Soil Conservation Service
(1986).

Water costs were isolated from the other variable
costs because of the significant changes of its components,
particularly energy and labor, from one type of irrigation
technology to another. The role that water costs play in
the model's optimal irrigation technology and area

selection solution were deemed important.
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Ownership costs of a potential hectare of some
technology included depreciation on machinery, wells and
water distribution systems, and taxes, insurance, and
interest charges. They enter the objective function as
variable costs associated with each hectare of crop-

irrigation technology selected by the model.

Investment Costs

Costs incurred in upgrading surface irrigation are
related to land leveling i.e, cubic meter of earth moving
from high to low spots and installation of concrete ditch
lining. In the case of field reorganization, costs to
remove o0ld concrete ditch lining make up the entire cost.
Costs vary among users depending upon the length, location
and elevation of o0ld and new ditches; a wide range of
figures can be obtained from different irrigation districts
in Arizona.

Daubert and Ayer (1982) estimated the ditching costs
to be approximately 870 dollars per hectare, and initial
investment costs of dead leveling between 990 and 1480
dollars per hectare. Lierman (1983) presented a combined
value of 1700 dollars per hectare for ditching and laser

leveling. More recently, an extensive analysis of farm
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reorganization in ©Pinal County conducted by the Soil
Conservation Service revealed that on approximately 380
thousand hectares average laser leveling and ditching costs
were estimated as 482 and 585 dollars per hectare,
respectively, including o0ld concrete ditch lining removal
(sCs, 1986). These figures were used in this study as
investment costs in land-area transfers associated with
cropland moved out of graded furrow irrigation technoloagy
to leveled furrows and level basins systems. Investments in
level furrows were associated with earth moving to dead
slope, while 1level basins required additional concrete
ditch lining structures.

Investment costs for drip irrigation are associated
with system components (filters, station computer,
fertilizer injection pumps, tapes) and installation costs.
In Arizona drip irrigation has increased in acceptance as
an alternative irrigation method, but it is still an
experimental technology whose components and costs tend to
vary considerably with time and among contractors. In their
study of economics of drip irrigation for cotton production
in Arizona, Wilson et al (1984) estimated drip investment
costs in the range of 2500 to 3000 dollars per hectare.

These figures were used in the study.
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Farm Water Entitlement

In Pinal AMA existing water use was examined on a
field by field and irrigation system by irrigation system
basis by the Department of Water Resources (1986), and
their data provided the foundation to define the patterns
of water use common to each type of irrigation system and
the ADWR benchmark efficiencies. These efficiencies allowed
the Department to establish the amount of water that may be
used by each farm unit with a grandfathered right as part
of management plans formulated every ten years for the
area. An average irrigation water duty of 154 hectare-
centimeters per hectare (5.05 acre-feet per acre) was
established for the first management period (1980-90).

Assuming the water duty hectares for the farm were
845 hectares (the highest number of hectares legally
irrigated in any one year during the period from 1975 to
1979) and the first management water duty level, the
maximum annual water allotment for the study was calculated
as 131,351 hectare-centimeters (10,649 acre-feet). The
cropping pattern of 2/3 of each soil type in cotton and 1/3
in wheat, and the average consumptive use of the crops
allowed us to allocate 61.5 percent of the annual water

entitlement for cotton production and 38.5 percent to
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wheat, i.e., 80,743 and 50,608 hectare-centimeters,
respectively. This sequence was pursued for all the years

of planning.

The Model Alternatives and Adijugstments

Decisions to invest in irrigation system
improvements are affected by many factors, many of which
can vary widely with time. The most critical of these
variables is analyzed in the study by "revising" the base
model and including the projected adjustments by means of
parametric changes.

The base model presented above is solved for the
base run solution. It is then revised by imposing changes
in water duty, water costs, yield increments and risk
aversion coefficients. After each revision, a solution
stemming from the specific variations in the parameters is
obtained. The effects of the proposed parametric changes

constitute the principal focus of the next chapter.

Variation in Water Quantity

In the base model an average irrigation water duty
of 154 hectare-centimeters per hectare (5.05 acre-feet per
acre) was considered, to comply with the level set for the

first management period (1980-90). Accordingly, a maximum
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annual water allotment was calculated. The ADWR (1988)
predicts that the water duty will progressively be reduced
to 114 hectare-centimeters per hectare (3.75 acre-feet per
acre), a reduction of 25 percent, by 1999 the end of the
second management period (1990-2000). Intermediate
irrigation water duties between the years 1990 and 1999
will, however, be established to encourage farmers to make
incremental investments in irrigation system improvements
during the ten year period, so that their final water
duties will be attained by 1999 without undue economic
hardship.

In order to analyze the economic impact of the 25
percent reduction in water duty in our farm model and its
effect on selection of irrigation systems the base run was
revised to impose the projected water reduction and the

model resolved with the resource adjustment.

Variation in Water Cost

As the water duty is reduced over time, the costs of
purchased water are expected to increase.

Prices per unit of water used in the base run are
related exclusively with groundwater and pumped water.

Federal water management authorities are constructing the
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Central Arizona Project (CAP}) to deliver water from the
Colorado river to farms within the project boundaries. The
USDA (1986) expects that in Pinal AMA farmers will contract
for and have the CAP water delivered to them. They predict,
however, farm water costs in Maricopa-Stanfield irrigation
district to increase to an average of $7.00 per hectare
centimeters ($86 per acre-foot) by 1995.

The predicted 1995 water cost were estimated to
increase 50 percent from water costs in the 1985 base run.
In order to assess the impact of the projected cost
increase on the farm model we increased water prices in the
base model by 25 and 50 percent, adjusted the 1979-1988
prices to reflect the changes and obtained new solutions
for the introduced adjustments.

Projected use of water in agriculture is a function
of the water cost and the amount of land on which to use
it. With land availability constant, as the total water
cost increases, so does the quantity of water used
decrease. In order to assess the decrease in revenue and
water use with proportionate increases in water cost, a
water demand function for irrigation water was simulated.
Due to the weight of discounting on the 1last years of

planning, systematic increases in 1988 water prices (last
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year of the planning period) were used in the study to
analyze the pattern of water demand. The adjustment effects
of the total (1979-88) and partial (1988) water costs
increases on net revenue, systems selection, water use and
area cultivated are also presented in the following

chapter.

Variation in Yield

In the above chapter we analyzed the methodology
used in this study for predicting yields. For each year and
with all the irrigation —cases and systems, water
application throughout the field was the sole responsible
for yield differences.

Wilson et al (1984) pointed out that 1if vyield
increases of a bale per acre (538 Kg/ha) or more are
achieved, drip could be a profitable investment under most
energy price, cotton price, and investment cost conditions.
In order to investigate the effects of drip yield increases
on the irrigation system selection and profitability of the
enterprise we revised the base run to increase drip yields
by 269 and 538 Kg/ha (0.5 and 1.0 bales/acre) and
furthermore analyzed its interaction with changes in water

guantity, cost and risk factors.
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Risk Aversion Coefficient

Mathematical programming studies assume profit
maximization as the goal of the decision maker. However,
considerable empirical evidence shows that farmers are risk
averse and that risk attitudes can affect adoption behavior
and implementation of policies. According to Hazell (1986),
numerous empirical studies have demonstrated that farmers
often prefer farm plans that provide a satisfactory level
of security even 1if this means sacrificing income on
average. More secure plans, he emphasizes, may involve
producing less of risky enterprises, diversifying and using
established technologies rather than Venturing into new
technologies.

In the base run of the model the risk aversion level
(risk coefficient) is set to zero and the model is then a
nonlinearly constrained risk neutral, profit maximizing
model. However, when a positive Arrow-Pratt risk aversion
coefficient is used, the specification is a full
generalized mean variance problem in which the objective
function can be interpreted as maximizing the farm's
expected net returns less a risk premium that the risk-

averse farmer would be willing to pay for a non random
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level of income. Details of the specification were
discussed above (model specification).

In order to assess the impact of risk aversion on
the model output the base run was revised and the
specification "without risk" was adjusted to include
different 1levels of "risk" aversion. This was done by
introducing different levels of risk coefficient. New
solutions were calculated for these risk cases and the
effects are presented, compared and contrasted with the

riskless case in the following chapter.

Variation in Discount Rates

The discount rate is used to adjust expected future
dollars to their current equivalent worth. A 12 percent
discount rate was assumed to be the opportunity cost of
capital for the farmer and the results of the base run and
subsequent alternative changes reflect this choice.
However, a different (lower or higher) discount rate would
change (increase or decrease) the current worth of income
earned each year in the planning period and consequently,
the profitability of the enterprises.

In order to investigate the impact of the wvariable

in the profits of the farm and assess the changes brought



163

in the crop and technologies mix we revised the base run
specification to consider 8 percent discount rate. The

empirical results are presented in appendix F.
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CHAPTER FIVE

RESULTS OF THE MODEL ANALYSES

Introduction

The major objective of this study, as stated in
chapter I, 1s to 1investigate the intertemporal optimal
combination of irrigation technologies for a farm unit and
project adjustments when different resource levels, costs
and uncertainty 1levels are introduced. The selected
irrigation technologies of the base solution and the
changes brought about by adjustments in the key variables
determining profitability are presented in this chapter.

Specifically, chapter 4 described the base model.
The base run solution is presented in this chapter along
with the effects of '"revisions" in the 1levels of water
duty, water costs, yield increments, and risk aversion.
With each revision the model is solved separately, and
solutions stemming from the specific variations in the
parameters are obtained and the effects analyzed; the
sensitivity of the base results to the alternative

parameters constitute the principal focus of this chapter.
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GAMS/MINOS Matrix Generator

The structure of the mean variance programming
specification included in chapter 4 allows solution on a
personal computer with commercial software. The solution to
the problem is not a closed-form but rather a solution
derived from an algorithm which applies an iterative
solution procedure. The model was solved using the 386
GAMS/MINOS matrix generator package developed in the World
Bank (Brooke, 1988), a highly compact general algebraic
modeling system formulated to solve linear and nonlinear
programming problems. The matrix generation capability of
GAMS automatically generates, from the algebraic statements
entered as one statement in the specification, a whole set
of constraints to be simultaneously satisfied. All the
equations do not have to be explicitly written; rather
writing of a generic equation statement may be
appropriately indexed for generating multiple equations.
Any additional changes and data transformation are easily
made.

The GAMS model statements are included in appendix
E, which provides a detailed description of the parameters,
constraint equations, and decision variables of the base

run. The programming tableau consists of 1371 single
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activities (variables), 885 constraints (equations) and
4949 non zero elements; all the adjustments pursued
afterwards in each revision were performed by changing the

parameters, without any reformulations in the algebra.

Results of the Base Model

Resource availabilities, costs and other parameter
specifications over time and the rationale supporting the
estimates were presented in chapter 4. Area and water use
over time, net revenue changes and adoption of irrigation
systems are the focus of this section. Solutions of the
model are also obtained in order to compare the results of
risk averse behavior against the alternative of risk

neutrality.

Base Model Solution

The solution of the base model was dictated by the
types of activities, constraints, and technical and
economic data included in the model. Parameters and
specification of the model are two intertwined aspects
because the appropriate wvalues of the parameters are
determined in part by how the activities are defined in the

model.
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Initially, the model was solved without considering
risk aversion. The decision maker was assumed risk neutral
and risk aversion coefficient set to 0.0. The result is a
nonlinear programming solution with different hectares of
cotton and wheat over the planning period. Figure 17
presents the resulting activity selection for cotton in the
three soil types of the study. It reflects the total area
under a specific irrigation technology as well as the areas
occupied with each technology in each of the soil types.
The options of level basin and drip were only allowed into
the model after 1985 and the soil areas (hectares) were

distributed as follows:

Soil Soil Crop

type number cotton wheat
Trix 1 231.0 115.0
C-Grande 2 321.0 161.0
Shontik 3 17.3 8.7
Total 569.3 284.7

In 1979 and 1980 cotton occupied 417 of the allowed
569 hectares and the area increased to 425 hectares in
1981, and remained at that level until 1984. During the
period the crop was grown under graded furrow in all soils,

and in all cases the lowest uniformity was elected in the
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solution. (see tables 1 through 3 - irrigations and
performances. )

The low efficiency of graded furrow in soil 1, of
low 1intake rate, associated with the water constraint
(water duty) resulted that, on average, 147 hectares of
cotton land in soil 1 were left idle during the first 6
vears of planning. In the other two soils, with higher
intake rates, all the available area is occupied with
graded furrow. For the remaining years of planning, level
basin was the technology of choice in all soils, with a
total of 569 hectares. Figures 18 to 20 demonstrate the
sensitivity of the model to risk aversion and the influence
that risk exerts on the selection of production areas.
Increasing levels of risk aversion did not change the area-
technology mix but added to substantial reductions in the
areas under production. The soil 3 level basin area (figure
18) is first reduced with the introduction of the first
level of risk coefficient (0.000003). Further reductions in
soils 2 and 3 (figures 19 an 20) are observed with
increased levels of risk. The area of soil 1 under 1level
basin is consistent for the two levels of risk and declines

under graded furrow from 1982 to 1984.
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Water use changes during the period reflected the
choice of technologies described above. Concerning the base
solution, from 1979 to 1984 the total cotton water
entitlement is used (80742.7 ha-cm). However, a 27 percent
water savings is observed with level basin in the remaining
years. Analysis of the schedule of marginal unit wvalue of
water under different technologies presented with the
optimum solution reveals that an average of $2.20 reduction
in net revenue is expected if a unit of cotton is produced
under level furrow during the first 6 years, with a §$1.3
reduction for drip in the remaining years. Risk aversion
imposed additional reductions in water use due to the
reduction in cotton areas.

A risk averter with the highest 1level of risk
aversion considered in the study (0.00008) would be faced
with a fall in expected net returns of $777,229, that is 30
percent of the risk neutral net return. A lower decrease,
21 percent, 1is observed at risk level 2 (0.000005) and a
slighter 12.5 percent decrease at level 1 (0.000003). These
values are presented on figure 21 (water duty -~ 154 ha-
cm/ha).

The results discussed above vyield the following;

regardless of the risk considerations, a shift from graded
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furrow to level basin 1is observed after 1984 in all soil
types. The shift is due to the high efficiency and
uniformity of this system, high enough to offset the
committed transfer costs per hectare and the alternative of
no investments with graded furrow. With 1level basins no
surface runoff occurs and the high inflow rate reduces the
differences in infiltration time. Essentially, the
difference in opportunity time from one part of the field
to the other is the difference in advance time. This allows
simultaneously high uniformity and efficiency, with high
subsurface drainage reduction.

In the case of graded furrow, in all soils the lower
uniformity (higher efficiency) was allowed into the optimal
solution. These results show that uniformity by itself is
not the objective of irrigation but should be tagged by a
measure of efficiency; water when uniformly applied
increased yields. However, yield increases were obtained at
the expense of water lost by deep percolation and runoff.
By optimizing simultaneously seasonal water application,
uniformity and yield effects, the model clearly "decided"
that under graded furrows higher application efficiency
(water savings) at the expense of Auniformity (higher

vields) was economically better.
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Another key feature of the base solution, which was
highlighted even more with the risk cases, is the capacity
of level basin to improve the effectiveness of land as a
medium for crop production. With increasing risk 1levels
soil 1 1is the only one with declining area under the
traditional graded furrow irrigation system, due to its low
quality under this system. However, after 1985 it becomes
the soil of choice under level basin, maintaining the 231
maximum hectares even in the extreme case of risk averse
behavior. This result suggests that 1level basin would
likely be adopted 1in soils of 1low 1intake rates,
particularly when risk aversion affects adoption decisions.

A further implication of the mix of technologies in
this study is that the high per hectare investment cost for
drip prohibits its use as a technology. Drip irrigation
uniformity and efficiency - 92 and 85 percent respectively
- is higher than those for level basin in soils 2 and 3
({tables 2 and 3), resulting in greater vyields per unit
irrigated. The higher transfer costs however inhibit drip
from entering the optimum solution.

Revisions of the  Dbase model increasing drip
uniformity to 94 and 96 percent (very high uniformities for

practical purposes) proved unsuccessful in bringing drip
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technology into the optimal solution. These empirical facts
suggest that high water management alone does not make drip

a favorable technology for adoption.

Model Alternatives and Projected Adjustments

Water and land use, crop and technology mix, and net
revenue adjustments over the ten year period stemming from
the parametric changes described at the end of chapter ¢
are analyzed here. The sensitivity of the results to these
different scenarios are discussed individually and jointly.
In most cases a scenario "without risk" is compared and
contrasted with a "with risk" case. A special water demand
function for irrigation water is also developed as a result

of systematic increases of 1988 water prices.

Net Revenue Changes

Some projected net revenues and percentage changes
over/under the base solution of the study are presented in
table 25. Net revenues are accrued over the ten year period
and with all the relevant parameters discounted at 12
percent; they represent the profitability of the enterprise
measured in net present value terms.

The table has a matrix format to facilitate

presentation of the base model revisions and visualization



178
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of joint changes of parameters in the base model. The main
diagonal presents results due to a single change of
parameter. They are respectively denoted A through F to
represent increases in drip cotton yields (A and B),
reduction in yvearly water allotment (C), increases in water
cost (D), and changes in the levels of risk aversion (E and
F). The other elements of the matrix represent joint
changes involving parameters A through F.

Imposition of a more restrictive constraint in the
water availability (reduction of water duty to 114 hectare-
centimeters per hectare) expected by 1999 reduces net
revenue by 15 percent to $2,189,025 over the planning
period. Increases 1in water price of 25 and 50 percent
expected with the CAP water delivered to the farmers could
reduce net revenues by 13 percent and 26 ©percent,
respectively. The increases in the price for CAP water
consist of the energy costs of pumping determined for each
location along the CAP aqueduct, the operation and
maintenance costs, and the capital repayment costs.

Additional restrictions associated with reductions
in the yearly water allotment and water price increases are
presented in the table and, jointly, they contribute to

further reductions of net revenue.
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Increases in yield in the order of 36 percent (1.0
bales/acre) associated with drip irrigation would make the
enterprise withstand the impacts of water reduction and
price increases expected in the future.

Table 25 also summarizes the effects of two levels
of risk aversion on net revenues. As speculated, larger
values of risk aversion coefficient 1lead to increasing
reductions in net revenue, either when analyzed
individually or jointly with the other adjusted parameters.
The corresponding return values are presented in columns 6

and 7.

Cropland and Water Use

The implications of more restrictive water duty on
net revenue were discussed above. Revenues decreased by 15
percent over the planning period due to a substantial
reduction of graded furrow cotton area taken out of
production. As figure 22 shows, curtailing the total water
to 59,957 hectare-centimeters forced soil 1 to be left idle
from 1979 to 1984. The more efficient use of water in soils
2 and 3 with graded furrow resulted in all the available
water being diverted into production in these soils, making

idle the less efficient soil 1. From 1985 to 1988 the



181

600 T Y { I 1 ! T I 1 i t ‘ T T IILGI ) ) l 1
" . L i
1 e Soil if=0.45 e e .
&—o Soil if=0.80 |
5004 o—e Soil if=1.0 -
1 — Total :
o 4004 -
O - Graded furrow .
Nl
O 7 _
e | J
O O —O——O————O
Q 300_ Graded furrow Leve! basin ]
< . ]
O . Level basin .
8 i —eo—o—o0
<€ 200+ —
100 —
: Graded furrow Level basin :
*——6———g——6— —6——O—
O L T

1 l 1 I 1 l 1 4 1] | I 1 ] 1 I 1 I ]
1978 1980 1982 1984?1986 1988

Time (years)

Figure 22. COTTON AREA AND IRRIGATION TECHNOLOGY MIX OVER
THE PLANNING PERIOD AND SOIL TYPES WITH 114
HECTARE-CENTIMETERS PER HECTARE WATER DUTY.



182

hectares added through investment in level basin increased
the areas under production to the levels before the water
reduction (figure 17). However, with the water constraint
binding throughout the planning period, all the water
allocated is used and slight increases in annual
evaporative demands, as in 1987 and 1988, implied
reductions in cropland (soil 3).

An increase of twenty five percent in water price
also decreased net revenue to the level observed with a 25
percent water allotment reduction. Net revenue per unit of
water 1is, however, such that even with the increase in
water price it 1s still profitable to produce in soil 1
under graded furrow. Discounting procedures, however,
penalize revenues occurring late in the planning period,
and with the increase 1in water prices 1988 activities are
the first to be penalized. In 1988 soil 3 under level basin
is left idle, reducing by 13 percent the net revenue (see
figure 23). The combination of lower uniformity and yields
under level basin for the high intake soil 3 explain its
drop out of the optimum solution in 1988.

Figure 24 presents 1988 segmented short-run water
demand functions for the farm unit. In order to trace out

numerically the input demand function the base model was
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THE PLANNING PERIOD AND SOIL TYPES WITH 25
PERCENT INCREASE IN WATER PRICES.



184

100
o—o Risk = 0.0
+—o¢ Risk = 3.0E-6
~ 804 o—o Risk = 5.0E-6
§ v~V Risk = 8.0E—6
:Q)
_§ 60 —
g8 7
Q=
23
O
£
@ 204
O
=
o -
Q
o
G
J base run
1 l 1 I L ' T l 1) r 1) ' 1
0. 10. 20. 30. 40. 50. 60.

Quantity in hectare—centimeters (thousands)

Figure 24. SHORT-RUN DERIVED (1988) DEMAND FUNCTION FOR
IRRIGATION WATER.



185

solved several times under successively higher 1988 water
prices. Identical procedure was followed with each level of
risk aversion. The net effect are the breaking points which
represent quantities and prices at which water use will
change among enterprise combinations.

For the neutral case large decrease of water use
occurs at prices over 50 percent of the base run. The fact
is due to a decline in the total area under production from
569.3 hectares to 231 hectares with the 50 percent water
price increase. In practice, the higher prices made 1988
production in soils 2 and 3 non profitable and production
possible only in soil 1, with higher uniformity and yields
under level basin.

With increasing levels of risk systematic reductions
in water use are observed with no water price increase.
Increasing risk aversion levels induce water use to decline
quickly when water prices level are of 20 percent higher
than the base case. In all cases, the water use reductions
are tied to declines of 1988 cropland, as shown in figure
23, consequence of the discounting techniques and the
impact of risk further penalizing the expected revenues
accrued late in the planning horizon. Figure 25 presents a

per hectare demand function and, with figure 24, it shows
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the decline in water use associated with the areas under
production in 1988.

Figure 26 summarizes the effects of the partial
(1988) and total (1979-1988) water price increases on total
net revenue. The 50 percent total water increase estimated
for 1995 by the ADWR would have net revenues reduced to
$1,898,311, a 26 percent decrease from the base run

solution.

Drip Yield Changes

In order to investigate the effects of drip vyvield
increases for cotton on the irrigation system selection and
profitability of the enterprise the base run was revised to
increase drip yields by 269 and 538 Kg/ha (0.5 and 1.0
bales/acre). Drip irrigation is adopted in both settings.
Figures 27 and 28 show the technology mix for all soils, as
well the total area under each system. The 18 percent drip
yield increase made drip viable in soils 2 and 3, of higher
intake rate, while level basin remained still the choice
under soil 1. The slight increase in yields added to the
highest water application uniformity and efficiency of drip
in the high intake soils and offset the lower per hectare

level basin transfer costs.
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Figure 27. COTTON AREA AND IRRIGATION TECHNOLOGY MIX OVER
THE PLANNING PERIOD AND SOIL TYPES WITH 18

PERCENT DRIP IRRIGATION YIELD INCREASE.
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A higher vyield increment was required for level
basin to be taken out of soil 1 and replaced for drip, as
shown in figure 28.

In all cases, the total number of graded furrow
hectares is reduced by the number of hectares of 1level
basin and/or drip which are added through the transfer
constraints of the model. Recall that revisions of the base
model increasing drip uniformity to 94 and 96 percent
proved unsuccessful in bringing drip technology into the
optimal basis, suggesting that high water management alone
would not make drip a favorable technology for adoption.
The results discussed above and summarized in figures 27
and 28 suggest that, in fact, higher yield increments are
necessary for drip to offset its high per hectare cost.

The adoption of drip irrigation in soils of high
intake rates is most prominent when risk aversion behavior
is introduced into the base model and yield increases are
of the order of 18 percent. As figure 29 reveals, the
slight increase in the risk coefficient (0.000003) forced
drip irrigation only in soil 3 and changed the area
technology-mix by transferring soil 2 -- intermediate
intake rate -~ back to level basin. An increase in drip

yield of 36 revealed, however, that drip irrigation remains
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the technology of choice even for higher levels of risk
aversion. Consequently, high drip yield increases on the
order of 530 Kg/ha (1.0 bale/acre) are required to
stabilize the adoption of drip in all soils. In the event
of lower yield increments, the adoption would most likely
occur only in soils of high intake rates, assuming level

basin available for the other soils.

Yield Increments and Water Use

The above analyses showed that if yield increments
are realized, drip technology <could be a profitable
alternative either in conjunction with 1level basin or by
itself. In this section we analyze the impact of water
entitlement reductions on the system mix and cropland.
Figure 30 shows that adoption of drip irrigation after 1985
progressively increases water use but levels off quickly by
1988, 1leaving available a large surplus of water (see
yearly water allotment) for crop production in the event
more cropland Dbecame available. When yearly water
allotments are reduced by 25 percent, as shown in figure
31, the new irrigation technologies (level basin and drip)
contribute to extend the areas under production due to

their water savings capability, but water use approaches
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total water availability and no surplus remains. The
analysis suggests that even with adoption of water saving
technologies (level basin and drip) water duty reductions
will have an impact on the cotton production with a most
likely decrease in the actual net revenues and areas under

production.
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

A generalized mean variance programming model of a
farm unit has been developed. The model was used to analyze
and predict the optimal selection of irrigation
technologies that maximizes farm net revenues during a
planning period of ten vyears. The model simulated farm
production activities, integrated alternative water
delivery irrigation systems, crop mix and soil endowments,
and selected irrigation water flow management practices; it
also includes adjustments to stochastic water supplies and
output prices. A complete computer program specification,
with production activities, parameters, and decision
variables of the model is given in Appendix E.

If farm production techniques as practiced by
farmers are easily recognized, common irrigation practices
to apply when comparing different technologies are,
however, more difficult to agree upon. Unique to this study
was the inclusion in the programming model of irrigation
water application strategies that allowed unbiased
comparison of the different technologies; for each surface

and drip system of the study, irrigation simulation models
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were used to control the governing parameters that
determine the distribution and effectiveness of the applied
water and to provide each system with equal seasonal water
depth infiltrated and stored in the root =zone, while

irrigating a similar fraction of total cropland area.

Technical Considerations

1) A hydrodynamic model (SRFR) developed by
Strelkoff (1989) was used to simulate the furrow and level
basin irrigations, given the relevant input field data--
field slope, 1length, roughness (the Manning n), soil
infiltration characteristics and furrow shape.

2) Variations in inflow discharge and cutoff
(application) time provided each so0il type and surface
irrigation technology with post-irrigation areal
distribution of infiltrated water and merits of the
irrigation. Superimposition of low-quarter depths of
irrigation and <corresponding Cristiansen's uniformity
coefficient allowed representation of management-design
charts of flow rate and flow duration. The charts made
possible selection of appropriate combinations of inflow

rate and cutoff time, given specific irrigation required
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depths and uniformity of water applied and infiltrated.
They can also be useful in the design of surface systems.

3) Drip emitter flow variation was assumed normally
distributed and the cumulative frequency of the
distribution was used to estimate water application and
unevenness of irrigation water distribution.

4) Calculations of areal drip water application
depths and areas over- and under-irrigated were obtained
for specific irrigation application uniformities and mean
water depth applied (estimated from the evapotranspiration
requirement of the crops).

With crop water requirements calculated upon
expected crop evapotranspiration (ET) of each year of the
planning period (descending weighted moving average ET of
the ten immediatelly previous years), and non-uniformity of
infiltrated water increasing the expected seasonal water
requirement, comparison of the different systems was
further extended by assessing the effect of the selected
water management practices on crop yield. The seasonal
areal water distribution depths were linked to specific
crop-water production functions for calculations of partial

(spatial) and total average expected yields.
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The above relationships were used to specify the
technical constraints of the farm operation in the
programming model. They also provided with the parameters
or input requirements per unit of the defined irrigation
activities. These two aspects are interwined. The
appropriate parameter values are determined in part by how
the activities are defined in the model and realistic
activity results depend on the accuracy and quality of the
parameters produced by the technical and economic
relationships.

The results of the present study have demonstrated
the feasibility of application of programming models to
analyze and predict adoption of irrigation technologies for
more efficient use of water, energy, labor, and investment
capital resources. The emprirical solution and the
sensitivity analyses performed by parametric changes led to

the following conclusions for the study.

Results of the Programming Model

1) The farm structure shows considerable dependency
upon cotton for the production of annual net revenues.
Wheat contribution to net revenue is relatively small due

to its economic inability to command scarce resources and
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generate profits. As wheat drops out of the optimum farm
operations, cotton provides a large percentage of the total
net revenue.

2) Higher application efficiency at the expense of
uniformity is economically better for graded furrow
irrigated lands. In all soils types, low uniformities of
water application are expected to be practiced with graded
furrows to achieve the high application efficiencies.

3) High uniformities are desired under level basin
systems. Substantial water savings and higher yields are
achieved with high uniformity level basins. Uniformities
should be high enough to offset the committed investment
costs, and to replace the 1lower investment cost graded
furrows.

4) High water management alone (increased uniformity
of water application and efficiency) does not make drip a
favorable technology for adoption; higher investment costs
inhibits its use as a technology.

5) Yield increments of the order of 260 Kg/ha or
higher are required for drip to offset its investment cost
and become a profitable investment. Drip could be a
profitable alternative either in conjunction with level

basin or by itself. Its adoption is more likely to be first
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occuring in soils of high intake rates, where drip could be
more profitable than level basin. However, implicit
management costs associated with yield increases, which
could preclude drip adoption, have to be assessed.

6) Risk aversion behavior changed the area-
technology mix. It also added to reductions in the areas
under production, decreasing net revenues.

7) Cropland reductions suggest that more secure
plans involve producing less of risky enterprises; risk
area reductions took place in high intake soils under level
basins, suggesting that level basin in soils of low intake
rate provides higher level of security and is more likely
to be given higher priority in the farm enterprise
planning.

8) Adoption of 1level basin and drip irrigation
technologies increases water savings and crop area
production.

9) Water becomes a limiting farm resource with the
expected water allotment reductions, decreasing actual net
revenues and areas under production, even in the event of
adoption of water saving technologies.

10) Provision of water to the farm headgate at

prices higher than the current reduces cropland areas,
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decreases quantity of water demanded and net revenues.
Soils of high intake rates under adopted 1level basin
systems could see their cropland area progressively
reduced.

11) Adjustments in technology mix and uniformities
seen with the parametric changes in this study show the
complementarity and importance of technical and economic
specifications for analyzing irrigation systems selection

with quadratic programming models.
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APPENDIX A

INFILTRATION EQUATION CONSTANTS
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APPENDIX A: INFILTRATION EQUATION CONSTANTS

SRFR model uses the Kostiakov infiltration equation to
represent the intake characteristic of the soil at each
irrigation. The equation has constants which define several

so0il parameters and is as follows:

Z = Kt®A + Rt + C

where
= cumulative intake (cm)
time that water is in contact with the soil (min)

constant (em/hr®)
constant (unitless)
constant (cm/hr)

= constant (cm)

OmMm>D ™= o+t N
It

The constants may be defined using the Soil

Conservation Service (USDA, 1979) intake families equation,

described as follows:

F=aT®+ ¢

where

cumulative intake (mm)
time that water is in contact with the soil (min)
b
)

]

= constant (mm/min
constant (unitless)
constant (mm)

-

no®» <M
I

nu
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Constants a, b, and c are unique to each intake family

and they also define several soil parameters. These
constants are converted to fit the Kostiakov infiltration

equation used by the SRFR model by the following:

SCS Kostiakov

F/10 z
(a/10) = 60° K
T t

b A

O B
c/10 (1
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APPENDIX B

POST-IRRIGATION SYNOPSIS OF ONE SRFR SAMPLE RUN
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BRNSSIRLLIBLOLIIALULINCRLLRLINLENININLILIS SURFACE [ RRIGATION FLCW COSERSasasasssssassasassesssssssseassisns

graded furr- g=IL/s tco=3lésin length=240s 120,80 2req=9.5ca b.o.law

HYDRAULIC PROPERTIES OF CROP AND SOIL

DINERKSICNED DIBENSIONLESS
ROUGHNESS =--
WAKNING N (COEFFICIENT) = ,0400 FT88{1/4) = L0400 WE8(1/6) EXPOKENT = ,0000E+00
DIMENSIONLESS ROUGHNESS COEFFICIENT N8 =, 1000E+01
INTAKE CHARACTERISTICS --- IN INFILTRATION FORNULA 1 = KSTAUSSA + BSTAU ¢+ C -~
(2 REPRESENTS VOLUNE PER UNIT INFILTRATING-SURFACE AREA)
K= 1,4548 IN/HRIEA = 3.6992 CH/HRSEA
= LJ235E-01 IN/NINYSA = L 183BE+01 MM/NINSSA
= ,299BE-03 FT/SECHIA = L9138E-04 M/SECHIA
K8 = .BLO4E-0)
A= 7130 = 7330 LI M4
83,0000 IN/HR = ,0000 CM/HR BS = ,0000E+00
C= ,27% IN = L7000 CH Cs = .B3IS4E-0)
SYSTEN GEONETRY
DINENSIONED DIMENSIONLESS
AVE. FIELD SLOPE  S0AVE = ,0005000 = .5000E-03 508 = ,1CO0E+01

PLAME FIELD

FURRONW CROSS SECTION: BROAD POWER LAW -- TOP WIDTH BsBisyssM  (NETTED PERINETER = TOP WIDTH} --
B1=13.78 INSB(1-N) = 12,9 CHss(1-N) B1s = 9822401
K= 718 3 .16 LI

D P Ny T N R N Y]

FIELD LEKGTH L =787.4 FT = 240,01 L8 = 1432E+01
FURRDM SPACING (ON CENTERS)= 39.4 IN €100.0 CH FSe = ,1193E402
FLON CHANKELS ALLO¥ RUNOFF AT DOMNSTREAM END

UPSTREANM END IS BLOCKED AFTER CUTOFF, SO DISCHARGE IN OR OUT IS IERD

IRRIGATION-NANAGENENT PARANETERS

DIRENSIONED DIMENSIONLESS
REQUIRED APPLICATION = 34N = 9,50 CH IREQS = . 1134E+01
INFLOW RATE PER FURRON = ,10%9 CFS * 3.000 LITERS/SEC QIS = .J000E+0!
UNIT INFLDW RATE
(PER UNIT WIDTH OF FIELD)= .0323 CFS/FOOT ® 3,000 LITERS/SEC-N = .B379E-01
CYCLE TINE = 336,00 MIN = 5,600 HR TCYCLES = ,3140E402
*FULL-ON"-TINE RATIO ROT=1.000
*FULL-ON® TINE PER CYCLEs 336.00 NIN * 3,600 HR = S140E402
NUNBER OF CYCLES =1
TOTAL °FULL-ON® TIME = 336.00 HIN = 5,800 HR = ,5140£402
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10

1

12

13

14

2

2

23

4

2

1
+0000E+00

«4B20E~02

1637€-01

L 2974€-01

JAB43E-01

+TAB3E-0

+1143E400

1627E400

+2346E+00

33326400

ATHIE0D

+B734E400

JIS1AE400

LB254E+00

+B93BE+00

+9626E400

+1026E401

10BE+01

JIME40L

1198401

1230E401

1299401

+1346E401

+1390E401

4326401

TAs
+9000E+00

JT680E-02
J2I3E-01
.5075E-01
L9564E-01
16766400
+2B13E+00
A603E+00
LTAODE#00
1766401
18556401
29148401
J 32636401
LIB03E+01
A233E401
LABS3E+0
.5083E+01
54838401
.SBA9E401
62226401
.6583E401
.6931E401
LT26TE401
5926401

.7902E40%

IXFILTRATIOCNR
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PROF ILE covvvevonnsanscnnnsessssansinnnnnans

INFILTRATED DEPTHS REPRESENT VOLUNMES PER UNIT FIELD AREA

TRt
59426402

JSTTIER02

8011E402

6030E+02

8077E+02
J5112€402

6212€402

8291E402

+8403E402

A493E+02

8594E¢02

L4819E402

5899E+02

JHIATE02

2 7010E+02

JJO3TE402

. 7062€402

JJ114E402

J7138E402

71426402

JJ144E402

JTL49E402

271538402

7158402

+7159E402

u
+126BE+01
+1296E401
J1295E401
+1293E401
+1291E401
1288E+01
12848401
L1278E+0L
1269E401
+1236E401
12336401
J2T7E401
+1706E+01
+1195E401
+11B6E+0]
JLTEENOL
+1166E401
1136E401
+J1A6E401
1378401
11286401
1196401
1113401

1126401

TA WIN

0

1.8

3.0

4.8

1

TR KIN
J68.4

90,3

393.0

I94.7

1971.2

399,39

405.1

411.2

418.7

246

57,8

445.8

431.0

34,1

438.3

450,0

461.7

465.0

46b.6

4566.9

467.4

4574

47,6

467.8

468.0

NSRES

!

1

1

X KETERS

.0
11
MY
5.0
8.1

12,5
18.7
21.3

39.3

1129
125.9
138.3
150.1
161.3
172.0
182.1
1917
200.8
209.%
N7
225.5
232.9

240.0

i

10.8

10.8

10.8

10.8

10.8

10.7

10.6

10.5

10.4

10.2

10,0

9.9

9.9

9.8

9.7

9.6

9.5

9.4

9.4

9.3

9.3

261.8

370.3

413.1

433.8

492,35

529.3

3682

397.3

626.8

4%50.8

687.2

7142

739.9

784.2

7087.4

27

27

4,27

4.2

425

4.19

414

4.08

4,04
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veassenanensionioisssistnssannss SYNODPSIS OF RESULTS OF TRRIGATION covervnrncnnnnorcsesssonannnnen

STREAM 1
KOURS NINUTES
100 {TIME OF CUT OFF) tuveuuuineicosrannesnerercosessanrrsosrsrncannannerenns  5obd 736,00
T { TINE ADVANCE ENDS ) oivivvnnnornnuerinnrinnsonionninnensssconneansenasse 2 166
TR (TIME RECESSION STARYS AT UPSTREAM EKI) ..... ceeveane 47 288.43
TFR (TIME PECESSION STARTS AT DOMNSTREAM END) ... cesenes 1,80 468,00
TE (TINE ALL SURFACE WATER DISAPPEARS) ,.....uvs veeeener 1,80 468.00
ENGLISH  NETRIC
VOLUMES ARE GIVEN PER UKIT WIDTH OF FIELD FTBIS/FT  MasI/m
V 01 RYD  (APPLIED VOLUME == BROSS) vevsesensacsusnarssnnsiosnssunssosnonssosnsess 851.0 60.48
V BK FLN  (VOLUNE OF BACKFLOW AFTER CUTOFF) 0 00
ve (NET INFLONW VOLUME} +vvvvivnrecnnsesenanesns §51.0 80.48
vi (INFILTRATED VOLUME) ouvvivnvecrnsrninancas trerieisersiaearenennaes 262.1 24,33
v RO (RUNDFF VOLUME} vosuevannnsorransonnnsaonersasoortserssossnsssssonnsnons 3gB.9 .13
ENGLISH  METRIC
Y BAX U (WAXINUN DEPTH OF SURFACE STREAM ATTAINED AT UPPER END} sevaeessurneens .27 FOOT 8,23 0N
Y NAX D (MAXIMUN DEPTH OF SURFACE STREAM ATTAINED AT LOWER END).uovvssrarcrsess .00 FOOT 00 CN
Y NAX {NAXINUN DEPTH OF SURFACE STREAM ATTAINED AT ANY POINT) .eeovsvevsnneess .27 FOOT  B.23 CH
1 YRax (LOCATION OF POINT OF MAXIMUM DEPTH) Luvverservnnssnsonsoniansrcersones 00 FOOT 00 M
INFILTRATED DEPTHS REPRESENT VOLUNES PER UNIT FIELD AREA
1 KN (MININUN DEPTH OF INFILTRATIORY toveriornevconnnnionnssnnnsseseennaseces 3,67 INCH 9,32 LN
1 NAX (NAXTNUN CEPTH OF INFILTRATION) vovvvruersssocsosnnnsinnnss 4.27 IKCH 10,84 C
1L (AVERAGE LON-QUARTER DEPTH OF INFILTRATION) severuneesnsnse 374 INCH 9,50 O
1 REQ (REQUIRED DEPTH OF INFILTRATION) vaviuevennresnncnncnennncconesassnenase 3,74 INCH 9,30 CM
10 (AVERAGE APPLIED DEPTH VBL) viveerernnsasinasranccininnsaniennss 9,92 INCH 23,20 C
1 AVE (AVERAGE INFILTRATED DEPTH  VI/L) ..... 3.99 INCH 10.15 CM
1 R0 (AVERAGE DEPTH OF RUNOFF VRO/L) seveviervrsocarivenrnocnnnsorasnaees  3.93 INCH 15,05 CN
1 OP IRED (AVERAGE DEPTH OF DEEP-PERCOLATION VOLUHE BASED OX GIVEN REQUIRED DEPTH) .26 INCH .66 CN
1 DP ININ (AVERAGE DEPTH OF DEEP-PERCOLATION VOLUNE BASED ON IREQ = IMIN) LI INCH .83 CA
1 0P 2L0  (AVERASE DEPTH OF DEEP-PERCOLATION VOLUME BASED O IREQ = ILO) .26 INCH .7 CA
1 U IREG  (AVERAGE OF INFILTRATED DEPTHS LESS THAN OR EQUAL TO REQUIRED DEPTH) 3,73 INCH 9,48 CH
1 U INIK  (AVERAGE OF INFILTRATED DEPTHS LESS THAN OR EQUAL TG IMIN) 3.67 INCH 9,32 CH
T U0 (AVERAGE OF INFILTRATED DEPTHS LESS THAN OR EQUAL TO ILO) 3.73 INCH  9.46 (N
ucc (CHRISTIANSEN UNIFORMITY COEFFICIENT) oiivuvnececansocnsacersnsensrasssonrascaressanssossasccs

uc H (HSPA UNIFORMITY COEFFICIENT) vuvvrenenrcnressraasnvens

o (DISTRIBUTION UNIFORMITY IRIN/IAVE) ... .
ML (LOW-QUARTER DISTRIBUTION UNIFORMITY  ILO/IAVE) ... creee
RP (RUNOFF FRACTION IN PERCENT VRO/VE ) veveneecesnrnnansnnnnearerssasossecsensannes

BASED ON  BASED ON

GIVEN IREQ ZREDsININ
IE (IRRIGATION EFFICIENCY W/ ) coveervnensnnsasersesa 37,641 36,961
u1 (USEFUL FRACTION OF INFILYRATED VOLUNE  IU/IAVE) ... vene 935 919
SE (STORAGE EFFICIENCY U/IREQ) ... . 99.831 100,001
ARP (PERCENT OF TOTAL AREA ADEQUATELY IRRIBATED] vevseeerarescnrvroscsareses  B7.271 100,001
OR (DEFICIENCY RATIO. AVERAGE DEFICIT IN UNDERIRRIGATED AREA, PERCENT OF IREQ) 1,121

DIMENSIORLESS
+S140E402
T902E40!
5428402
JT159E402
JT139E402

DIMENSIONLESS

JAZ07E+0!
-, JB36E-05
A4307E401
JATIHE+OL
225736401

DIMENSIONLESS

,9819€+00
+G000E+00
J9B19E+00
+U000E+00

11126408
1298E+01
$133E401
JL1Z4E0L

. 2007401
J1211E401
17978401

+7890E-01
.98567E-01
J7939E-01
1328401
1112€+01
JI3LE+0L

950
933
919
936
59,741
BASED ON
IREQ=ILQ
.42
AL
99.841
87.271
nam

10F
APPLIET
DEPTH

-

PR R R ]
o O o O ¢t O
[TV IS Y V)

a4
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APPENDIX C

AVERAGE COTTON AND WHEAT YIELDS, NUMBER OF
IRRIGATION PER SEASON AND AMOUNT OF WATER APPLIED BY
IRRIGATIONS I AND II FOR THE PERIOD 1979-1988, DIFFERENT
SOIL TYPES AND SURFACE IRRIGATION TECHNOLOGIES



Table C-1. GRADED FURROW COTTON YIELDS, SEASONAL WATER

212

APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

0.45).

Crop: Cotton
Soils Trix
Intake family: 0.4

Irrigation: Braded furrow

Irrigation Year Irrigation Seasonal

Seasonal Average

Scheae ¢ per Intiltrated Applied  VYield
season depth depth

(ca) (ca) (Mg/ha)

I 1979 12 112.2 463.6 1.57

1980 11 102.9 424.9 1.9

1984 i1 102.9 424.9 1.57

1982 14 102.9 424.9 1.58

1983 11 102.9 424.9 1.57

1984 11 102.9 424.9 1.55

1985 10 93.5 386.3 1.60

1986 11 102.9 424.9 1,59

4987 1 102.9 24,9 1.60

1968 12 112,2 43,6 1.57

11 1979 12 114,2 293.4 1,55

1980 11 104.7 269.0 1,58

1984 11 104.7 26%.0 1,55

1982 11 104.7 269.0 1.56

1983 11 104,7 269.0 1.3

1984 11 104.7 26%.0 1.55

1985 10 95.2 4.5 1.59

1986 11 104,7 269.0 1,58

4387 11 104.7 269.0 1.59

1968 12 114,2 293.4 1.5

$ Irrigation I and Il designed tor high and low
irrigation uniformities, respectively (see table 1).



Table C-2. LEVEL FURROW COTTON YIELDS,
APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

0.45).

Crop: Cotton
Soil: Trix
Intake family: 0.45

Irrigation: Level furrow

SEASONAL WATER

Irrigation Year Irrigation Seasonal Seasonal Average

Scheee per Infiltrated Applied  VYield
season depth depth

{ca) {ca) (Mg/ha)

I 1979 12 129.¢ 396.0 1,39

1980 1 118.4 363.0 1.42

1981 i 118.4 363.0 1.39

1982 11 118.4 363.0 1.39

1983 11 118.4 363.0 1.39

1984 11 118.4 363.0 1.39

1985 10 107.6 330.0 1.4

1984 1 118.4 363.0 1.4

1987 11 118.4 363.0 1.44

1988 12 129.4 394.0 1.46

I 1979 12 131.9 21.4 1.38

1980 1t 120.9 254,3 1.4

1981 11 120.9 254.3 1.38

1982 11 120.9 254.3 1.39

1983 11 120.9 254,3 1.38

1984 11 120.9 254.3 1.38

1985 10 109.9 231.2 1.43

1986 11 120.9 254.3 1.40

1987 11 120.9 H43 L

1988 12 131.9 277.4 1.43

213



Table C-3. LEVEL BASIN COTTON YIELDS, SEASONAL WATER

214

APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

0.45).

Crop: Cotton
Soils Trix
Intake family: 0.45

Irrigation: Level basin

Irrigation Year Irrigation Seasonal

Seasonal Average

Schese per Applied Infiltrated VYield
season depth  depth

(ca) (ca) (Mg/ha)

1 1979 12 118.6 118.6 1,49

1980 3] 108.7 108.7 1,54

1961 11 108.7 108.7 1.30

1982 1 108.7 108.7 1.5

1983 11 108.7 108.7 1.49

1984 1 108.7 108.7 1.49

1985 10 96.8 98.8 1.56

1986 11 108.7 108.7 1.53

1987 1! 108.7 108.7 1.56

1988 Ui 118.6 118.6 1.49

11 1979 12 130.4 130.4 1.38

1980 11 119.4 119.6 1.4

1981 1 119.6 119.6 1.38

1982 11 119.6 119.6 1.39

1983 11 119.6 119.6 1.38

1984 1 119.6 119.6 1.38

1985 10 108.7 108.7 1.43

1986 1 119.6 119.6 1.40

1987 11 119.4 119.6 1.43

1968 1 130.4 130.4 1.38
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Table C-4. GRADED FURROW WHEAT YIELDS, SEASONAL WATER
APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family
0.45).

Crop: Wheat

Soil: Trix

Intake family: 0.45
Irrigation: Graded furrow

Irrigation Year [Irrigation Seasonal  Seasonal Average

Scheae per Infiltrated Applied  Yield
Season depth depth

(ca) (ce) (Hg/ha)

I 1979 7 65.5 270.4 4.46

1980 7 65.5 270.4 .49

1981 7 65.5 270.4 4.5

1982 7 65.3 270.4 4.50

1983 7 65.5 270.4 4.5

1984 7 65.9 270.4 4.5

1985 b 56,1 231.8 4.40

1986 & 55.1 231.8 4,39

1987 7 65,5 270.4 4.49

1988 7 65,5 270.4 4.43

I 1979 7 bb.6 171.2 4,44

1980 7 6.6 171.2 4.50

1984 7 bb.6 171,2 4.50

1982 7 bb.b 171.2 4.50

1983 7 6.6 171.2 4%

1984 7 bb.6 178.2 4.50

1985 6 §7.1 145.7 4.4

1984 b 37.1 146.7 4.4

1987 7 &b.6 171.2 4,50

1988 7 bb.b 171.2 4.43
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Table C-5. LEVEL FURROW WHEAT YIELDS, SEASONAL WATER
APPLIED AND INFILTRATED AND NUMBER OF IRRIGAT;ONS
UNDER IRRIGATION SCHEMES I AND II (Intake family
0.45).

Crop: HWheat

Soil: Trix

Intake family: 0.45
Irrigation: Level furrow

Irrigation Year [Irrigation Seasonal  Seasonal Average

Scheae per Intiltrated Applied  VYield
season depth depth

(ca) (ca) (Mg/ha)

I 1979 7 75.3 231.0 4.45

1980 7 75.3 231.0 .47

1981 7 75.3 231.0 4.9

1982 7 75.3 231.0 4.8

1983 7 75.3 231.0 .49

1984 7 75.3 231.0 4,50

1985 [ b4.6 198.0 4.4

1986 6 b4.6 198.0 4.43

1987 7 75.3 231.0 4.4

1988 7 75.3 231.0 4.4

I 1979 7 76.9 161.8 4.4

1980 7 76.9 161.8 4.47

1981 7 76.9 161.8 4.49

1982 7 76.9 161.8 4.48

1983 7 76.9 161.8 4.48

1984 7 76.9 161.8 449

1985 [ 65.9 138.7 4.8

1986 6 65.9 138.7 4,33

1987 7 76.9 161.8 - 4.47

1988 7 76.9 164.B L4
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Table C-6. LEVEL BASIN WHEAT YIELDS, SEASONAL WATER APPLIED
AND INFILTRATED AND NUMBER OF IRRIGATIONS UNDER
IRRIGATION SCHEMES I AND II (Intake family 0.45).

Crop: Wheat

Soil: Trix

Intake family: 0.45
Irrigation: Level basin

Irrigation Year Irrigation Seasonal Seasonal Average

Scheae per Applied Infiltrated Yield
feason depth  depth

(ca) (ca) {Hg/ha)

I 1979 7 69.2 69.2 44
1980 7 69.2 69.2 4.49
1984 7 89,2 69.2 4.5
1982 7 69.2 69.2 4.50
1983 7 89.2 69.2 4.50
1984 7 69.2 69.2 4.3
1985 ] 9.3 5.3 LM
1984 b 39.3 59.3 4,43
1987 7 69.2 69.2 4.49
1988 7 69.2 69.2 4.45
I 1979 7 76.1 76.1 4.45
1980 7 76.1 76.1 . AW
1981 7 76.1 76.1 449
1982 7 16.1 76.1 4.8
1983 7 76.1 76.1 4.49
1984 7 76.4 6.1 4.50
1985 b 5.2 63.2 4.4
1986 b 5.2 63.2 4.43
1987 7 16.4 76.1 4.47
1988 7 76.1 76.1 LU




Table C-7. GRADED FURROW WHEAT YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

0.80).

Crop: Wheat

Soil: Casa-6rande

Intake fasily: 0.80
Irrigation: Graded furrow

Irrigation Year [Irrigation Seasonal  Seasonal Average

Scheae per Intiltrated Applied  VYield
season depth depth

(ca) {ca) (Hg/ha)

1 1979 7 71.0 176.4 4.5

1980 7 71.0 176.4 4,50

1981 6 60.9 151.2 4,4

1982 b 60.9 131.2 440

1983 4 60.9 151.2 4,40

1984 6 0.9 151.2 4.47

1985 b 40.9 131.2 .49

1984 7 1.0 176.4 4.50

1987 7 11.0 176.4 4,50

1988 7 7.0 176.4 4.49

11 1979 7 75.0 124.3 4,50

1980 7 75.0 124.3 4,50

1981 6 64.3 106.5 4.43

1982 b 64.3 106.5 4,42

1983 6 64.3 106.5 4.2

1984 b 64.3 106.5 4,407

1985 b 64.3 106.5 449

1984 7 75.0 124.3 4.30

1987 7 73.0 124.3 4.50

1988 7 75.0 1243 4.5
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Table C-8. LEVEL FURROW WHEAT YIELDS, SEASONAL WATER
APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family
0.80).

Crop: Wheat

Soil: Casa-Brande

Intake family: 0.80
Irrigation: Level furrow

Irrigation Year [Irrigation Seasonal  Seasonal Average

Scheae per  Infiltrated Applied  VYield
season depth depth

{ca) {ca) (Mg/ha)

1 1979 7 83.7 145.5 4.48

1980 7 83.7 145.5 4.49

1981 b 71.8 124.7 4,43

1982 [} 71.8 124,7 4.42

1983 6 7.8 124.7 4.8

1984 6 1.8 124.7 4.45

1985 b 1.8 1247 4.4

1984 7 83.7 145.5 4.50

1987 7 83.7 145.5 4.8

1988 7 83.7 145.5 4.47

I 1979 7 90.4 116.4 4.47

1980 7 90.1 116.4 4.48

1981 b 1.2 99.8 4,42

1982 6 1.2 99.8 4.4

1983 [} 77.2 99.8 4.4

1984 6 77.2 99.8 4.4

1985 6 1.2 99.8 4.45

1984 7 $0.1 116.4 4.5

1987 7 90.1 116.8  4.48

1988 7 90.1 116.4 4.46




Table C-9. LEVEL BASIN COTTON YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

0.80).

Crop: Hheat

Soil: Casa-Grande
Intake family: 0.80
Irrigation: Level basin

Irrigation Year Irrigation GSeasonal  Seasonal Average

Scheae per  Infiltrated Applied  Yield
season depth depth

(ca) {ca) (Mg/ha)

1 1979 7 78.1 78.1 L4

1980 7 78.1 78.1 4.5

1981 b 67.0 67.0 4,43

1382 6 67.0 87.0 4.42

1983 b $7.0 67.0 4.42

1984 6 67.0 67.0 4.4

1985 b 87.0 67.0 4.47

1986 7 78.1 18.1 4.50

1987 7 78.1 78.1 4.50

1988 7 78.1 78.1 4.48

11 1979 7 89.5 89.5 4.45

1980 7 89.5 89.5 4.47

1981 ] 78.7 76.7 4.41

1982 b 76.7 18.7 4.4

1983 b 76.7 16.7 4.41

1984 ] 76.7 .1 4.43

1985 6 16.7 16.7 4,44

1986 7 89.5 89.5 4,49

1987 7 89.3 89.5 4.47

1988 7 89.5 89.5 ~4.45




Table C-10. GRADED FURROW COTTON YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Cotton

So0il: Shontik

Intake family: 1.0
Irrigation: Braded furrow

Irrigation Year Irrigation Seasonal  Seasonal Average

Scheae per  Infiltrated Applied  VYield
season depth depth

{cm) (ca) (HMg/ha)

I 1979 9 117.7 248.0 1.5

1980 B8 104,54 220.5 1.5

1984 8 104,46 220.5 1.54

1982 8 104,4 220.% 1.55

1983 8 104.6 220,5 1.54

1984 8 104.6 220.3 1.54

1985 8 104,46 220.3 1.51

1984 8 104.6 220,5 1.57

1987 9 117.7 248.0 1.48

1988 9 117.7 248.0 1.3

H 1979 9 131.0 123.3 1.39

1980 8 1156.5 154.1 1.44

1981 ] 116.5 154.1 1.42

1982 8 116.5 154.1 1.42

1983 8 116.5 154.1 1.44

1984 8 116.5 154.1 1.4

1985 8 116.5 154.1 1.4

1986 8 116.5 154.1 1.4

1987 9 131.0 m.s 1.3

1988 9 131.0 173.3 1.39




Table C-11. LEVEL FURROW COTTON YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Cotton

Boil: Shontik

Intake family: 1.0
Irrigation: Level furrow

Irrigation Year [Irrigation Seasonal Seasonal Average

Scheae per  Infiltrated Applied  VYield
geason depth depth

{ca) (ca) (Mg/ha)

1 1979 9 139.7 205.2 1.37

1980 8 124.2 182.4 1,40

1981 8 124.2 182.4 1.38

1962 8 124.2 182.4 1,38

1983 8 124.2 182.4 1.38

1984 8 124,2 182.4 1.38

1985 8 124,2 182.4 1.37

1986 8 124.2 182.4 1.39

1987 9 139.7 205.2 1,36

1988 9 139.7 205.2 1.3

11 1979 ¢ 145.7 189.4 1.3

1980 8 129.5 168.3 1,38

1981 8 129.3 168.3 1.37

1982 8 129.5 168.3 1.37

1583 8 129.5 168.3- 137

1984 8 129.5 168.3 1.37

1985 8 129.5 168.3 1,36

1986 ] 129.5 168,3 1.38

1987 9 145.7 189.4 1,35

1988 9 143.7 189.4 1.3




Table C-12. LEVEL BASIN COTTON YIELDS, SEASONAL WATER

223

APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Cotton
Soils Shontik
Intake family: 1.0

Irrigation: Level basin

Irrigation Year [Irrigation Seasonal Seasonal Average

Schege per  Infiltrated Applied  VYield
season depth depth

(ca) (ca) (Mg/ha)

1 1979 9 127.4 127.6 1.39

1980 8 113.4 113.4 1.46

1981 8 113.4 113.4 1.42

1982 8 113.4 113.4 1.43

1983 8 113.4 113.4 1.82

1984 8 113.4 113.4 1.42

1985 6 113.4 113.4 1.40

1985 e 113.4 113.4 1.43

1987 9 127.6 127.6 1.38

1988 9 121.6 127,46 1.39

I 1979 9 142.6 142.6 1.35

1980 8 126.7 126.7 1,37

1981 8 128.7 126.7 1.34

1982 8 126.7 126.7 1.36

1983 8 128.7 126.7 1.36

1984 8 126.7 126.7 1.36

19835 8 126.7 126.7 1.33

1986 8 126.7 126,7 1.37

1987 9 142,46 1426 L.

1988 9 142.6 142,46 1.35




Table C-13. GRADED FURROW WHEAT YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Wheat

Soil: Shontik

Intake family: 1.0
Irrigation: Graded furrow

Irrigation Year Irrigation Seasonal Seasonal Average

Scheae per  Infiltrated Applied  Yield
season depth depth

(ca) {ca) (Bg/ha)

I 1979 5 45.4 137.8 4,39

1980 ] 65,4 137.8 4,44

1981 S 63.4 137.8 4.48

1982 3 83.4 137.8 4.48

1983 5 65.4 137.8 4,48

1984 5 85.4 137.8 4,50

1985 5 65.4 137.8 4.5

1984 5 45.4 137.8 4,50

1987 5 45,4 137.8 4,43

1988 4 78.5 165.4 4.5

11 1979 3 12.8 9.3 4.4

1980 3 12.8 95.3 4.4

1961 5 72.8 96.3 4.48

1982 ] 72.8 96.3 4.4

1983 5 72.8 9.3 4.47

1984 5 72.8 9.3 4.47

1985 5 72,8 96.3 4.5

1986 5 72.8 9.3 430

1987 ] 72.8 96.3 4.45

1988 6 87.4 113.6 4,3




Table C-14. LEVEL FURROW WHEAT YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Wheat
Soil: Shontik
Intake family: 1.0

Irrigation: Level furrow

Irrigation Year Irrigation Seasonal Seasonal Average

Schese per  Infiltrated Applied  VYield
season depth depth

{ca) (ce) {Mg/ha)

1 1979 5 77.6 114.0 4.4

1980 5 17.4 114,0 4.43

1981 5 17.6 114.0 4.4b

1982 5 17.4 114.0 4.45

1983 5 77.6 114.0 4.45

1984 3 17.6 114.0 4.47

1985 5 77.6 114,0 4,48

1986 5 77,6 114,0 4.48

1987 5 17.6 114.0 4.43

1988 6 93.1 13.8 4,49

I1 1979 S 8L.0 105.2 4,40

1980 5 81.0 105.2 4.43

1981 5 81.0 105.2 4.45

1982 5 81.0 105.2 4.43

1983 5 81.0 105.2 4.45

1984 5 81.0 105.2 4.4

1985 5 81.0 105.2 4.48

1986 6] e1.0 105.2 A48

1987 5 81.0 105.2 - 4,43

1488 b 97.1 126.2 4.49




Table C-15. LEVEL BASIN WHEAT YIELDS, SEASONAL WATER
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APPLIED AND INFILTRATED AND NUMBER OF IRRIGATIONS
UNDER IRRIGATION SCHEMES I AND II (Intake family

1.0).

Crop: Wheat

Soil: Shontik

Intake family: 1.0
Irrigation: Level basin

Irrigation Year Irrigation Seasonal Seasonal Average

Scheae per  Infiltrated Applied Yield
season depth depth

{ca) {ca) (Hg/ha)

I 1979 5 70.9 70.9 4.4

1980 5 70.9 70.9 4.4

1981 ] 70.9 70.9 4.4

1982 5 70.9 70.9 .47

1983 5 70.9 70.9 4.47

1984 5 70.9 70.9 449

1985 5 70.9 70.9 4,50

1986 5 70.9 70.%9 4.49

1987 3 70.9 70,9 4.4

1988 4 85.1 85.1 4.50

11 1979 § 19.2 19.2 4,40

1980 5 79.2 79.2 4.42

1981 5 19.2 79.2 4.4

1982 5 19.2 19.2 4,4

1983 ] 19.2 9.2 4.4

1984 b} 79.2 79.2 4.44

1985 § 79.2 9.2 4.4

1986 5 79.2 719.2 A4

1987 5 79.2 19.2 4.4

1988 6 95.0 95.0 4.48
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APPENDIX D

AVERAGE DRIP COTTON AND WHEAT YIELDS AND AMOUNT OF
WATER APPLIED FOR THE PERIOD 1979-1988



228

Table D-1. DRIP COTTON YIELDS AND SEASONAL WATER APPLIED
AND INFILTRATED FOR AN APPLICATION UNIFORMITY UC
OF 96 PERCENT.

Year ETm Seasonal: Seasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (cm) (Mg/ha)
1979 104.0 110.4 110.4 1,57
1980 99.9 106.1 106.1 1.57
1981 6.0 101.9 101.9 1,957
1982 96.4 102.3 102.7 1.57
1983 95.1 101.0 101.0 1.57
1984 5.3 101.2 101.2 1.57
198%5 93.1 $8.8 G8.8 1.57
1986 98.9 105.0 105.0 1.57
1987 102.4 108.7 108.7 1.57
1988 103.9 110.3 110.3 1.57

Area adequately irrigated = 87.5 percent
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Table D-2. DRIP COTTON YIELDS AND SEASONAL WATER APPLIED
AND INFILTRATED FOR AN APPLICATION UNIFORMITY UC
OF 92 PERCENT.

Uniformity coefficient UCC(%) = 92.0

i e e s . s o T o T F U o e S e S S - -—

Year ETm Seasonal Seasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (cm) (Mg/ha)
1979 104.0 117.7 117.7 1.48
1980 9.9 113.1 113.1 1.48
1981 6.0 108.7 108.7 1.48
1982 96.4 109.1 109.1 1.48
1983 25.1 107.6 107.6 1.48
1984 5.3 107.9 107 .9 1.48
1985 3.1 105.4 105.4 1.48
1986 98.9 111.9 111.9 1.48
1987 102.4 115.9 115.9 1.48
1988 103.9 117.6 117 .6 1.48

Area adequately irrigated = 87.5 percent
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Table D-3. DRIP WHEAT YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF
96 PERCENT.

Year ETm Seasonal Seasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (em) (Mg/ha)
1979 65.2 69.2 69.2 4.48
1980 6.2 67.1 67.1 4.48
1981 60.7 64.4 &4.4 4.48
1982 61.0 64.8 64.8 4.48
1983 61.0 64.8 4.8 4.48
1984 S8.7 2.3 62.3 4.48
19845 57.73 60.8 60.8 4.48
1986 57.5 61.0 61.0 4.48
1987 63.1 67.0 67 .0 4.48
1988 66.Z2 70.4 70.4 4.48

Area adequately irrigated = 87.5 percent
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Table D-4. DRIP WHEAT YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF

94 PERCENT.
Uniformity coefficient UCC(%) = 94.0
Year ETm Seasonal Seasonal Average
Infiltrated Applied Yield
depth depth
(cm) (cm) (cm) (Mg/ha)
1979 65.2 71.95 71.5 4.47
1980 63.2 69.3 692.3 4.47
1981 60.7 66.5 66.5 4.47
1982 61.0 66.8 66.8 4.47
1983 61.0 66.8 66.8 4.47
1984 98.7 64.3 64.2 4.47
1985 57.3 62.8 62.8 4.47
1986 57.5 63.0 63.0 4.47
1987 a1 69.2 69.2 4.47
1988 66.3 72.7 72.7 4.47

Area adequately irrigated = 87.5 percent
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Table D-5. DRIP WHEAT YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF
92 PERCENT.

Year ETm Seasonal Seasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (cm) {Mg/ha)
1979 65.2 73.8 73.8 4.46
1980 63.2 71.9 71.5 4,46
1981 60.7 68.7 &8.7 4.44
1982 61.0 9.0 &92.0 4.46
1983 61.0 69.0 69.0 4.46
1984 8.7 b66.4 66.4 4.46
1985 87.3 64.9 64.9 4.46
1986 57.9 65.1 65.1 4.46
1987 63.1 71.4 71.4 4.46
1988 b6.3 75.0 75.0 4,46

Area adequately irrigated = 87.5 percent



233

Table D-6. DRIP WHEAT YIELDS AND SEASONAL WATER APPLIED AND
INFILTRATED FOR AN APPLICATION UNIFORMITY UC OF
88 PERCENT.

Uniformity coefficient UCC(%) = 88.0

ot s s S — — — " T St S (i T —— A e o (o - St it e Pt P S S (e A Sy free P S e e e S S S (S D P S S Skl it S

Year ETm Seasonal Seasonal Average

Infiltrated Applied Yield
depth depth

(cm) (cm) (cm) (Mg/ha)
1979 65.2 79.0 79.0 4.44
1980 63.2 76.6 76.6 4.44
1981 &0.7 73.5 73.5 4.44
1982 61.0 73.9 73.9 4.44
1983 61.0 73.9 73.9 4.44
1984 98.7 71.1 71.1 4.44
1985 97.3 69.4 69.4 4.44
1986 57.5 69.7 69.7 4.44
1987 63.1 76.4 76.4 4.44
1988 b66.3 80.2 80.3 4.44

Area adequately irrigated = 87.5 percent
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APPENDIX E

GAMS/MINOS ALGORITHM REPRESENTATION OF THE GENERALIZED MEAN
VARIANCE MODEL USED IN THIS STUDY
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8TITLE 0ISS
$OFFUPPER
$OFFSYMXREF OFFSYMLIST

* Generalized Mean Variance Model formulation (GMVH)
x For Optimal Irrigation System Selection

SETS
I crops / COTTON, WHEAT /
J soil types / SOIL1xSOIL3 /
K irrigation technologies / GF, LF, LB, DP /
L irrigation scheme uniformity / UCC1, UCC2 /
T time periods / 1979%198868 /
LB(T) level basin availability / 1885%1888 /
DP(T) drip availability / 1985%1888 /
TLB(T) level basin transfers timming / 1986%1988 /
TDP(T) drip transfers timming / 1886x%1888 /
TSTK1(T) 4deneral timeframe for transfers / 1880%x1888 /
TSTR2(T) timeframe for LB and DP transfers / 1886% 1888 /
TT(T) tipeframe without LB and DP available / 18978%1884 /
KER(K) surface irrigation techn. / GF, LF, LB /
ALIAS(I,IP) ;
DISPLAY TLB, TDP, TSTK1l, TSTK2, KK ;
PARAMETERS
CP(I,T) discounted commpodity prices (¢ per Kg)
C(I,K,T) discounted production costs less water ($ per ha-cm)
CW(I.K,T) discounted water costs ($ per ha-cm)
CS(I,K,T) discounted service costs ($ per ha)
IC12(T) discounted cost to transfer from GF to LF ($ per ha)
IC13(T) discounted cost to transfer from GF to LB ($ per ha)
IC14(T) discounted cost to transfer from GF to DP (8 per ha)
IC23(T) discounted cost to transfer from LF to LB (§ per ha)
IC24(T) discounted cost to transfer from LF to DP (8§ per ha)
I12(T) cost to transfer from GF to LF (8 per ha)
I13(T) cost to transfer from GF to LB ($ per ha)
I14(T) cost to transfer from GF to DP (8§ per ha)
I123(T) cost to transfer from LF to LB (8 per ha)
I124(T) cost to transfer from LF to DP (8 per ha)
VP(I,IP,T) variance of prices scaled by risk aversion coefficient
Vs(I1,IP,T) variance of et values scaled by risk aversion coeff
VSP(I,IP,T) covariance of prices and et scaled by risk aversion coef

DF(T) discount factor ;



o

SCALARS
RHO

discount rate

RISK

TABLE PP(I,T)

1978
COTTON 2.33

WHEAT

TABLE CC(I,K,T)

COTTON.(GF,LF)
COTTON.LB
COTTON .DP
WHEAT. (GF,LF)
WHEAT.LB

WHEAT .DP

+

COTTON. (GF,LF)
COTTON.LB
COTTON .DP
WHEAT. (GF,LF)
WHEAT.LB
WHEAT.DP

TABLE CCW(I,K,T)

COTTON.(GF,LF)
COTTON.LB
COTTON.DP
WHEAT. (GF,LF)
WHEAT .LB
WHEAT.DP
+

COTTON. (GF,LF)
COTTON.LB
COTTON.DP
WHEAT. (GF,LF)
WHEAT .LB
WHEAT.DP

absolute risk aversion coefficient ;

RISK = 0.

DF(T) = 1.

o ;

/ 0.12 /

commodity price (8 per Kg)

1880 18
1,83 2.

81
0o

1882
1.88

1883
1.97

1984
1.82

CP(I,T) = PP(I,T) * DF(T) ;

production costs without water

1879

1860

1881

1882
756.8 860.6 ©12.2 1002.2 ©61.0 860.8 1008.8

1885
1.84

($ per ha)

1883

/ (1 + RHO) xx (ORD(T) - 1) ;

1886
1.75

1884

1887
1.83

1885

1008.6
1115.8

285.8 295.3 335.9 404.4 276.8 348.7 348.5

188

1013.
1013.
1142,
322.
3z22.
711.

C(I,K;T) = CC(I.K;T) * DF(T) H

water costs ($ per ha-cm)

7

dooNdL L

1978 1880
2.15 2.26
2.13 2.24
1887 1888
3.28 3.28
3.086 3.08
3.87 3.52
3.28 3.27
3.14 3.14
4.01 4.01

1888
1068.
1062.
1202.
3383.
333.
711.

SO NN

1g81
2.38

2.3%

1882

2.

2.

83

28

1883
3.17

2.74

1884
3.21

3.20

348.5
711.4

1885
3.24
3.04
3.47
3.28
3.08
3.83

1988
1.56

236

0.210 0.170 0.174 0.176 0.178 0.173 0.166 0.158 0.146 0.141 ;

1986

102

1021.

111

350.
350.

71

1.
1.

L W WA NN

1.
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CW(I,K,T) = CCHW(I,K,T) * DF(T) ;

TABLE CCS(I,K,T) service costs ($ per ha)
18789 1880 18861 1882 1883 1984 1985 1986

COTTON.(GF,LF) 513.1 570.5 B42.2 682.1 885.0 675.3 B876.1 658.5

COTTON.LB 871.1 858.5

COTTON .DP 981.0 1000.3

WHEAT. (GF,LF) 265.6 318.8 380.8 378.4 372.2 377.3 372.2 362.8

WHEAT.LB 372.2 362.8

WHEAT.DP 1015.0 1015.0
+ 1987 1888

COTTON.(GF,LF) 843.4 639.1

COTTON.LB 643.4 639.1

COTTON.DP 986.0 ©24.1

WHEAT. (GF,LF) 345.1 333.9

WHEAT.LB 345.1 333.8

WHEAT.DP 1015.0 1015.0 ;

CS(I,K,T) = CCS(I,K,T) *x DF(T) ;

PARAMETERS
I112(T) / 1879%1988 482.0 /
I13(T) / 1979%1888 1066.7 / -
114(T) / 1878x1988 2863.0 /
I23(T) / 1879%1888 585.2 /
124(T) / 1878x1888 2863.0 / ;
IC12(T) = I12(T) * DF(T) ;
IC13(T) = I13(T) * DF(T) ;
IC14(T) = I14(T) * DF(T) ;
IC23(T) = 123(T) = DF(T) ;
IC24(T) = I24(T) % DF(T) ;
PARAMETER SOIL(J) anount of land available per soil type (ha)
/ SOIL1 346.0
SOIL2 482.0
SOIL3 26.0 / ;

TABLE COTLIMT(J,T) upper limit of land under cotton (ha)

1879%1988
SOIL1 230.7
SOIL2 321.3
SOIL3 17.3 H

TABLE WHTLINT(J,T) upper limit of land under wheat (ha)

1879%198686
SOIL1 115.3
SOIL2 160.7

SOIL3 8.7 ;



TABLE LQRD(J,T)

1879%1888
SOIL1 8.0
SOIL2 8.5
SOIL3 12.0

TABLE ET(I,T)

1878 1880 1881 1883 1885
COTTON 104.0 88.8 B86.0 86.4 85.1 85.3 83.1
WHEAT 65.2 63.2 60.7 61.0 61.0 58.7 57.3 57.5 83.1

TABLE HDC(J,L,T)

1879%1888
SOIL1.UCC1 0.8835
SOIL1.uUCC2 0.7675
SOIL2.UCC1 0.8835
SOILZ.ucCC2 0.7675
SOIL3.UCC1 0.8835
S0IL3.UcCC2 0.7675 ;

TABLE TWE(I,T)

1879 1880
COTTOR 80742.7 80742.7
WHEAT S0808.2 5080B.2
+ 1884 1885

COTTON 80742.7 80742.7
WHEAT 50608.2 50608.2

TABLE RUN(I,J,K,L,T) applied surface

(COTTON,HWHEAT).SOIL1
(COTTON,WHEAT ).SOIL1
(COTTON,WHEAT ).SOIL2
(COTTON,WHEAT ).SOIL2
(COTTON,WHEAT).SOIL3
(COTTOR,WHEAT).SOIL3

(COTTON,WHEAT ).SOIL1
(COTTON ,WHEAT).SOIL1
(COTTONR ,WHEAT).SOIL2
(COTTOR,WHEAT ).SOIL2
(COTTON,WHEAT).SOIL3.
(COTTON,HHEAT).SOIL3

(COTTON,WHEAT).SOIL1
(COTTON,WHEAT).S0IL1
(COTTON,WHEAT ).SOIL2
(COTTOR,WHEAT).SOIL2
(COTTON,WHEAT ).SOIL3
(COTTON,WHEAT ).SOIL3

.GF
.GF
.GF.
.GF
.GF.
.GF

.LF
.LF
.LF
.LF

LF

.LF

.LB
.LB
.LB.
.LB
.LB
.LB

.UCC1
.ucC2

UCCi1

.yccz

ucci

.UcC2

.ucci
.Uccz
.UCC1
.uccz
.UCC1
.uccz

.ucci
.Uccz

ucCi

.Ucc2
.ucci
.uccz2

[SIE ]

24

33.
23.
20.
18.
22.
21.

8.
10.
11.
12.
14.
15.

1982
80742.
50608.

1887
80742.
50608.

1978%1888
38.
.45
25,
17.
27.
18.

63

20
75
58
26

00
12
78
63
80
04

18
87
186
79
18
84

seasonal crop evapotranspiration (ha-cm per ha)

distribution coefficient (dimensionless)

water entitlement per season and crop

1983

80742.
50608.

1888

80742.
50608.

water per irrigation (ha-cm per ha)

88.8 102.4

238

low quarter required depth per irrigation (ha-cm per ha)

103.8
66.3
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TABLE Y¥(I,J,K,L,T) crop yield (Kg per ha)

1879 1880 1881 1882 1883

COTTON.SOIL1.GF.UCC1 1570 1580 1570 1580 1570
COTTON.SOIL1.GF.UCC2 15560 1580 1550 1560 1540
COTTOR .SOIL2.GF.UCC1 1560 1530 1570 1580 1570
COTTON.SOIL2.GF.UCC2 1480 1440 1500 1500 1480
COTTON.SOIL3.GF.UCC1 1500 1570 1540 1550 1540
COTTON.SOIL3.GF.UCC2 1380 1440 1420 1420 1410
COTTONR.SOIL1.LF.UCC1 1360 1420 1390 1390 1380
COTTON.SOIL1.LF.UCC2 1380 1410 1380 1380 1380
COTTON.S0IL2.LF.UCC1 1380 1370 1400 1400 1390
COTTON.SOIL2.LF.UCC2 1370 1360 1370 1370 1370
COTTON.SOIL3.LF.UCC1 1370 1400 1380 1380 1380
COTTON.SOIL3.LF.UCC2 1360 1380 1370 1370 1370

COTTON.SOIL1.LB.UCC1
COTTON.SOIL1.LB.UCC2
COTTON.SOILZ2.LB.UCC1
COTTON.SOIL2.LB.UCC2
COTTON.SOIL3.LB.UCC1
COTTON.SOIL3.LB.UCC2

COTTON.SOIL1.DP.UCC1
COTTON.SOIL1.DP.UCC2
COTTON.SOIL2.DP.UCC1
COTTON.SOIL2.DP.UCC2
COTTON.SOQIL3.DP.UCC1
COTTON.SOIL3.DP.UCC2

WHEAT .SOIL1.GF.UCC1 4460 4480 4500 4500 4500
WHEAT .SOIL1.GF.UCC2 4460 4500 4500 4500 4500
WHEAT .SOiL2.GF.UCC1 4500 4500 4410 4400 4400
WHEAT .SOIL2.GF.UCC2 4500 4500 4430 4420 4420
WHEAT .SOIL3.GF.UCC1 4390 4440 4480 4480 4480
WHEAT .SOIL3.GF.UCC2 4410 4440 4480 4470 4470
WHEAT .SOIL1.LF.UCC1 4450 4470 4490 4490 4480
WHEAT .SOIL1.LF.UCC2 4450 4470 44980 4480 4480
WHEAT .SOIL2.LF.UCC1 4480 4490 4430 4420 4420
WHEAT .SOIL2.LF.UCC2 4470 44B0 4420 4410 4410
WHEAT .SOIL3.LF.UCC1 4410 4430 4460 4450 4500
WHEAT .SOIL3.LF.UCCZ 4440 4430 4450 4450 4450

WHEAT .SOIL1.LB.UCC1
WHEAT .SOIL1.LB.UCC2
WHEAT .SOIL2.LB.UCC1
WHEAT .SOILZ2.LB.UCC2
WHEAT .SOIL3.LB.UCC1
WHEAT .SOIL3.LB.UCC2

WHEAT .SOIL1.DP.UCC1
WHEAT .SOIL1.DP.UCC2
WHEAT .SO0ILZ2.DP.UCC1
WHEAT .SOIL2.DP.UCC2
WHEAT .SOIL3.DP.UCC1



WHEAT .SOIL3
+

COTTON.SOIL1
COTTON.SOIL1
COTTON.SOIL2
COTTON.SOIL2
COTTON.SOILS
COTTON.SOIL3

COTTON.SOIL1
COTTON.SOIL1
COTTON.SQOIL2
COTTON.SOIL2
COTTON.SOIL3
COTTON.SOIL3

COTTON.SOIL1
COTTON.SOIL1
COTTON.SOIL2
COTTON.SOIL2
COTTON.SOIL3
COTTON.SOIL3

COTTON.SOIL1
COTTON.SOIL1
COTTON.SOIL2
COTTON.SOIL2
COTTOR.SOIL3
COTTON.SOIL3

WHEAT .SOIL1
WHEAT .SOIL1
WHEAT .SOIL2
WHEAT .SOIL2
WHEAT .SOIL3
WHEAT .SOIL3

WHEAT .SOIL1
WHEAT .SOIL1
WHEAT .SOIL2
WHEAT .SOIL2
WHEAT .SOIL3
WHEAT .SOIL3

WHEAT .SOIL1
WHEAT .SOIL1
WHEAT .SOIL2
WHEAT .SOIL2
WHEAT .SOIL3
WHEAT .SOIL3

WHEAT .SOIL1
WHEAT .SOIL1
WHEAT .SOIL2
WHEAT .SOIL2
WHEAT .SOIL3
WHEAT .SOIL3

.DP.UCC2

.GF.UCC1
.GF.UCC2
.GF.UCC1
.GF.UCC2
.GF.UCC1
.GF.UCC2

.LF.UCC1
.LF.UCC2
.LF.UCC1
.LF.UCC2
.LF.uCC1
.LF.UCC2

.LB.UCC1
.LB.UCC2
.LB.UCC1
.LB.UccC2
.LB.UCC1
.LB.UCC2

.DP.UCC1
.DP.UCC2
.DP.UCC1
.DP.UCC2
.DP.UCC1
.DP.UCC2

.GF.UCC1
.GF.UCC2
.GF.UCC1
.GF.UCC2
.GF.UCC1
.GF.UCC2

.LF.UCC1
.LF.UCC2
.LF.UCC1
.LF.UCC2
.LF.UCC1
.LF.UCC2

.LB.UCC1
.LB.UCC2
.LB.UCC1
.LB.UCC2
.LB.UCC1
.LB.UCC2

.DP.UCC1
.DP.UCC2
.DP.UCC1
.DP.UCC2
.DP.UCC1
.DP.UCC2

1964

1550
1555
1570
1480
1540
1410

1380
1380
1390
1370
1380
1370

4500
4500
4470
4470
4500
4470

4500
4480
4450
4440
4470
4470

1885

1800
1580
1550
1480
1510
1400

1440
1430
1380
1360
1370
1360

1560
1430
1410
1350
1400
1350

1480
1360
1480
1360
1480
1360

4400
4410
4490
4480
4500
4500

4440
4430
4460
4500
4480
4480

4440
4440
4470
4440
4500
4470

4460
4410
4480
4410
44860
4410

1886

1590
1580
1580
1530
1570
1440

1410
1400
1410
1380
1380
1380

1530
1400
1470
1360
1450
1370

1480
1380
1480
1380
1480
1360

4380
4400
4500
4500
4500
4500

4430
4330
4500
4500
4480
4480

4430
4430
4500
4480
4480
4470

4480
4410
4460
4410
4480
4410

1887

1600
1590
1550
1460
1460
1360

1440
1430
1380
1360
1360
1350

1560
1430
1410
1350
1380
1340

1480
1380
1480
1360
1480
1360

4480
4500
4500
4500
4450
4450

4470
4470
4490
4480
4430
4430

4490
4470
4500
4470
4440
4420

4460
4410
44860
4410
4480
4410

1888

1570
1550
1560
1480
1500
1380

1480
1430
1380
1370
1370
1380

1490
1380
1430
1350
1390
1350

1480
1360
1480
1360
1480
1360

4430
4430
4480
4500
4500
4500

4440
4440
4470
4460
4480
4480

4450
4440
4480
4450
4500
4480

4460
4410
4480
4410
4480
4410

240
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TABLE INITVALNOX(I,J,T) 4initial values for seasonal number of irrigations
1878 1880 1881 1982 1883 1864 1885 1886 1887 1888

COTTON.SOIL1 12 11 11 11 11 11 10 11 11 12
COTTON.SOIL2 11 11 10 10 10 10 10 10 11 11

COTTON.SOIL3 8 8 8 8 8 8 7 8 L] 9
WHEAT .SOIL1 7 7 7 7 7 7 8 8 7 7
WHEAT .SOIL2 7 7 8 6 6 6 8 7 7 7
WHEAT .SOIL3 S S S S 5 S 5 S S 6 ;

TABLE LOBOUNRDROI(I,J,T) 1lower values for seasonal number of irrigations
1878 1980 1881 1982 1883 19684 1885 1886 1887 1888

COTTON.SOIL1 11 11 10 10 10 10 10 10 11 11
COTTON.SOIL2 10 10 10 10 10 10 9 10 10 10
COTTON.SOIL3 8 8 8 8 7 7 7 8 8 8

WHEAT .SOIL1
WHEAT .SOIL2
WHEAT .SOIL3

(3 Mo N |
MmN
Lo
oo
tLom
oo
[N ]
oo
M
T~

TABLE UPBOURDROI(I,J,T) upper values for seasonal number of irrigations
1878 1880 1881 1882 1883 1884 1885 18688 1887 1888

COTTON.SOIL1 12 12 11 11 11 11 11 11 12 12
COTTON.SOIL2 11 11 11 11 11 11 10 11 11 11

COTTON.SOIL3 9 9 8 9 8 8 8 8 8 9
WHEAT ,SOIL1 6 8 7 7 7 7 7 7 8 8
WHEAT .SOIL2 7 7 K K 7 K 7 7 7 7
WHEAT .SOIL3 6 <] e 8 8 S S 5 8 6 ;

* Prices below were deflated and dimcounted at 12 percent rate.

TABLE QPP(I1,IP,T) var-covariance matrix of prices ($ squared)

18798 1880 1881 1882 1883
COTTON.COTTON 0.054164 0.022088 0.008088 0.078807 0.081861
COTTON. WHEAT 0.004785 0.001857 0.000747 -0.00008 0.0050786
WHEAT. COTTOR 0.004785 0.001857 0.000747 -0.00008 0.005076
WHEAT. WHEAT 0.000861 0.000362 0.000157 0.000074 0.000458

+ 1884 1885 1988 1887 1868

COTTON.COTTON 0.043850 0.045381 0.038375 0.023881 0.011240
COTTON. WHEAT 0.002886 0.002458 0.002748 0.001824 0.001238
WHEAT. COTTON 0.002886 0.002459 0.002748 0.001924 0.001238
WHEAT. WHEAT 0.000305 0.000170 0.000215 0.000i89 0.000155 ;

VP(I,IP,T) = QPP(I,IP,T) * RISK ;
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TABLE QPS(I,IP,T) var-cov of et values (ha-cm per ha sqguared)
1978 1880 1881 1882 1883

COTTON.COTTON 4.58 18.15 24.48 12.28 7.78
COTTON. WHEAT 3.62 8.42 14.80 7.43 38.75
WHEAT. COTTON 3.62 8.42 14.80 7.43 3.75
WHEAT. WHEAT 3.17 5.23 8.85 4.80 2.28

+ 1864 1885 19886 1887 1888
COTTON.COTTON 3.81 6.48 37.01 30.74 17.63
COTTON. WHEAT 1.42 3.53 2.87 20.87 15.28
WHEAT. COTTON 1.42 3.53 2.87 20.87 15.29
WHEAT. WHEAT 6.45 4.87 2.50 3.27 2.88 H

Vvs¢I1,IP,T) = QPS(I,IP,T) x RISK ;
* prices below were deflated and discounted at 12 percent rate.
TABLE QPSP(I,IP,T) covariance matrix of prices and et (8 vs ha-cn per ha )
1879 1980 1881 1982 1883
COTTON.COTTON -0.01813 -0.01777 ~0.01591 -0.01721 0.003705
COTTON. WHEAT -0.00380 -0.00288 -0.00235 <-0.00082 0.001184
WHEAT. COTTON -0.01853 -0.01180 -0.01028 -0.01377 -0.008780
WHEAT. WHEAT -0.00313 -0.00202 -0.00155 -0.00057 -0.000280
+ 1884 1885 1986 1887 1988
COTTON .COTTON 0.001187
COTTOR. WHEAT 0.000384
WHEAT. COTTON ~0.008280
WHEAT. WHEAT 0.000616

VspP(I,IP,T) = QPSP(I,IP,T) * RISK ;

.014271 -0.02594 -0.02307 -0.00988
.000578 -0.00338 -0.00325 -0.00186
.005740 0.001072 -0.01738 -0.00650
.000526 0.000087 -0.00270 -0.00218 ;

0000

VARIABLES
2 discounted net revenue (8)
X(I,K,T) area under crop and irrigation technology (ha)
XX(1,J,K,L,T) area under crop soil technology and irrig scheme (ha)
WU(I,K,T) water used for crop under irrigation technology (ha-cm)
WEU(I,J,K,T) water entitlement used (ha-cm)
ROI(I,J,T) seasonal number of irrigations (unitless)
WR(I1,J,K,L,T) water required to apply per season (ha-cm per ha)
QS(I,T) conmodity sold (Kg)
T12(J,T) area transfered from GF to LF (ha)
T13(J,T) area transfered from GF to LB (ha)
Ti14(J,T) area transfered from GF to DP (ha)
T23(J,T) area transfered from LF to LB (ha)
T24(J,T) area transfered from LF to DP (ha)
P(I,T) dual variables ($) ;

NOI.L(I,J,T) = INITVALNOI(I,J,T) ;
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ROI.LO(I,J,T
NOI.UP(I,J,T

LOBOUNDNOI
UPBOUNDNOI

»T)
»J,T)

-
-

(
(

>
)
POSITIVE VARIABLES X, XX, WU, WEU, @S, P, T12, Ti3, Ti4, T23, T24 ;

* Convention for the use of mixed upper/lower case in the equations:
% 1) Variable and Equation names will be in upper case

* 2) Set and Parameter names will be in lower case
EQUATIONS
OBJECTIVE defines the objective function
LANDC78(J) define cotton soil-area allocation in year 1
LANDW78(J) define wheat poil-area allocation in year 1
CLFRESTR(J) define cotton soil-area restriction for LF in 1878
WLFRESTR(J) define wheat soil-area restriction for LF in 1879
CLBREST(J,t) inpose restriction on timeframe for LB (cotton)
CDPREST(j,t) impose restriction on timeframe for DP (cotton)
WLBREST(Jj,t) impose restriction on timeframe for LB (whent)
WDPREST(J,t) inpose restriction on timeframe for DP (wheat)
LIMCOT(3,t) cotton area limit constraint
LIMWH(I,t) wheat area limit constraint
YB(i,t) copnodity balance
ATRAN(i1,k,t) adjust areas transfered
STR1(j,t) calculate s0il under graded furrow at any year
STK2(Jj,t) calculate 80il under level furrow at any year
STR3(j,t) calculate s0il under level basin at any year
STR4(J,t) calculate s50il under drip irrigation at any year
SNIRR(i,j,t) calculate seasonal number of irrigations
SWRS(i,J,k,1,t) calculate seasonal surface irrigation water required
SWRB(i,k,t) seasonal water required balance (asurface)
SHRD(i,Jj,1,t) calculate seasonal drip irrigation water required
SWRDB(i,t) seasonal water required balance (drip)
HUB(i,t) water used balance
OBJECTIVE .. 2 =B= SUM((i,t), cp(i,t) *x QS(i,t))
- SUM((i,k,t), c(i,k,t) * X(i,k,t))
-~ SUM((i,k,t), ew(i,k,t) * WU(i,k,t))
- SUH((i,k,t), cs(i,k,t) * X(i,k,t))
~ SUM((J,t)8icl2(t), icl2(t) * T12(Jj,t))
- SUM((J,t)8icl5(t), icl13(t) * T13(J,t))
~ SUM((J,t)8icld(t), icld(t) x Ti14(j,t))
- SUM((J,t)8$ic23(t), 1c23(t) * T23(j,t))
- SUM((J,t)8ic24(t), ic24(t) * T24(j,t))

0.5%SUNM((i,t), QS(1i,t)%SUM(Cip, vp(i,ip,t)*QS(ip,t)))
0.5%SUM((i,t), P(3i,t)*SUM(ip, vs(i,ip,t)®P(ip,t)))
SUM((i,t), P(1i,t)xSUM(ip, vsp(i,ip,t)*QS(ip,t))) ;
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LANDC78(J) .. SUM(l, XX('COTTON',3, GF’,1,°1878°)) =L= ocotlimt(Jj, "1879°) ;
LANDW78(j) .. SUM(1, XX( WHEAT ,J, GF’,1,°1878°)) =L= whtlimt(j, "1878°) ;
CLFRESTR(J) .. SUM(1l, XX('COTTON',j,‘LF°,1, °1878°)) =E= 0 ;
WLFRESTR(J) .. SUM(1l, XX( WHEAT',3j,’LF’,1, °1878°)) =E= 0 ;

CLBREST(Jj,t)$tt(t) .. SUM(1l, XX(°'COTTON’,3J,‘'LB’,1,t)) =E=0 ;
CDPREST(J,t)$tt(t) .. SUM(1l, “X(°'COTTOK',J,‘'DP’,1,t)) =E= O ;
WLBREST(J,t)8tt(t) .. SUH(1l, XX('WHEAT',j,‘LB’,1,t)) =E= O ;
WDPREST(Jj,t)$tt(t) .. SUM(1, XX( WHEAT ,j,‘'DP°,1,t)) =B= 0 ;

LIMCOT(3,t)> .. SUM((k,1), XX('COTTON',J,k,1,t)) =L= cotlimt(j,t) ;
LIMWH(J,t) .. SUM((k,1), XX(°'WHEAT',j,k,1,t)) =L= whtlimt(j,t) ;

¥YB(i,t) .. SUM((Jj,k,1), y(i,J,k,1,t) *x XX(i,J,k,1,¢))
=E= Q5(i,t) ;

ATRAN(i,k.t) .o X(i.k.t) - SUH((jll)n XX(i,:j,k.l,t)) =B= 0 H

STK1(Jj,t)$tstkl(t) .. SUM((i,1), XX(i,j, 'GF",1,t))
=L= SUM((i,1), XX(i,3,°GF",1,t-1)) - T12(j,t-1)
- Ti13(3,t-1)8tlb(t) - T14(Jj,t-1)stdp(t) ;

STR2(J,t)¢tstkl(t) .. SUM((i,l), XX(i,3J, LF",1,t))
=L= SUM((i,1), XX(i,j, 'LF’,1,t-1)) + T12(j,t-1)
- T23(Jj,t-1)8tdp(t) - T24(J,t-1)$tdp(t)

STKa(j,t)ttstRZ(t) . sUH((i;l)o XX(i:J.'LB'.Lt))
=L= SUM((i,1l), XX(i,j, LB’,1,t~-1)) + T13(j,t-1)$tlb(t)
+ T23(j,t-1)8tdp(t) ;

STR4(J,t)ststk2(t) .. SUM((i,1), XX(i,J,’DP",1,t))
=L= SUM((i,1), XX(i,3,°'DP",1,t-1)) + T14(J,t-1)8tlb(t)
+ T24(J,t-1)8tdp(t) ;

SNIRR(i,j,t) .. lQrd(j,t) *x ROI(i,j,t) =L= et(i,t)
+ SUM(ip, vs(i,ip,t)*P(ip,t))
- SUM(ip, vsp(i,ip,t)*QS(ip,t))
SWRS(i,J,k,1,t)8kk(k) .. run(i,j,k,1,t) *x ROI(i,j,t) =L= WR(i,j,k,1,t) ;

SHRB(i,k,t)8kk(k) .. SUM((j,1), HR(i,Jj,k,1,t) * XX(i,5,k,1,t))
=E= WU(i,k,t) ;

SWRD(1,3,1,t)9dp(t) .. hde(J,1,t) * WR(i,Jj,'DP’,1,t) =E= et(i,t)
+ SUM(ip, vs(i,ip,t)*P(ip,t))
~ SUM(ip, vsp(i,ip,t)*QS(ip,t)) ;

SWRDB(i,t) .. SUN((3,1), WR(4,3,°DP°,1,t) * XX(i,j,’DP",1,t))
=E= WU(i,°'DP’,t) ;

WUB(i,t) .. SUM(k, WU(i,k,t)) =L= twe(i,t) ;
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MODEL O0ISS /ALL/ ;
OPTION LIMROW = 0 ;
OPTION LIMCOL = 0 ;
OPTION ITERLIM = 5000 ;
OPTION RESLIM = 5000 ;
SOLVE 0ISS USING NLP MAXIMIZING 2 ;

DISPLAY X.L, XX.L, XX.H, WU.L, WU.M, WR.L, ROI.L, @S.L, P.L, P.H ;
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APPENDIX F

MODEL OPTIMUM COTTON AREAS AND IRRIGATION TECHNOLOGIES OVER
THE PLANNING PERIOD AND SOIL TYPES WITH PRICES DISCOUNTED
AT 8 PERCENT RATE
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Figure F-1. COTTON AREA AND IRRIGATION TECHNOLOGY MIX OVER
THE PLANNING PERIOD AND SOIL TYPES FOR RISK
AVERSION LEVEL OF 0.000003 AND 8 PERCENT
DISCOUNT RATE.
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Figure F-2. COTTON AREA AND IRRIGATION TECHNOLOGY MIX OVER
THE PLANNING PERIOD AND SOIL TYPES FOR RISK
AVERSION LEVEL OF 0.000005 AND 8 PERCENT
DISCOUNT RATE.
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