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ABSTRACT

The acreage of irrigated crop production in the region overlying the
Central Ogallala Formation has increased from approximately 70,000 in 1950
to 1.5 million in 1965. Annual water withdrawals have exceeded estimated
annual recharge since 1954. Resource availability and the demand for the
crops produced in the area suggest irrigation will continue to expand.

Projections made assuming current institutional restrictions indicate
the number of acres irrigated annually will increase to a peak of 3.4 mil­
lion in 1990 and then decline to 2.8 million by the year 2000. The pro­
jected rate of development utilizes 43.5 percent of the stock water supply
by the year 2000, making irrigation uneconomic on approximately 44 percent
of the area.

Estimated primary economic benefits are approximately $50 million per
year for the 1970-1990 period and then decline rapidly. Application of a
multi-stage sequential decision model indicated the projected rates of with­
drawal during the remainder of this century do not exceed the rates required
to maximize the present value of net primary benefits for the study area.

Analysis of institutional constraints indicates imposing a quanti~y

restriction of 1.5 acre feet annually per acre irrigated would reduce pri­
mary economic benefits both per acre irrigated and per unit of water used.
However, imposing a tax of $6.00 per acre foot of water used above 1.5 acre
feet per acre irrigated would increase benefits both per acre irrigated and
per unit of water used. Additional analysis of alternative taxing arrange­
ments is needed before a specific plan is recommended for use in the Central
Ogallala.
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INTRODUCTION

The Ogallala Formation is an unconsolidated aquifer named after the

town Ogallala, Nebraska. This formation underlies most of the Great Plains

area, extending from the southern half of South Dakota to a few miles north

of the Pecos River in southern Texas. The sediments that compose the for-

mation are believed to have been eroded from the Rocky Mountains and car-

ried by streams to be deposited in the eroded and dissected surfaces of the

1pre-Qgallala rocks ranging in age from Permian to Cretaceous. The easterly

gradient of the base of the formation is attributed to this phenomenon.

After the cuts and dips in these rocks were filled, water continued to shift

and deposit the sediment over the entire area described above. Conditions

changed over time and streams started to cut into the unconsolidated depo-

sits [7, pp. 7-8]. The North Platt River, the Arkansas River and the

Canadian River have cut completely through the formation into the older

rocks. Consequently, unconnected distinct subdivisions of the Ogallala

Formation can be identified.

This study is concerned with water use in the central part of the

Ogallala Formation bouoded by the Arkansas River on the north and the

Canadian River on the south (Figure 1). Some portions of the area are

underlain by other formations (e. g., the Dakota and Cheyenne sands tones

on the west) which also provide water for users living in the area. Some

portions of the Central Ogallala are very thin (such as the extreme eastern

lpermian era, 235,000,000 years ago, reptiles developed, conifers were
abundant; Cretaceous era, 130,000,000 years ago, extinction of dinosaurs.

1
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parts) and are not capable of supplying large quantities of water. Thus

the boundaries of the study area were limited to those portions of the

Central Ogallala that (1) represent either large actual or potential use

and (2) that obtain their water supply primarily from the Ogallala. The

boundaries of the study area are shown in Figure 1. The portion of the

Central Ogallala considered in this project includes a small portion of

two counties in southeastern Colorado, eight counties in southwestern

Kansas, the three Panhandle counties of Oklahoma and seven counties in

the northern part of the Texas High Plains. The land area overlying

this hydrologic subdivision is approximately 17,500 miles.

Agriculture is the major primary industry upon which the economy of

the study area is dependent. The production of wheat, grain sorghum and

beef cattle dominates the type of agriculture practiced. Due to the

relative shortness of the growing season, high-valued cash crops like

cotton and peanuts cannot be grown successfully in much of the area.

The area does not appear to have a competitive advantage in the produc­

tion of high value fruit or vegetable crops. Thus it does not appear the

region will shift from production of feed grains, food grains and beef.

Wheat and sorghum are the principal crops. In the census year 1964, these

two crops accounted for 92.1 percent of the total irrigated acreage of

the eight main irrigated crops in the area and 98.6 percent of the total

dryland acreage of the eight crops [4, p. 185].

In recent years cattle feeding in the study area has been characterized

by rapidly increasing numbers of large-scale commercial feedlots. The

number of cattle fed in such enterprises in the study area have increased

from one and one-fourth million in 1967 to two and one-fourth million in
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1969 [76]. The area o~erlying the Central Ogallala, once a large feed

grain surplus area, currently consumes as much feed grain as produced in

the average year. This area is expected to have continued growth in the

cattle feeding industry. This growth is expected to provide a market for

the feed grains and forages produced in the area from an expanded irrigated

acreage.

Irrigation wells to tap the Central Ogallala Formation were drilled as

early as 1932, but the greatest development has occurred since 1950. The

advent of large economical and efficient pumping systems coupled with the

severe drought of 1952-56 accelerated the growth of irrigation. The pro­

tion of the study area in Texas experienced the most rapid growth in irri­

gation both in absolute and relative terms followed by Oklahoma, Kansas

and Colorado in that order. The breakdown of irrigation development for

the period 1950-1965 by state is given in Table I. Figure 2 shows the

growth of irrigated acres for each state. During the 1950-65 period the

number of irrigated acres increased from 17,000 to 1,003,000 in Texas, from

10,000 to 117,000 in Oklahoma, from 34,000 to 279,000 in Kansas and from

9,000 to 29,000 in Colorado. By 1965, 13.7 percent of the total study area

was irrigated.

The net volume of water withdrawn from the Central Ogallala Formation

has continued to increase with the expansion of irrigation. While average

annual recharge is estimated to be about .27 million acre feet [4,p.193J, the

annual withdrawal of water from the aquifer in recent years has exceeded

two million acre feet. As shown in the last column of Table I, the first

overdraft of the aquifer occurred around 1954 when a net of 113,650

acre feet of water was pumped. By 1965 the overdraft had increased to

over 2.7 million acre feet per year. The amount of water withdrawn for



TABLE I

ESTIMATED NUMBER OF IRRIGATED ACRES AND ACRE FEET OF GROUND WATER APPLIED IN THE STUDY AREA 1950-19651

Year to Year
Colorado 1<ansas Oklahoma Texas Total Change in Total

Irrigated Acre Feet Irrigated Acre Feet Irrigated Acre Feet Irrigated Acre Feet Irrigated Acre Feet ITrigated Acre Feet Net 2
Year Acres Withdrawn AcTes Withdrawn Acres Withdrawn Acres Withdrawn Acres Withdrawn Acres Withdrawn Withdrawal

1950 8,584 14,593 34,012 57,820 10,024 17 ,041 16,944 28,805 69.564 118,259 11,203 23,084 -151,819
1951 9,021 15,797 42,085 73,649 10,458 18,302 19,197 33,595 80,767 141,343 16,193 46,758 -128.735
1952 9,470 18,372 53,376 103,549 10,892 21,130 23,222 45,050 96,960 188,101 32,214 70,247 - 81,977
1953 9,913 19,826 67,120 134,240 16,985 33,970 35,1S6 70,312 129.174 2.58,348 64,626 125.376 - 11,730
1954 10,356 20,505 86,904 172,070 23,078 45,694 73.462 145,455 193,800 383,124 110,109 254,486 113,646
1955 12,091 25,404 135,745 285,065 35,478 74,504 120.589 253.237 303,909 638,210 196,716 618.358 368,132
1956 13.838 34,733 150,942 378.864 64.456 161.785 271,389 681,186 500.625 1.256.568 119,379 14.440 986.490
1957 15.580 31,939 235,693 483.171 69.124 141,704 299,607 614,194 620,004 1,271,008 13,941 -167,943 1.000,093
1958 16,213 28,211 249.573 434.257 61,567 107,127 306.592 533,470 633,945 1.103.065 28.337 29,437 832.987
1959 16.846 28.807 256.409 438,459 63,280 108.209 325,747 557,027 662,282 1.132.502 39.439 60,424 862,424
1960 18.940 32,198 270.670 460.139 63,390 107.763 348,721 592,826 701,721 1.192.926 29,356 93,770 922,848
1961 21,034 37.020 279.516 491,948 63,500 111.760 367,027 645,968 731.077 1.286.696 64,462 153.230 1,016.618
1962 23.128 41,862 299,865 542,756 63,609 l1S .132 408.937 7loO,176 795,539 1,439.926 188,937 588.931 1,169,848
1963 25.222 51.957 322,176 663.683 73.962 152,362 563.116 1,160.018 984,476 2,028.020

297.428 958,8:'7 1,749,942
1964 21.314 63.642 347,999 810,838 95.443 222,382 811.148 1.889,975 1,281,904 2,986,837

246.885 -663,078 2,708,759
1965 29.406 44,697 379,248 576,457 116,925 177,726 1,003.210 1.524,879 1,528,789 2,323,759

lEstim&ted rat:e of water appl1caticn t:aken from "Ground Wat:er in the Cimarron River Basin", 1966, prepared by the U. S. Geolog1c Survey Water
Resource Division for t:he U. S. Corps of Engineers, Tulsa District. p. 33.

ZAere feet applied minus recharge. Negative figures indicate a net addition to st.orage.



6

1100
Colorado

Kansas

1000
Oklahoma

·_e_. Texas /
900

800

700

600

500

400

300

/
/

/.--'./
._e-"

/

/.
/.

/

I.
/

/

200

100
",--------~

Years

--- ----------o -- ---
1950 1952 1954 1956 1958 1960 1962 1964

Figure 2. Growth of Irrigation in the Study Area
by States 1950-1965



7

irrigation is expected to increase annually during the next several years.

This implies the rate of annual overdraft will be even greater in the

future.

The consequence of continued overdraft of the aquifer is a reduction

in thickness of the water-saturated material and an increase in the pump

lift, thereby increasing the per-unit cost of recovering water from the

aquifer. Several studies of the average annual decline in the static water

level have been reported in various areas of the Central Basin of the

Ogallala Formation [7, pp. 41-49 and 26, pp. 14-32]. These studies indicate

the average annual decline in most counties has exceeded two feet since

1963. Continued overdraft is expected to result in significant declines

throughout the entire study area.

THE PROBLEM AND OBJECTIVES OF THE PROJECT

Developments of the past decade clearly indicate that further decline

in the water table and the quantity of water in storage in the Central

Ogallala Formation will occur over time. As the water table declines the

unit cost of pumping water increases. Ceteris paribus, net returns per

acre irrigated will decrease as time proceeds. Eventually it will be

uneconomical to pump water for irrigation purposes in some parts of the

study area. This implies resources once committed to irrigated produc­

tion will have to revert to dryland farming. The adjustment from irri­

gation to dry land farming will result in serious primary and secondary

reductions of income in the study area. Primary reduction of income

entails the higher net returns per acre of production foregone and some

of the resources abandoned in switching to dry land farming. The secondary
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reduction involves the losses attributed to reduced land prices, and the

economic slump created through the multiplier effect by the reduction of

demand for inputs and services that compliment irrigated crop production

in the study area. How severe the adjustments to the declining water

table will be is, in part, determined by how fast the ground water is

depleted and, in part, by the actions taken to lessen its adverse affects.

Consequently, the questions of concern to land owners, farm operators,

businessmen and policy makers alike are (1) what is the economic life of

the water supply? (2) what will the economic adjustments in irrigated

crop production entail? and (3) what can be done to mitigate the adverse

effects of the declining water supply over time? The purpose of this

project is to estimate some of the expected changes so that community

leaders and policy makers can address themselves to the measures necessary

to ease the adverse economic effects of the ground water depletion.

The objectives listed in the project outline are:

(1) To estimate the irrigation demand for water in the high plains

area overlying the Ogallala Formation between the Canadian and

Arkansas Rivers,

(2) To evaluate the effect of alternative methods of water use

regulation on:

(a) The representative farm organization,

(b) The supply of the various agricultural commodities that

will be produced, and

(c) The water availability in future years.

(3) To estimate the primary benefits from irrigation under each

method of water use regulation.
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DEGREE OF ACHIEVEMENT OF PROJECT OBJECTIVES

The principal investigator working in conjunction with two Ph.D.

research assistants fulfilled the stated objectives. An extension of

time and the availability of funds provided by the Oklahoma Agricultural

Experiment Station provided the resources to expand the objectives and

complete additional work not mentioned in the original project outline.

The objectives of the expanded project can be stated as follows:

1. To project irrigation development, the rate of water use and

aquifer depletion over time for the Central Basin of the

Ogallala Formation under current institutional constraints,

2. To test whether the projected rate of basin-wide withdrawals

represents a potential misallocation of the water resource

over time,

3. To evaluate the effect of three alternative methods of water­

use regulation on representative farms in the study area, and

4. To estimate the primary benefits from irrigation under projected

use of the stock water supply with current institutional restric­

tions and determine the effect of each method of water-use regu­

lation on the patterns of primary benefits realized.

Work under the first objective projected the rate of water withdrawal

from the Central Ogallala Formation for the period 1970-2000. The number

of acres irrigated is the major factor affecting annual water withdrawals.

Water withdrawals required by the projected irrigated acreage were combined

with the estimated amount of water required for municipal, industrial and
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other nonirrigation purposes to project total water use for the study area.

Work under this objective estimates (1) the growth of irrigation in the

study area, (2) the rate of depletion of the aquifer over time, and its

effects on the pattern of (a) irrigated crop production and (b) net receipts

to crop production over time. Projections were made assuming irrigated

acreage in the area is restricted to approximately 1.5 million per year.

A second set of projections were completed assuming irrigators are permitted

to expand irrigated acreage subject to its profitability and current insti­

tutional restrictions.

An objective was added to the project at this point. The second

objective of the expanded project, to test whether the projected rate of

basin-wide withdrawals represents a potential misallocation of the water

resource over time, was not included in the original proposal. A multi­

stage sequential decision model (dynamic programming model) was used to

generate the rates of ground water withdrawals for the study area that

maximize the present value of net receipts to irrigated crop production

over time. This model evaluates the effects of removing alternative quan­

tities of ground water at different points in time on the net output of

subsequent periods. The withdrawal rates that maximize the basin's net

output for the planning horizon are selected as the optimal intertemporal

allocation of the ground water resource.

Work completed under objective 3 of the project evaluated the effect

of three alternative means of water use regulation on the amount of water

used, production levels and net returns of representative farms in the

study area. A model simulating crop yields based on soil moisture condi­

tions over the growing season was developed for the study area. A firm



11

simulation model based on this crop production routine was used to analyze

the effect of alternative means of water use regulation at the firm level.

The three water-use alternatives analyzed were (1) continued pumping at

the present rate with no restrictions on water use, (2) restricting the

quantity of water pumped per year to 1.5 acre feet per acre of water rights,

and (3) restricting the quantity of water pumped per year to 1.5 acre feet

per acre of water rights, but allowing the irrigator to apply additional

irrigation water if it is economically feasible to pay a tax of $0.50 per

acre inch for each acre inch pumped above the quantity limitation. The

effect of the three methods of water-use regulation on net farm income,

variability of net farm income, net worth, variability of net worth,

quantity of water pumped and availability of water for future periods

were compared. The alternative methods of restricting water use were also

compared by discounting the streams of net returns and comparing present

values of those net income streams.

Estimates of primary economic benefits (objective 4) were developed

for the two projected rates of irrigation development discussed under objec­

tive 1. The net income of representative farms analyzed under objective 3

were used to analyze the impact of each method of water-use regulation on

primary irrigation benefits for the study area.

The remainder of this narrative report is composed of six sections.

The first four sections discuss the research procedures and analyses for

objectives 1 through 4, respectively. The fifth section lists the signi­

ficant conclusions of the project and the final section lists publications

developed.



PROJECTION OF IRRIGATION DEVELOPMENT

Research Procedures

The analytic model used to project (1) the growth of irrigation in

the study area, (2) the rate of underground water withdrawal, and (3) the

pattern of irrigated crop production over time is a recursive linear pro­

gramming (RLP) model. Basically, the RLP model is an adaptation of the

static linear programming (LP) model to changing conditions of time that

necessitate the revision of parts of the LP model for period t + 1 based

upon the solution of period t and conditions that prevail in period t + 1.

The revision may involve the objective function, the input-output coeffi­

cients, the right-hand side restrictions, or any combination of them.

James M. Henderson and Richard H. Day have been instrumental in developing

and popularizing the RLP model [35, 15, 17 and 83].

The RLP model is well suited for the projection of irrigation

development in the Central Ogallala. First, as the overdraft of the

aquifer continues, the decline in the water table causes changes in water

costs and water availability from one production period to the next; and

secondly, the area's supply of crops and irrigation acreage changes from

period to period according to an ~ priori projection, which will be discussed

later, all of which necessitates revisions in the production model. More­

over, the solutions of the RLP model (1) constitute an optimum with respect

to maximizing net returns, (2) yield the levels of the various crops grown,

their irrigated and dryland acreages and (3) give the level of inputs used

12
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in the production process. Obtaining all of the results in one package

is desirable in achieving the first objective of this project.

One major difficulty in the predictive application of the RLP model

to regional supply response studies is the task of aggregating. There

are too many farms in the study area to treat each of them as an indivi­

dual decision making unit in the empirical analysis. Therefore, some

level of aggregation is necessary if empirical analysis of the problem is

to be of a manageable size. In the past, agricultural economists have

been using two approaches. The first approach uses a micro technique of

programming representative farms to get optimum solutions and then multi­

plying them by the number of farms each representative farm represents

and sum these products to arrive at the aggregate solution. However, the

summing procedure introduces what has been called "aggregation bias"

common to such micro techniques. The aggregation bias and the problems of

using the micro programming approach have been the subject of wide discus­

sion [28 and 89]. The second approach used is a macro technique in which

the region is defined as the unit of inquiry rather than the farm, thus

yielding aggregate results directly. Implicitly, the macro programming

approach considers the whole region or study area as the decision making

unit. While eliminating one type of aggregation bias it creates another

type in that problems of resource allocation within the farm are completely

bypassed. Fixed resources such as tractors, irrigation wells and equip­

ment belong to individual farms and additional investment in such factors

of production may depend on equity positions which the macro approach

ignores. In addition, implications to the farm firm cannot be made as

easily and directly as in the micro programming approach of the representative
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farm. The advantage of using the macro programming approach lies largely

in the fact that data requirements and the time and cost of analysis are

substantially less than the micro programming approach. Furthermore,

using budgets whose costs and returns are specified on a per acre basis

in an LP model may yield approximately the same aggregate values via both

models [89 and 16].

In the light of the advantages and disadvantages of both the micro

and macro programming approach, it should be emphasized that the answers

sought from the empirical analysis should dictate the approach chosen.

Since the analysis under objective one is to investigate the availability

of ground water in future years and its implications for the entire study

area, the macro programming approach is used. The entire area is regarded

as a single producing unit stratified by the various combinations of soil

and water resource situations. Each soil and water resource stratum is

associated with a set of cost and return parameters in the production of

the various irrigated crops. The problem to be solved is the combination

and levels of crop enterprises to be produced among the various soil and

water resource situation strata at different points in time that will

maximize total net returns to the study area.

An Overall Description

The RLP production model shown in the flow diagram of Figure 3, has

two computational aspects. The first part is a linear programming model

that maximizes net returns above total costs subject to a set of restric­

tions specified for period t. The second part is an updating process in

which changes external to the first part are computed and employed in

revising the parameters of the linear programming model for the next
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period, t + 1. At any production period t the inputs to the model are

(1) the soil and water resource base and the appropriate set of produc-

tion restrictions represented by vector B
t

, (2) the various crop enter­

prises, selling and buying activities represented by matrix Pt , (3) the

associated input-output coefficients of the activities in Pt represented

by matrix A and (4) the net returns accruing from the activities in Pt

represented by vector Ct as shown in Figure 3. The outputs of the model

are (1) the number of acres and amount of the various crops grown on each

soil and water stratum under different levels of water application, viz.

high level, low level and dryland, (2) the volume of water pumped out of

the aquifer, (3) the level of other inputs used, and (4) the total net

return from all enterprises,

In the second part of the model, several calculations are made to

update and specify the parameters of the linear programming model for

period t + 1. First, the volume of water used for irrigation in period

t is added to an ~ priori projected water demand for industrial and muni-

cipal purposes in that period and adjusted for mean annual recharge. This

quantity is denoted as W
t

, Then the decline, dt , in the static water

table level at the end of period t is calculated as a function of the net

volume of water extracted from the aqUifer and the appropriate surface

(land) area L, i.e., d
t

= f(W
t

, L
t
). Based on the change in the static

water table level, saturated thickness, ST~, and well capacity, GP~,

i = 1, 2, ... , 6, the

thickness classes are

next period's well capacity of the

2computed. ImpIici tly we have:

six saturated

2The saturated thickness classes are defined in the Data Development
section which follows.
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(1)

Once these capacities are known and the pump lift, D~, is updated to

jD
t
+1, (j 3 1, 2, ••• ,

ij
water cost, WC t+1, can

8) representing the eight pump lift classes, the

3be calculated. Implicitly we have:

(2)

These water costs are used to update the cost of the water buying activities

in Pt by revising the appropriate elements of vector Ct' Finally the set

of ~ priori projections are used to revise vector Bt , When this process is

completed the inputs of the production model are updated and the model is

ready to generate the production pattern for period t + 1.

The model was run once for 1965 to specify the initial conditions for

1970. Then t = 1 was made to represent the ten-year period 1970-1979,

t = 2 was made to represent the period 1980-1989, etc.

The Underlying Assumptions

Projecting the long term rates of ground water use from the Central

Ogallala Formation involves a complex interaction of physical, economic,

social and political factors. It is impossible to accurately predict the

changes that will occur in all of the relevant variables, A specified

level or pattern of change had to be assumed in each case,

On the physical side, all input-output coefficients were held constant

at the level achieved by "efficient operators" in 1970. Efficient operators

were defined as the upper twenty-five percent of farm operators. Irrigation

3The depth to water classes are defined in the Data Development section
which follows,
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water requirements per acre of crop, cash inputs, labor requirements and

yield level were estimated and held constant over time in the model. Only

currently available technology in pumping and distribution systems was used

in estimating development and operating costs for irrigation systems over

time. Technological breakthroughs in plant breeding, fertilizer use, irri­

gation systems and other areas were not considered.

It was also assumed that net returns to land and management for a given

crop and irrigation level were constant over time, except for the reduction

in net returns caused by increased pumping costs on the water table declines.

If one assumes that all input and yield levels are constant, this implies

the price of all inputs and crops produced are also constant. This may seem

to be a very restrictive assumption. However, it is important to note that

offsetting changes in the cost of inputs and value of output would not

affect the net returns per acre and hence the solution obtained.

The model assumes the general social and political forces operating in

the study area will continue to prevail, with one exception--federal farm

programs. Changes in the federal farm programs for wheat, feed grain, cotton

and sugar beet producers are difficult to predict. The trend in wheat and

feed grain programs in recent years has been to reduce the level of support

farmers receive. Thus no benefits for wheat and feed grains are included

in the net returns for these two crops. However, current program benefits

were included for cotton and sugar beets. In each case the level of bene­

fits assumed was held constant over time.

The recursive linear programming model was used to project the rate of

irrigation development in the study area during the period 1965 through 2000.

Frequently such projections are made assuming the area maintains its historic
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share of national supply but does not exceed it. One set of projections

was developed under this general assumption to facilitate comparisons with

other water resource studies and as a comparison to the projected rate of

growth. A second set of projections was made under the assumption irriga-

tion development is restricted only by the land, water, labor, credit,

social and institutional restrictions currently affecting the rate of

development in the Central Ogallala. The formulations of the RLP model

for the first and second set of projections are referred to as Model I and

Model II, respectively.

Model I

Model I represents a situation in which future agricultural production

in the study area and the U. S. is assumed to be in balance with estimated

future demands. For this purpose the U. S. Department of Agriculture's

national projections, which are based on such an assumption, were disag-

gregated to derive the study area's future supply. The national projections

••• are based upon examination of current relationships and
evaluation of foreseeable developments. The major forces
considered in the projections are population growth, shifts
in consumer demands, industrial and other uses of agricul­
tural commodities; livestock feeding efficiencies and feed
ration composition; foreign demand for agricultural products
and the advance of technology in the production of crops and
livestock [104, p. 1].

Since the projections represent an economy where agricultural production

is in balance with estimated future demands, the projected national supply

of the agricultural commodities can alternatively be viewed as the demand

for them. The national projections were made for the years 1980 and 2000

taking 1959-61 as the base period.
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A simple shift share technique was used in dis aggregating the

national projections to that of the study area. The study area's his­

toric proportional share of the national supply was applied to the pro­

jected national production figures. The use of such a simple shift share

disaggregation procedure as discussed above assumes that regional compe­

tition will remain the same and the study area will maintain its share of

the national supply at the 1965-67 level. Any interpretation of the pro­

jected production will have to take into account the significance of this

assumption.

These projections were incorporated in the production model as upper

limits in the right-hand side, vector B
t

• Thus Model I maximized net

returns subject to meeting the specified ~ priori production goal pro­

jected for the period in question.

Model II

Model II represents a situation in which the study area is allowed

to produce more than its historic share of the projected U.S. production,

subject to an upper constraintimposed by the maximum rate of irrigation

growth possible. If such a restriction was not imposed, the model would

irrigate every irrigable acre in the entire study area. The maximum rate

of growth of irrigation was computed on the basis of the rate at which the

maximum physical limit was being approached in the recent past. An expo­

nential growth model, discussed in the data section below, was employed

in projecting the number of acres to be irrigated.
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Data Development

The input data used to specify the two RLP production models and the

specific assumptions used in developing the data are presented in this

section. The computations made in updating the parameters related to the

water variable are also discussed. For any given production period the

basic data for Model I and Model II are the same. The activities repre­

sented by matrix Pt and the input-output coefficients denoted by matrix A

are identical in both models. The objective function given by CtP
t

is

identical in both models only for the initial 1965-69 production period.

As the two models withdraw water from the aquifer at different rates,

water costs change in different magnitudes in the two models from one pro­

duction period to the next. Thus some elements of Ct will have different

values in Model I and Model II for any production period other than the

1965-69 period. The elements of the right-hand side vector, Bt , are com­

posed of two types of restrictions. The restrictions that delimit the

water and soil resource base available for crop production have the same

value in both models as they are fixed quantities to the study area. The

rest of the elements in vector Bt are different in the two production models.

The following discussion indicates differences in the parameters used in

the two models.

The Soil Classification Scheme

It was necessary to classify the soils of the study area into

homogeneous groups in order to relate the distribution of irrigable and

non-irrigable soils to the water resources throughout the study area.

The Soil Conservation Service (SCS) county soil surveys provided the
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basic data for this purpose. Such surveys were not available in published

form for the counties of Baca in Colorado, Grant, Haskell, Gray and Meade

in Kansas and all the counties in Texas except Hansford. The data for

these counties were obtained from field work sheets in the county SCS

offices. County SCS personnel were also consulted to verify the classifi­

cation s cherne.

The soils of each county were first divided into irrigable and non­

irrigable groups using the irrigated capability units as the criterion of

classification. The irrigable soils were further subdivided into clay A,

clay B, sand A, and sand B groups. The clay groups include all silty loam,

clay loam and silty clay loam soils, while the sand category includes all

fine sandy loam and loamy fine sand soils.

The clay A soils are deep, nearly level (zero to three percent slope),

moderately fine to medium textured and well drained soils. Soils in the

clay B subdivision are moderately fine to medium textured that are charac­

terized by management limitations such as poor drainage, erosion and

moderate to steep slopes.

The sand A group consists of deep, well drained and moderately coarse

textured soils which are nearly level to gently sloping. Soils in the sand

B subdivision are deep, coarse textured with moderately fine to moderately

coarse subsoils. They have the same type of management limitations as the

clay B group, and range in slope from nearly level to moderately steep.

These soil groups were identified and plotted on the map of each

county. Table II summarizes the distribution of each soil group in the

study area. Due to their slope and management characteristics all A soils

are assumed to be suitable for furrow irrigation and all B soils are assumed

to be best suited for sprinkler irrigation.
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TABLE II

DISTRIBUTION OF SOIL TYPES IN THE STUDY AREA

Percent Percent
of of Irrigable

Soil Type No. of Acres No. of Acres Total Soils

Non-irrigable 3,108,423 27.88

Irrigable 8,040,915 72 .12 100.00

Clay A 5,366,204 66.74

Clay B 801,296 9.96

Sand A 897,170 11. 16

Sand B 976,245 12.14

TOTAL 11,149,338 100.00

The Soil and Water Re~urce Situation Strata

Hydrologic maps of each county in the study area were used to

inventory the water resource. Two maps for each county provided the infor-

mation required. The saturated-thickness map indicated the number of feet

of water-saturated material in the aquifer. The depth-to-water map indi-

cated the vertical distance from the ground surface to the static water

table. By superimposing the depth-to-water map on the saturated-thickness

map and delineating the area between two adjacent depth-to-water contour

lines that lies between two adjacent saturated-thickness contours, a

stratified water resource inventory was generated. The stratification

involved (1) six classes of saturated thickness ranging from zero to 600

feet by 100-foot class intervals and (2) eight classes of depth to water

ranging from less than 50 feet to 400 feet by 50-foot class intervals.

Thus a matrix of six by eight water resource strata or 48 water resource
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situations were defined. The class intervals chosen for the saturated

thickness and depth to water were the least common intervals of the

contours plotted on the hydrologic maps available for the area. The

stratified water resource map was superimposed on the soil inventory map.

The area occupied by the various soil groupings falling in the different

water resource strata was planirnetered to genp ·~ate the entire soil and

water resource base inventory. Table III presents the measured acreage

of each soil group by water stratum.

Excluding the non-irrigable soils, which are mostly composed of

roughs and breaks along the str:eams and us"i1 f'Jr rangeland, there are 32

soil and water resource situall 'Jns in each 0 f the six saturated thickness

classes. This implies a total of 192 soil and water resource situations

for the entire study area. The number of acres in each of the 192 soil

and water resource situations constitute the land base on which the entire

crop production activities take place in the study area. These 192 acreages

are entered as right-hand-side restrictions in the B t vector of both Model

I and Model II defining the maximum supply of the land resource available

for crop production in the study area.

The Volume of Water in Storage

The quantity of ground water theoretically available for pumping is

determined by the hydrologic properties of the aquifer. This quantity

can be computed using (3):

6
V ~ L ~. h

k
. S

k~l

where

(3)
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TABLE III

INVENTORY OF THE SOIL AND WATER RESOURCE BASE

Non
Saturated Depth to Clay A Clay B Sand A Sand B Irrigable Total Percent
Thickness Water Acres Acres Acrea Acres Acres Acres

Under 100 ft.

Under SO it. 109,307 37,799 24,694 38.339 279,716 489.85' 4.39

51-100 ft. 327,401 58.149 58,066 86.754 289,497 819,867 7,35

101-150 ft. 295.892 14.071 38.564 64,021 46,470 459.018 4,12

151-200 ft. 294.876 13.284 46,803 48,844 133,981 537.788 4.82

201"250 ft. 78.469 12.262 14,355 18.606 28.016 151.708 1.36

251-300 ft. 47.142 12.473 8.423 11,614 20.855 100,507 0.90

301-350 ft. 17 .223 6,923 5.725 8,354 11,014 49,239 0.44

Over 350 ft. 9,916~~~ 7,733 37,432 ~

Subtotal 1,180.226 159,049 203,012 285,845 817,282 2.645.414 23.73

101-200 it.

Under 50 ft. 64,404 2],923 20.742 42.163 159.732 310,964 2.79

51-100 ft. 124,530 49,654 32,080 107,839 223.056 537.159 4.82

101-150 ft. 182,723 35.932 22,416 25,511 92,988 359,570 3.22

151-200 ft. 306,505 22,995 27,836 34,708 215,069 607,1l3 5.54

201-250 ft. 240,957 22,653 16,355 19,432 58,982 356,379 3.21

251-300 ft. 140,565 17,526 20,576 32,716 43,936 255,319 2.29

301-350 ft. 40,830 5,576 6,012 10,398 31,531 94,347 0.85

Over 350 ft. 4.475~~----h.!!I 15,168 25 I 703 ~

Sub total 1,104,989 179,325 147,844 275,934 840,462 2,548,554 22.86

201-250 ft.

Under 50 ft. 49,217 29,403 4,630 11,575 120,868 215,693 1.94

51-100 ft. 155.084 68,119 39,663 56,401 313.447 632,714 5.68

101-150 ft. 194,715 56,813 39,481 11,181 121,663 423,853 3.80

151-200 ft. 550,915 42,688 40,368 17,154 148,625 799 f 750 7.17

201-250 ft. 240,708 22,483 12,690 3,979 49,480 329,340 2.95

251-300 ft. 122.604 9,471 24,803 7,875 50,066 214.7.59 1.93

301-350 ft. 98,096 7.029 17,978 2,082 65,335 Jl0,520 1.89

Over 350 ft. 22,639~~-----==- 16,399 42,843 ~

Subtotal 1,433,978237.774 161,650 110,247 905,883 2,869,472 25.74
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TABLE III (Continued)

Non
Saturated Depth to Clay A Clay 8 Sand A Sand B Irrigable Total Percent
Thicknes8 Water Acres Acres Acres Acres Acres Acres

lOl-4OO ft.

Under 50 ft. 69,487 14.252 13,239 1,483 47,201 145,662 I. 31

51-100 ft. 174,692 35,460 28,269 23,687 76,678 338,786 3.04

101-150 ft. 218,434 28,251 29,058 22,252 70,049 368,044 3.JO

151-200 ft. 562,963 76,836 71,451 35,406 132,675 879,331 7.89

201-250 ft. 89,954 15,060 4,218 2,096 21,686 133,014 1.19

251-JOO ft. 29,873 4,901 141 965 35,880 0.32

JOI-350 ft. JO,132 5,419 2,573 512 12,824 51,460 0.46

Over 350 ft. 8.902 1.803 380 78 2,114 13,277 ......Q.,.!!
Subtotal 1,184,437 181,982 149,329 85,514 364,192 1,965,454 17.63

401-500 ft.

Under 50 ft. 2,236 1,799 418 25,559 JO,012 0.27

51-100 ft. 54,314 13,491 16,962 13,456 19,263 117,486 1.05

101-150 ft. 117,557 5,927 58,480 72,732 44,233 298,929 2.68

151-200 ft. 101,764 ' 4,433 27,866 39,693 29,677 203,433 1.82

201-250 ft. 13,052 3,540 1,883 18,475 0.17

251-JOO ft. 14,010 2,791 1,584 18,385 0.17

JOI-350 ft. 15,287 3,052 1,730 20,069 0.18

Over 350 ft. 5,497 1,516 1101 7,814 ~
Subtotal 323,717 36,549 103,J08 126,299 124,7JO 714,603 6.41

Over 500 ft,

Under 50 ft. 15,945 289 7,458 3,694 5,504 32,890 O. JO

51-100 ft. 33,509 22,J06 14,037 9,496 79,348 0.71

101-150 ft. 70,493 55 50,966 68,512 26,120 216,646 1.94

151-200 ft. 17,608 1,742 31,297 6,163 13,898 .70,708 0.63

201-250 ft. 294 910 206 1,410 0.01

251-JOO ft. 223 690 157 1,070 0.01

JOI-350 ft. 785 2,431 533 3,769 0.03

Over 350 ft.

Subtotal 138,857 6,617 112,027 92,406 55,934 405,841 3.63

TOTAL 3,108,423 11,149,338 100.00



27

thk = 1, 2, ••• ,6 represents the k saturated thickness indicated

in Table III,

~ = surface area associated with the k th saturated-thickness

class in acres,

hk = the midpoint of the k
th

saturated-thickness class in feet, and

S = the coefficient of storage.

Following Beck, et.al., in Colorado, Gutentag, et.al., in Kansas,

Sapik in Oklahoma and Buchanan in Texas, a coefficient of storage of 0.15

was employed in computing the volume of water available for pumping in the

Central Ogallala Formation [3, p. 23, 82 and 7, p. 10]. This quantity was

estimated to be 369,663,804 acre feet in 1965. Table IV summarizes the

distribution of the available water in storage by saturated-thickness and

depth-to-water strata in both absolute and relative terms. The distribu-

tion of water in the aquifer is skewed in favor of the saturated-thickness

classes with less irrigable surface area. While the first two saturated

thickness classes (0-100 feet and 101-200 feet) comprise 39.24 percent of

the total land area, and 43.98 percent of the total irrigable land, they

have only 20.88 percent of the total water supply in storage. On the

other hand, while the two deepest saturated thickness classes (401-500

feet and >500 feet) comprise 10.04 percent of the total land area, and

11.69 percent of the total irrigable acres, they have 22.11 percent of the

total water supply in storage. The skewness of the water supply distribu-

tion implies that about 44 percent of the total irrigable acres will

experience rapidly increasing costs of obtaining water from the aquifer

as the water table declines. The third and fourth saturated-thickness

classes (201-300 feet and 301-400 feet) constitute 43.37 percent of the



TABLE IV

WATER RESOURCES INVENTORY OF STUDY AREA, 1965

N
00

405,841
3.63

33,481.883
9.06

11,149,338
100.00

369,663,804
100.00

127,069
1.15

3.690,157
1.00

3,769
.03

310,943
0.08

429.404
3.85

14,753.849
3.99

1.070
0.01

88,275
0.02

625,920
5.62

17,764.907
4.80

1,410
0.01

116,325
0.03

992.326
8.89

29,898,210
8.09

Depth to Water (Pump Lift)

70,708
O~63

5,833.410
1.58

3,098,123
27.78

112.378.667
30.40

2.126,060
19.06

85,806,446
23.22

216,646
1.94

17 ,873,295
4.84

79,348
0.71

6,546,210
1. 77

2,525,360
22.65

74,225,988
20.08

32,89U
0.30

2.713,425
0.73

1.225,076
11.00

31,145,580
8.42

No. of Acres
% of Total

Ac. Ft. in Storage
% of Total

No. of Acres
% of Total

Ac. Ft. in Storage
% of Total

>500'

Total

Initial
Saturated
Thickness Item <50' 51'-100' 101'-150' 151'-200' 201"-250' 251'-300' 301'-350' >350' Total

No. of Acres 489 ~ 855 819.867 459.018 537.788 151.708 100,507 49.239 37.432 2.645,414

0'_100' % of Total 4.39 7.35 4.12 4.82 1.36 0.90 0.44 0.35 23.73
Ac. Fc. in Storage 3.673.912 6,150,352 3,442,635 4,033,411 1,137.810 753.803 369.291 280.740 19,841,954

% of Total .99 1.66 0.94 1.09 0.31 0.20 0.10 0.08 5.37
No. of Acres 310.964 537.159 359,570 607.113 358,379 255,319 94,347 25.703 2,548,554

101'-200' % of Total 2.79 4.82 3.22 5.<+5 3.21 2.29 0.85 0.23 22.86
Ac. Ft. in Storage 6,996,690 12.086,079 8,090.324 13,660,044 8.063,527 5,744,678 2,122,807 578.318 57.342.467

% of Total 1.89 3.27 2.19 3.70 2.18 1.55 0.57 0.16 15.51
No. of Acres 215.693 632,714 423,583 799,750 329,340 214.759 210.520 42,843 2.869.472

201'-300' % of Total 1.94 5.68 3.80 7.17 2.95 1.93 1.89 0.38 25.74
Ac. Ft. in Storage 8.088,48B 23,726,776 17,599,724 28.954,987 12.350,250 8.053,463 7,894,500 1,606,612 108,274,800

% of Total 2.19 6.42 4.76 7.83 3.34 2.18 2.14 0.43 29.29
No. of Acres 145.662 338,786 368,044 879.331 133.014 35,880 51,460 13,277 1,965.454

301' -400' % of Total 1.31 3.04 3.30 7.89 1.19 0.32 0.46 0.12 17.63
Ac. Ft. in Storage 7.647,255 17,786,266 18,622,760 46,165,088 6.983,235 1,883,700 2,701.650 697,042 102,486.996

% of Total 2.07 4.81 5.04 12.49 1.88 0.51 0.73 0.19 27.72
No. of Acres 30.012 117.486 298,929 203,433 18.475 18.385 20,069 7.814 714.603

401'-500' % of Total 0.27 1.05 2.68 1.82 0.17 0.17 0.18 0.07 6.41
Ac. Ft. in Storage 2,025.810 7,930,305 20,177,708 13,731,727 1,247.063 1.240,988 1,354.658 527,445 48.235,704

% of Total 0.55 2.14 5.46 3.71 0.34 0.34 0.37 0.14 13.05,
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total land area, and 44.33 percent of the total irrigable acres and have

57.01 percent of the total water supply in storage. This situation

coupled with the fact that of the 57.01 percent figure the 45.61 portion

lies at an initial depth of 200 feet or less implies that irrigated acti­

vity may be sustained for a prolonged period of time in areas where these

saturated-thicknesses dominate.

Crop Enterprise Activities

Both models consider only those crops that are currently being

produced in significant quantities in the study area. As noted in the

introduction, it appears these crops will continue to be the principal

irrigated and dryland crops in the study area in future years. Since the

production of barley, oats and native pasture are almost exclusively dryland

activities, they do not affect water use and, therefore, are left out of

the model in order to reduce the size of the programming matrix. However,

as the total cropland available includes land resources on which such

activities take place, they were represented by a single opportunity cost

activity using the dryland net return onbarley as the best alternative.

The irrigated crop enterprises selected for production are grain

sorghum, wheat, corn grain, corn silage, alfalfa, sugar beets, cotton and

soybeans. Census data on the production of crops in the study area indi­

cate cotton is a minor crop produced only in the Texas portion of the study

area. Sugar beets are produced in Colorado and Kansas. Soybeans are not

grown in the Colorado and Oklahoma portions. All of the other crops are

produced throughout the study area [4, p. 185]. Corn grain, soybeans,

corn silage and sugar beets are assumed to be produced only with irrigation,
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while alfalfa hay, sorghum grain, wheat and cotton are assumed to be

produced both under dryland and irrigation.

The resource requirements, costs and returns for the alternative

dryland and irrigated crops were developed with the aid of farm manage­

ment specialists working in the study area. Two levels of water appli­

cation are provided for all crops except soybeans and sugar beets which

have only one rate of water application. The levels of irrigation for

each crop, the corresponding yields, costs and returns are shown in the

enterprise budgets used for the linear programming production model

[4, pp. 196-205].

The Quantity of Crops Produced: Model I

Production of crops is limited to the study area's historic share of

the projected national supply in Model I. Supply of crops projected by

the USDA for the years 1980 and 2000 is based on the 1959-61 average supply.

In applying the shift-share technique, first the study area's proportional

share of the national supply in the base period, 1959-61, was computed for

the eight irrigated crops. Then its proportional share for 1965-67, the

period of most recent complete observation, was computed. The comparison

revealed that the study area has made a slight gain in its share of national

supply in the feed and feed grain cormnodities and that it has lost in the

production of wheat, reflecting the recent shift to increased cattle pro­

duction and cormnercial feedlot operations in the area. Table V summarizes

the magnitude and direction of the shifts. Grain sorghum gained about 3.5

percentage points in the study area's share of the national supply, silage

gained about one-tenth of a percent and wheat lost about 1.2 percentage

points. All other crops made a slight gain. The 1965-67 average study



TABLE V

STUDY AREA'S SHARE OF THE U.S. NATIONAL SUPPLY OF SELECTED
IRRIGATED CROPS, AVERAGE 1959-61 AND 1965-67

Crop Unit

0)
Study Area

Supply

1959-61 Av.
(2)
U.S.

Supply

(3)
_--",, ,.;1"'9..::6=.5_-6=-7'-'.A:..:v-=·"""'7,..,.... -=,--1

(4) (5) (6) (7)
Study Area U.S. (4)'(5) (6) (3)

Supply Supply

Grain Sorghum

Wheat

bu.

bu.

32,314,096

52,732,092

551,609,000 0.058558

1,271,086,000 0.041480

66,861,059

40,902,310

717,769,000 0.093151 +0.034593

1,383,888,000 0.029556 -0.011924

Com Grain

Silage

Alfalfa

Sugar Beets

Cotton

Soybeans

bu.

tons

tons

tons

bales

bu.

1,642,135 3,743,597,000 0.000445

433,429 75,785,990 0.005867

45,235 65,730,000 0.000688

48,338 17,046,660 0.002836

1,013 14,382,666 0.000070

16,330 589,257,300 0.000028

4,712,654 4,307,964,000 0.000953 +0,000659

697,654 100,558,000 0.006964 +0.001097

70,432 73,947,667 0.000953 +0.000265

111,542 20,208,667 0.005519 +0.002683

1,846 ·10,667,667 0.000173 ·Hl.000103

293,254 915,596,666 0.000320 +0.000292

1ColllInn (7) shows the change in area study's share of the national supply between the two periods ~

Source: Computed from u.s. Department of Agriculture, Agricultural Statistics, 1959, 1960, 1961, 1965, 1966,
1967, u.s. Government Printing Office (Washington) and U.S. Department SRS (Colorado, Kansas, Oklahoma,
and Texas) Crop and Livestock Reporting Service, reports for 1959, 1960, 1961, 1965, 1966. and 1967.
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area's share of the national supply was used to dis aggregate the national

projections in order to reflect these changes. Table VI presents the

supply projection both for the U. S. and the study area. All projections

except those for 1980 and 2000 are linear interpolations. Since one

iteration of the production model represents the annual production of a

period of ten years the projected supply restrictions employed in Model I

are those of the midpoint years, i.e., the 1975 projection is used for

the period 1970-1979, the 1985 projection is used for the period 1980-1989,

etc.

The Distribution of Production in the Study Area:
Model I

Since the production model's objective is to maximize net returns

it is conceivable that it will attempt to produce the crops on the clay

loam A type soils that lie in deep saturated-thickness and shallow depth-

to-water resource situations. In order to prevent such a happening in

Model I it is assumed that irrigated crop production is distributed among

the 48 water resource situations according to the weight each one carries

with respect to the total number of irrigable acres in the study area.

These weights were calculated using (4):

~=

where

k = 1, 2,

m = 1, 2,

... ,

... ,

(4)

6, represents the k th saturated-thickness class,

ch8, represents the m depth-to-water class,

W
km

represents the weight for water resource situation (k, m),

~ represents the number of irrigable acres in water resource

situation (k, m), and



TABLE VI

PROJECTED PRODUCTION OF THE PRINCIPAL IRRIGATED CROPS IN THE STUDY AREA AND THE U.S. 1970-20001

Grain Sorghum 'Wheat Corn Grain Silage Alfalfa Sugar Beets 2
Cot~ Soy Beans

Study Study Study Study Study Study Study Study
Years Area U.S. Area U.S. Art. U.S. Area U.S. Area U.S. Area U.S. Ar•• U.S. Ar•• U.S.

1,000 bu. 1,000 bu. 1,000 bu. 1,000 tons 1,000 tons 1,000 ton. 1,000 baleo 1,000 bu.

1965-67 66,861 717,169 40,902 1.383,888 4,711 4,307.964 698 100 ,558 70 73,948 112 20,209 1.8 10,668 293 915,597
(average) W

1970 72,963 783,275 45,727 1,547,125 5,022 4,550,500 723 104,174 78 8i,506 122 22,076 2.2 12,725 331 1,033,364 w

1975 79,065 848,780 50,551 1,710,362 5,290 4,793,036 748 107,790 85 89.065 132 23,943 2.6 14,782 369 1,151,132

1980 85,167 914,286 55,376 1,873,600 5,558 5.035,572 773 111,405 92 96.623 142 25,810 2.9 16,840 406 1,268,900

1985 95,230 1,022,322 57,252 1,937,075 5,926 5,369,036 a31 119,742 98 103,853 153 27,677 3.0 17,528 427 1,334,400

1990 105,294 1,130,357 59,128 2,000,550 6,294 5.702 9 501 889 128 9 078 106 111,084 163 29 9 545 3.2 1a,217 448 1,399,900

1995 115,358 1.238 9 393 61 9 004 2.064 9 025 6 9 662 6 9 035.965 946 136.415 113 118 9 314 173 31.412 3.3 la,905 469 1 9 465 9 400

2000 125.421 1.346.429 62 9 880 2,127.500 7 9 032 6.371.429 19 004 144.751 120 125,544 184 33,279 3.4 19,594 491 1.531 9 900

1pr(Jjections are based on "Prelitninary Projections of EconOtnic Activity in the Agricultural. Forestry and Related Economic Sectors of tht
U. S. and Its Water Resource Regions 1980, 2000. and 2020." ERS and Forest Service, USDA 9 August. 1967 9 P. iii, p.2.

2sugar beets production is estimated on the basis of the projection of raw sugar production.
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A = 8,040,915 (the total number of irrigable acres in the study

area) .

The computed weights are given in Table VII. Since the number of irrigable

acres in the 48 water resource situations sum to A, the weights must sum

to one. Hence we have:

6 8
l: l: W

km
= 1. 0

k=l m=l
(5)

The production of anyone crop is distributed among the 48 water

resource situations by multiplying these weights by the appropriate ~

priori projected production for the period in question given in Table VI.

For any period t let Xnt , n = 1, 2, ••• , 8, represent the ~ priori pro­

jection of the study area's total production (in hundredweights, bushels,

tons, or bales) for the eight irrigated crops in the model. The distri-

bution of production among each water resource situation is given by:

th
where X k is the upper limit for production of the n crop in water

n mt

resource situation (k, m) in period t. These 48 upper limits for each

crop are entered in the B
t

vector of Model I as right-hand-side restrictions.

It is recalled that each of the 48 water resource situations have four

types of soils. Given Xnkmt , its production among these four soils is

allowed to be distributed on the basis of net returns. In each water

resource situation, the soils that give the highest net returns are irri-

gated first. In this way marginal soils do not come into irrigated produc-

tion unless the production goal for that water resource situation cannot be

met, which is consistent with economic rationale. For those crops with

dryland alternatives, whenever water costs on any water resource situation



TABLE VII

WEIGHTS USED IN DISTRIBUTING PRODUCTION OF IRRIGATED CROPS
AMONG THE FORTY-EIGHT WATER RESOURCE STRATA

Saturated Thickness Depth-to-Water
Class in feet Class in feet 0-50 51-100 101-150 151-200 201-250 251-300 301-400 > 400

~
1 2 3 4 5 6 7 8 ...,

v.

0-100 1 .02613 .06596 .05131 .05022 .01538 .00991 .00475 .00369

101-200 2 .01881 .03908 .03315 .04876 .03723 .02629 .00781 .00131

201-300 3 .01179 .03970 .03758 .08098 .03480 .02049 .01557 .00329

30 1-400 4 .01224 .03261 .03706 .09286 .01384 .00434 .00480 .00139

401-500 5 .00055 .01222 .03168 .02161 .00206 .00209 .00228 .00087

> 500 6 .00341 .00869 .02369 .00706 .00015 .0001l .00040 .00000
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become so high that dryland production yields higher net returns, irrigated

production ceases. However, since dryland crop yields are less than irri­

gated crop yields, there may not be sufficient acres in that water resource

situation to meet the production goal specified by the above procedure, and

an infeasible solution may be encountered. To avoid such infeasibilities,

dryland production in other water resource situations is allowed to pick up

the slack. Since net returns on dryland activities are independent of water

costs, an intertransfer of quotas between water resource situations is made

possible.

Quantity of Crops Produced: Model II

The potential short-run profitability of expanding irrigation indicates

the study area will increase its share of U. S. production for the major

irrigated enterprises. Model II represents a situation in which the study

area is allowed to produce more than its historic share of the projected

U. S. production subject to a limit on the maximum rate of irrigation growth

possible. The maximum number of irrigated acres at the various production

periods were projected by an exponential growth model of the form developed

by George A. Pavelis [73, p. 55]. The model is given by

where

t ~ 15 (6)

t = calendar year minus 1950,

At = acres irrigated in year (1950 + t),

L = 8,040,915, the maximum physical potential of irrigable acres

in the indefinite future,

S = the continuous constant percentage decline in remaining potential

as observed for the period 1958-1965, and
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A15 ; 1,554,898, the number of irrigated acres in 1965, the most

recent year for which data were available.

Equation (6) indicates that acreage irrigated at time t is the difference

between L, the maximum potential physical limit and that part of the limit

ch d S(t-15)not rea e at time t. In other words [(L - A
15

) e ] represents that

portion of irrigable land that has not been irrigated (t-15) years after

1965. When t is equal to IS, (t-15) becomes zero and equation (6) reduces

to A15 •

First equation (6) was solved for S

At ; L - [(L - At_I) eS]

eS
L - At

;

L - At-1

L - A
t

(7)S ; In[L _ A ]
t-1

then relation (7) was applied to the latter half of the observed data from

1950 to 1965 in order to give weight to the recent trend of growth in irri-

gated acres [4, p. 62]. The average S calculated for the eight-year period

1958-1965 (-0.01900) was used to generate the number of acres irrigated in

future years. The results are shown in Table VIII.

The model assumes that the maximum physical potential will not be

attained in the indefinite future. Growth will be asymptotic to the maxi-

mum limit. Since S is computed from observed growth in the past, like any

predictive model it assumes past conditions that governed the increase in

irrigated acres will prevail and there will be an adequate supply of water.
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TABLE VIII

PROJECTIONS OF IRRIGATED ACRES BY THE
EXPONENTIAL GROWTH MODEL

Irrigated Periodic
Year Acres Change

1965 1,554,898
587,735

1970 2,142,633
534,477

1975 2,677,110
486,045

1980 3,163,155
442,002

1985 3,605,157
401,949

1990 4,007,106
365,527

1995 4,372,633
332,404

2000 4,705,037

The first assumption is intuitively valid. If ground water in the

future becomes economically and/or physically limiting, increments in

irrigated acres may in fact be negative and, therefore, decline in the

future. If such be the case, the model's projection will be upward

biased after a certain time. The second assumption has a limitation in

that future conditions will not be the same as they have been in the past.

As irrigation continues to develop and the water table declines, prospec-

tive irrigators will have to consider the amount of water available fOr

future use. They will be discouraged if they find volume is low and per

unit cost of water is high. If the additional costs are not offset by

higher product prices, again the projections will be upward baised. On

the other hand, if a technological or an institutional breakthrough occurs

that decreases the per unit cost and/or augments the water supply of the

region, the converse would be true. However, these will not be serioU$
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limitations for the purpose these projected acreages are to serve in the

production model. Since the projection is set as an upper limit to the

number of irrigated acres, the production model compares the profitability

of irrigating the various crops at each soil and water stratum, and this

upper limit will be met, if and only if, net returns on the last acre irri-

gated are higher than that of the corresponding dry1and activity.

The Distribution of Production in the Study Area:
Model II

The method used to distribute crop production among the 48 water

resources of the study area in Model II is to apply the weights, W
km

, of

Table VII to the total projected irrigated acreage.

For any period t let ent , n = 1, 2, ... , 6, represent the ~ priori

thprojected upper limit of irrigated acres in the production of the n crop

in the model. The production of each crop is distributed among each water

resource situation according to:

c = W • e
nkmt km nt

(8)

where C
nkmt

is the upper limit to the number of irrigated acres in the pro­

thduction of the n crop in water resource situation (k, m) in period t.

Two assumptions are made in the derivation of e from the a priori pro-nt -

jected irrigated acres of the exponential growth model. The first assump-

tion involves the production of cotton and sugar beets. The length of the

growing season limits the production of cotton to only some of the counties

in the Texas portion of the study area. Because of this geographic limita-

tion, the declining importance of cotton in the textile industry, and the

burgeoning surplus of the eee, it is assumed that the expansion of cotton
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production will be at the levels projected for Model I. Likewise sugar

beet production is held at the levels projected for Model I due to the

limited capacity of growth for its market. The second assumption involves

the distribution of the irrigated acreage of the crops used in the model

given the declining water table condition of the aquifer as time progresses.

For this purpose the results of Model I are analyzed and the average distri-

bution of irrigated acres among the six irrigated crops (excluding sugar

beets and cotton) up to and including 1990. the period in which irrigation

expansion reaches its peak. was taken as an index. The proportion of irri-

gated acreage among the six crops in Modell's solutions. Z • n = 1. 2,
n

•••• 6, is given in Table IX. Let TCt be the total number of irrigated

acres projected for period t and let SCt be the sum of irrigated acres

devoted to the production of sugar beets and cotton for the corresponding

period t in the solution of Model I.

formula:

Then C is derived from the following
nt

[
~ C =

n=l nt

(9) and.

is used in relation (8) above to calculate Cnkmt '

which is entered in vector B
t

of Model II as an upper limit to the number

thof irrigated acres in the production of the n crop in water resource

situation (k. m) in period t.

Capital and Labor

There are no restrictions in the two production models to limit the

use of capital and labor. It is assumed that all the capital necessary

can be borrowed at a seven percent simple interest rate and that the labor
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necessary for all operations can be hired at a wage rate of $1.50 per hour.

However, there are two accounting restrictions to sum the total amount of

capital and labor required for all production activities in the model.

TABLE IX

DISTRIBUTION OF IRRIGATED ACREAGE AMONG SELECTED CROPS
ACCORDING TO THE SOLUTION OF MODEL I

Crop Proportion (z )n

Wheat 0.5493

Grain Sorghum 0.3801

Corn Grain 0.0287

Silage 0.0281

Soybeans 0.0072

Alfalfa 0.0066

Prices

The prices used in the crop enterprise budgets were the "adjusted

normalized prices" issued by the Water Resource Council [111]. These are

prices adjusted to minimize the direct price support effects or payments

under government programs and are consistent with the supply and demand

model used to project the national supply of agricultural commodities

[Ill, p. 2].

Irrigation Systems and Water Costs

Two types of irrigation systems are used in the production model. A

surface system is employed for those soils with a slope of less than three

percent, i.e., soils classified as clay A and sand A. A self-propelled
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sprinkler system is used for soils with a steeper slope and management

problems such as drainage and erosion, i.e., soils classified as clay B

and sand B. The cost structures of these two irrigation systems were

generated from the models developed by Shaffer and Eidman for the area

around the Panhandle of Oklahoma [88]. The assumptions of these models

and the costs of the different parts of the irrigation systems are given

in [4, pp. 206-210]. The fixed, variable and total costs per acre inch

were computed for both irrigation systems for well capacities ranging from

50-1,000 g.p.m. and well depths ranging from 79-925 feet. The estimated

costs per acre inch are tabulated in [4, pp. 211-215].

As the availability of water during the summer months is crucial it

is assumed that the decision to drill new wells is made on the basis of

providing an adequate water supply for irrigating the summer crops. Hence

this decision will be made only if the returns from the summer crops will

be high enough to recover the investment costs over the life of the well.

Total costs of water per acre inch are charged to all summer crop enter­

prises to reflect this assumption. Wheat enterprises are charged only the

variable cost of water per acre inch.

The absolute amount of water available for irrigation has not been

restricted in Model I and Model II as this is the variable to be observed

as time progresses. At any production period the models make decisions of

water application based upon current pumping and distribution costs and the

profitability of alternative uses of water among the different crop enter­

prises. However, a water accounting restriction is included in both models

to sum the volume of water used in each production period.
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The Relationship Between Declining Water Table,
Well Yield and Pumping Costs

A decline in the static water table is directly proportional to the

net volume of water removed from the aquifer. Fader and his colleagues

in studying the geohydrology of Grant and Stanton counties, southwest

Kansas, computed an "aerial drawdown coefficient" for the purpose of esti-

mating future water level declines [26, p. 49]. The aerial drawdown coef-

ficient is given by relation (10).

V
d = AD

where

d the aerial drawdown coefficient,

v = the acre feet of water withdrawn from the aquifer,

A the number of acres overlying the aquifer, and

D = the decline of the static water table in feet.

(10)

Using the volume of water withdrawn and changes in the water level for

1939-42 and subsequent years to 1963, they calculated the aerial drawdown

coefficient to be 0.20. Assuming this coefficient is representative of the

study area the decline in the static water table can be computed from rela-

tion (10) by rearranging the terms:

D = V
Ad

(11)

In using relation (11) for estimating water level changes in the future all

quantities on the right-hand side of the equation are known. A and dare

cons tants. The net volume of water wi thdrawn from the aquifer, V, is com-

puted by adjusting the total amount of water used for irrigation and municipal

purposes for recharge.
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It should be noted that such an approach yields an average decline in

the water table throughout the study area. It assumes that water moves in

relatively uniform manner from areas of high pressure to areas of low pres-

sure throughout the aquifer. This may not be the case in reality as there

will be pockets of heavy concentration of water pumpage and water may not

move in sufficient velocity from areas of low pumpage to those of high

pumpage to result in a uniform decline of the static water table in the

short run. The use of an aerial drawdown coefficient equal to 0.20, which

is greater than the coefficient of storage, equal to 0.15, in relation (11)

is to reflect such an assumption. However, this may introduce a downward

bias in the drawdown computed. If d = 0.15 instead of d = 0.20 were used

in relation (11), the drawdowns calculated in each period would be greater.

This means that the saturated-thickness would diminish at a faster rate and

according to relation (12) well capacities would also decrease at a faster

rate. The net effect would be a shorter economic life of the various water

resource situations and a higher volume of water left in storage at the

terminal period. However, a value of d = 0.20 was used in this study as

the best available estimate.

The effect of a declining water table is two-fold. First it increases

the pump lift (total dynamic head) by the amount it has declined, thereby

increasing per unit pumping costs. Second, a decline in the water table is

tantamount to a decrease in the saturated-thickness of the water-bearing

material, which affects well capacity. As the saturated-thickness decreases

the new well capacity is computed from relation (12).4

4This relation, developed for the Ogallala Formation in the Southern
High Plains of Texas, was obtained by correspondence with Mr. Frank A. Rayner,
Manager of the High Plains Underground Water Conservation District, Lubbock,
Texas, and Mr. Frank Hughes, ERS, USDA, Texas A & M University, who reports
that the "capacity of wells in the High Plains area decreases in remarkable
agreement with the equation."
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H2

Qt+l = t+l Q
H

t
t

where

Qt = the original well capacity at period t,

Qt+l = the subsequent well capacity at period t+ I,

H = the original saturated-thickness at period t, andt

(12)

Ht +1 = the remaining saturated-thickness at period t+l.

Using the relations (11) and (12) the appropriate pump lift and well

capacity are computed for the 48 water resource strata. These results are

used to select revised costs per acre inch for the water buying activities

in the linear programming models for the next production period.

Results of the Recursive Linear Programming
Production Models

The changes projected for the study area by Models I and II are

presented in this section. The depletion of the aquifer as projected by

the two models and their effect on acres irrigated, quantities of crops

produced under irrigation, the underground water storage levels, well

capacities, and the aggregate annual income for the 1965 to 2000 period

are presented and analyzed.

Testing Model I

Elements of the input-output matrix and the right-hand side vector

were specified using Model I assumptions. The solution for 1965 conditions

was obtained by using the Mathematical Programming System 360 (MPS 360)

simplex algorithm on the IBM-360 computer. The key solution variables were

compared with reported values of those variables in 1965 to test the validity
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of the production model •. Criterion variables of the test were the quantities

of the various irrigated crops, the total irrigated acreage and the total

volume of water pumped during 1965. The model's solution showed that the

study area's production was met exactly as specified and that the production

process utilized 1,359,730 irrigated acres, 905,894 dryland acres and

2,347,744 acre feet of water. Since the production goals were set as right­

hand side equalities, the fact that they were met is not surprising. It

merely asserts that the model is functional. Comparison of the model's irri­

gated acreage with that reported for 1965 shows a slight discrepancy. While

Model I used 1,359,730 irrigated acres, the figure reported for 1965 in

Table I is 1,528,789. The model solution included 169,059 or 12.43 percent

fewer acres than the reported figure. Comparison of the water applied to

irrigated acres reveals a striking closeness of the model's solution to

that reported in 1965. The model's production used 2,347,744 acre feet

whereas the reported amount of water applied to irrigated acres in 1965 is

2,323,759 acre feet. The difference is 23,985 acre feet or 1.03 percent

of the reported figure. Thus it was concluded that the model's solution on

water use is accurate, but that the solution on the number of irrigated

acres requires additional evaluation.

In maximizing net returns Modell's solution selects the high rate of

water application wherever a choice of high or low rate is available. In

practice all irrigators may not apply the high rate as suggested by the

model. The method of reporting irrigated acreage does not reflect these

differences. For instance, an acre of grain sorghum on which 16 inches of

water have been applied and an acre of grain sorghum on which 24 acre inches

have been applied are both reported as one irrigated acre. To the extent
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that this situation occurs in actual practice, farmers will have to irrigate

more acres than the model indicates in order to meet the same production

goal because yields per acre are smaller at low rates of water application

than on higher rates. Another consideration that must not be overlooked is

that farmers by design or accident overreport the number of acres they

irrigate. For example, farmers tend to report the entire acreage in a

tract is irrigated even though some land is used for turn rows, is not

cultivated because it is poorly drained or is not cultivated for other

reasons. Speculation on the imposition of controls of water use has encour-

aged farmers to overreport their irrigated acres as a contingency for higher

appropriations in the event of strict control. These considerations support

and lend credence to the hypothesis that the model's solution of irrigated

acres is a close approximation of the actual number irrigated acres in 1965.

Projected Changes in Irrigated Acres and
Water in Storage: Model I

The empirical results of Model I project that as the study area

produces its national share of the eight irrigated crops in the future the

number of acres irrigated annually increases from 1.36 million in 1965 to

a peak of 1.63 million in 1990. Then it declines to 1.46 million in 2000.

Although serious questions must be raised with the validity of projections

for later years, such projections indicate continued decline after 2000.

The decrease in irrigated acres is due to the decline in the water table as

the water is mined from the aquifer. The projected irrigated acres and

their period-to-period changes are given in columns (1) and (2), respec-

tively, of Table X.



TABLE X

CHANGES IN IRRIGATED ACRES AND GROUND WATER IN STORAGE
AS PROJECTED BY MODEL I (1965-2000)

Acre Feet Used Annually Period Total Ac. Ft. in Water in
No. Acres Period to For to Period Under Ground Storage as
Irrigated Period For Municipal For All Purposes r.hanges in (5) Storage at the a Percent

Year Annually Change in (1) Irrigation & Industrial (3) + (4) Beginning of of 1965
Period! ..,.

(1) (2) (3) (4) (5) (6) (7) (8)
0>

1965 1,359,730
2,680

2,347,744 70,382 2,418,126
57,864

369,663,804 100.00
1970 1,362,410 2,346,337 129,653 2,475,990 358,949,554 97.10
1980 1,552,946

190,536
2,623,269 149,167 2,772,436

296,446
336,890,434 91.14

1990 1,625,372
72 ,426

2,865,379 162,436 3,030,716
258,280 311 ,866,854 84.36

2000 1,455,961
-169,411

2,797,019 177,948 2,974,967
-55,749 284,260,474 76.90

1For any year after 1965 column
(7)'s entry in the previous period.
mean annual recharge in acre feet.

(7) is obtained by subtracting n[column (5) = 270,078] from column
n is the number of years in the previous period and 270,078 is the
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The total quantity of water used annually follows the same periodic

trend as the number of acres irrigated. It increases from 2.4 million

acre feet in 1965 to its highest level, 3.03 million acre feet, in 1990.

The quantity gradually declines in subsequent years. The projected annual

withdrawal of water for irrigation, municipal and industrial purposes is

given in columns (3) and (4), respectively, of Table X. Column (5) shows

the total annual withdrawal for all purposes and column (6) indicates the

period-to-period change in this total. The estimated stock reserve of water

in the aquifer at the beginning of the year is presented in column (7).

The projection of the annual water use for municipal and industrial purposes

steadily increases through time. The decline in the total annual water use

after 1990 is caused by the decline in irrigated acres. As mining of the

ground water continues through time, the stock reserve of water in the

aquifer decreases steadily from an estimated 369.66 million to a projected

284.26 million acre feet by 2000. In relative terms about 23 percent of

the 369.66 million acre feet will be removed from the aquifer by the year

2000. Column (8) of Table X shows the amount of water remaining in the

aquifer as a percent of the 1965 level (369.66 million acre feet).

The rate of decline in the water table is directly proportional to the

amount of net water withdrawal per year as calculated by relation (5) dis­

cussed in the previous section. It increases steadily from 1.3 feet per

year in the 1965-69 period to 1.72 feet per year in the 1990-99 period.

The decrease in the rate of net water withdrawal results in smaller water

table declines during subsequent periods. By 2000 the average cumulative

water table decline over the 35-year period (1965-2000) is 54 feet.
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The effect of the decline in the water table is two-fold. First, as

the saturated-thickness of the aquifer decreases the well capacity declines

according to relation (6). Thus wells have to pump more hours in order to

deliver the same volume of water as before. Secondly, the depth-to-water

increases by the same amount as the decline in the water table increasing

the lift. The combined effect of both is to increase the per unit pumping

cost of water. The projected annual decline in the water table and the

periodic decline in the well capacity for each of the six initial saturated­

thickness classes is given in Table XI. The results of Model I indicate

that the well capacity of the smallest saturated-thickness class (0-100

feet) declines rapidly and irrigation ceases on all soils of this saturated­

thickness class by 1990. The area involved is some 1.8 million acres and

accounts for about 22.74 percent of the total irrigable land in the study

area. In the second saturated-thickness class (101-200 feet) well capacity

declines from 1,000 g.p.m. in 1965 to 431 g.p.m. in 2000 which severely

limits the profitability of irrigation on another 1,708,092 acres, 21.24

percent, of the total irrigable land. The rate of decline in well capacity

is much slower on the other saturated-thickness classes. The results of

Model I indicate that wells in these saturated-thickness classes have a

long physical life extending beyond the year 2000.

At this point a word of caution in the interpretation of the results

is in order. As the model is run once for a discrete 10-year period, com­

putations of the decline in the water table, well capacities and, hence,

water costs for any period t are made on the basis of the results of period

t - 1. Therefore, the values of these variables reflect the water situation

at the beginning of period t. This implies that (1) water costs toward the



Year

1965
1970
1980
1990
2000

TABLE Xl

DECLINE OF THE WATER TABLE AND THE RESULTING WELL CAPACITIES OF THE
SIX SATURATED THICKNESS CLASSES AS PROJECTED BY MODEL I (1965-2000)

Water Table Decline Well Capacities in GPM a
in Feet Saturated Thickness Class b

Annual Cumulative <100 • 101-200' 201-300 ' 301-400 ' 401-500' >500'

1.30 500 1,000 1,000 1,000 1,000 1,000
1.41 6.48 365 905 952 966 974 978 <.n.....
1. 59 20.58 171 779 847 891 913 925
1.72 36.46 34 599 734 807 847 870
1.69 53.66 431 620 721 778 813

a
Indicate values at the beginning of period.

blnitial 1965 conditions.
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end of period t are biased downwards and, hence, the model encourages more

water use and tends to bias net returns to irrigation upwards and (2) in

the process of declining well capacities, some of the water resource situa­

tions may reach well capacities around 50 g.p.m. (which is considered to

be too low to maintain irrigation systems) towards the middle of period t

instead of the end of period t which again tends to make the model encourage

more water use and, hence, bias the net returns to irrigation upwards.

The alternative to eliminate this bias would have been to obtain solutions

on an annual basis which would be too costly.

Projected Crop Acreages: Model I

The basic assumption in Model I is that the study area will produce its

share of the projected national supply of the eight irrigated crops from

1965 through 2000. In general, as the model fulfills these production goals

irrigated acreages of each crop increase to a peak about 1980 or 1990 and

then decline, whereas the dryland acreages on grain sorghum, wheat, alfalfa

and cotton increase as time progresses. This general trend results from the

combined effect of an increased production goal the model must meet from one

production period to another and the declining water table. On one hand the

increased production goals tend to increase irrigated acreage of each crop.

On the other hand, the rising water costs on some of the water resource situa­

tions tend to decrease irrigated acreage by diverting production to dryland

for those crops that have dryland alternatives and by terminating production

altogether for those crops produced only on irrigation when their net returns

per acre fall to zero or less. In the early production periods the former

tendency prevails as water is comparatively cheap. In the latter periods

water pumping costs increase resulting in a decrease in irrigated acreage
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and an increase in dryland acreage. While this is the general trend there

are a few fluctuations of irrigated acreage on some crops, especially wheat,

caused by adjustments to changes in water costs and increased production

goals. As the well capacity on some water resource situations falls from

above 750 g.p.m. to some level below 750 g.p.m. the pipes and engines

designed initially for 1,000 g.p.m. are changed and total water costs of

sprinkler systems may drop as much as $2.52 per acre foot. As well capa­

city declines further water costs start to rise again until a transition

to less than 350 g.p.m. is made at which time smaller pipes and smaller

engines are installed reducing total water costs by as much as $2.53 per

acre foot and variable costs by as much as $1.87 per acre foot. As well

capacity declines further water costs begin to rise again. Such changes

in well capacities do not occur simultaneously on all water resource

situations. The model responds to these cost changes by increasing or

decreasing irrigated acres on some of the crops.

The projected annual irrigated and dryland acreages of all crops for

the entire study area are presented in Table XII. The annual irrigated

acreage of grain sorghum increases from 520,000 acres in the 1965-69 period

to about 891,000 acres in 2000, an increase of 71 percent. During the same

span of time the dryland grain sorghum acreage changed from an annual

434,006 acres to 1.54 million acres, an increase of 255 percent.

Net return per acre of irrigated wheat is low compared to the other

irrigated crops. Thus the annual irrigated acreage for wheat increases at

a very slow rate from 743,436 acres in 1965 to a peak of 837,553 acres in

1980. This is an increase of only 13 percent over the initial level. In

the same period the dryland acreage of wheat increased from 470,036 to



TABLE XII

MODEL I's PROJECTIONS OF ANNUAL IRRIGATED AND DRYLAND ACREAGES OF THE VARIOUS CROPS (1965-2000)

Grain Sorghum Wheat Corn Grain Silage Alfalfa Sugar Beets Cotton Soybeans Total Acres V>Year Irrigated Dryland Irrigated Dryland Irrigated Irrigated Irrigated Dryland Irrigated Irrigated Dryland Irrigated Irrigated Dryland ""
1965 520~103 434,006 743,636 470,036 36,236 35,506 9,074 1,358 5,577 1,223 494 8,379 1.359,730 905,894

1970 505.267 1,001.787 750,592 1.130,211 40 .543 37,547 8,811 10,717 6,608 1.213 1.726 10,495 1,361.076 1,503,753

1980 592,527 1,275,703 837,553 1,320,899 45,583 45,542 10,204 12.794 7,638 1,439 2,046 11,803 1,552,286 2,611,441

1990 721,490 1,529,263 769,491 1,808,385 51,245 47,901 11.611 14,634 8,669 1,552 2,208 13,410 1,625,372 3,354,488

2000 890,599 1,542,242 426,256 3,193,494 44,372 42,047 13,180 14,683 7,890 1,640 2,379 11,413 1.437.395 4.752.797
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1.32 million acres, a growth of 181 percent over the initial period. The

annual irrigated acreage of wheat declines to 426,000 acres by 2000 result-

ing in a large increase in the acreage of dryland wheat to meet the produc-

tion goals.

The annual irrigated acreage of corn for grain and silage crops reach

a peak about 1990. Corn in the study area increases from 36,236 in 1965 to

51,245 in 1990, an increase of 14 percent and then declines. The annual

irrigated acreage of silage increases from 35,506 in 1965 to 47,901 in 1990.

The annual irrigated acreage of alfalfa, sugar beets and cotton

increases throughout the 1965-2000 period. Soybeans reach a maximum of

13,400 acres in 1990 and decrease to 11,413 in 2000.

The model adjusts the irrigated acreage of each of the eight crops on

each of the 48 water resource situations in response to changes in produc-

tion goals and changes in the water costs over time. The results of Model

I show in general the smaller the saturated-thickness and the greater the

depth-to-water the more sensitive the resource is to changes in water costs.

The changing pattern of production among resource situations is presented

elsewhere [4, pp. 89-98].

Projected Annual Production of Crops and Their Aggregate
Annual Gross and Net Returns: Model I

The projected annual irrigated and dryland crop production and the

associated aggregate gross and net returns are presented in Table XIII.

Since the analysis assumes yields per acre are held constant over time,

the trend of irrigated and dryland production of each crop follows the

same pattern as the projected annual irrigated and dryland acreage of the

crop. The annual aggregate gross return from irrigated production of



TABLE XIII

MODEL I's PROJECTION OF ANNUAL PRODUCTION OF CROPS AND THEIR AGGREGATE GROSS AND NET RETURNS (1965-2000)

'"0-
GraLo Sorghum Wheat Corn Grain Silage Alfalfa Sugar Beets Cotton Soybeans Annual Grosll Annual Net Toul AmIual Eat1_ted Pri_ry

Year Irrigated Dryland Irrigated Drylaod Irrigated Irrigated Irrigated Dryland Irrigated Irrigated Dryland Irrigated RetuluB From Returns From Net Returns I rri._tiCID
1,000 CWt 1,000 Bu. 1,000 Bu. 1,000 TOI1ll 1,000 Tons 1,000 Tona 1,000 Bales 1,000 Bu. Irrigated Dryland Irrigated Dryland 1,000 Pollars Benefttll

1.000 Dollars 1 ,000 Dollars 1.000 Dollars

1965 32,098 5,946 3"'.417 6,486 4,711 69' " '.4 m L' 0.' '" 116,066 19,179 40,639 9.74) 47,382 18,418

1970 31,263 13,72.4 34,954 15,597 5,271 '" " 18.8 132 L7 0.8 '" 116,651 45,475 40,662 lS,587 56,248 18,4103

1980 36,7:;19 P,47; 39,024 18,228 5,926 '" " 22.4 153 2.0 LO 413 133,437 55,530 45,622 19,049 64,612 20.316

1990 44,687 20,951 36,048 24,956 6,662 '" " 25.6 173 ,., 1.1 '" 14.10,325 70,990 48,197 24,333 72,530 21.. 869

2000 55,00.10 21,129 20,27.10 4.10,070 5,768 '31 " 25.7 158 ,., l.Z '" 1.36,531 99,015 42,263 33,722 75,985 19.275
-_._----- _.__.. __. .---~----_._•..__."_._-
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crops incresse from $116.1 million in 1965 to $144.3 million in 1990, an

incresse of about 25 percent. Annual aggregate net returns from irrigation

reaches its highest level of $48.2 million in 1990, an incresse of about

19 percent over the initial level, and then declines. Annual gross returns

decline $7.8 million from 1990 to 2000, while annual net returns decline

$5.9 million. The rising water costs could be expected to result in a

greater reduction in annual net returns. However, a large incresse in irri­

gated grain sorghum (having a relatively high gross and net return per acre),

coupled with a large decresse in irrigated wheat acreage (having lower gross

and net return per acre) mssked the effect in the aggregate estimates.

Annual aggregate gross returns from dryland crop production incresse

from $19.2 million in the initial period to $99.00 million in 2000. Annual

aggregate net returns from dryland production of crops follows the same

trend as the annual aggregate dryland gross return. It incresses from $9.7

million in the initial period to a peak of $33.7 million in 2000. The total

annual aggregate net return from both dryland and irrigation incresses from

$47.3 million in 1965 to $76.0 million in 2000, an incresse of 63 percent.

It is important to note that total annual aggregate net return is maintained

at a high level by an incresse of more than 400 percent in dryland acres

over the 1965 level. The source of this incresse is part of the 8.0 million

acres of cropland that wss being used for the production of other crops like

barley, oats, hay, etc.

The annual primary irrigation benefits, which are defined here ss the

net income added to the aggregate net farm income of the study area by irri­

gation, were estimated bssed on the Model I solutions according to the

following relation:



58

4
[( E

j=l
(13)

where

PBt = the annual primary irrigation benefit in period t,

NRt = the annual net return from irrigation in period t,

i j = 1, 2, 3, 4 is grain sorghum, wheat, alfalfa, and cotton,

respectively,

Ni = the dryland net return per acre of the i th crop on clay loam

soils,

Nj = the dryland net return per acre of the jth crop on sandy loam

soils,

Cit = the amount of clay loam acres on which the i th crop would be

produced without irrigation in period t,

Sjt = the amount of sandy loam soils on which the jth crop would be

produced without irrigation in period t,

It = the total number of acres on which corn grain, corn silage,

sugar beets and soybeans are produced in period t, and

1.25 = the dry1and opportunity cost of It'

The estimates shown in the last column of Table XIII indicate that the

annual primary irrigation benefits increase from $18.42 million in 1965 to

a peak of $21.87 million in 1990, when irrigation development reaches its

~enith. Annual primary irrigation benefits decline $2.6 million by 2000

and can be expected to decline even more in subsequent years.

Testing Model II

The assumption of Model I, that the study area will produce a maximum

of its historic share of the projected national supply of the eight irrigated
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crops is relaxed in Model II. In this model irrigation was permitted to

increase to the full irrigated acreage projected by the exponential growth

model developed above. In addition, the study area's historic share of

the projected national supply of the eight irrigated crops was posited as

a minimum production goal for the 1965 to 2000 period. The minimum and

the maximum on sugar beet and cotton production were the same. All other

crops had no maximum production goals.

Elements of the input-output matrix and the right-hand side vector

were specified according to the assumptions above for conditions prevailing

in 1965. The Model II computer solutions were obtained and the key vari­

ables compared to those reported in 1965 to test whether the model was

operational. The test variables were the total number of irrigated acres,

the total volume of water used and the quantities of the various irrigated

crops. Model II's solution showed that the irrigated acres of all crops

totaled 1,554,898 acres, exactly the number reported in 1965. Sugar beets

and cotton were produced in exactly the quantities specified for 1965.

The quantities of the remaining six crops produced were well above the

minimum set as the production goal for 1965. The quantity of water pumped

by Model II was 2.7 million acre feet versus 2.3 million reported in 1965.

This is an excess of 0.4 million acre feet or about 17 percent more than that

reported. In view of these comparisons, one can conclude that the model

is operational in as far as it met the basic assumptions it incorporated.

The Model II solutions show that, except for sugar beets and cotton, the

study area produced more than its historic share of the national supply

of irrigated crops. The fact that more water is used than reported in 1965

is concomitant to this excess production. It was shown by the results

of Model I that when production goals were met exactly as reported for

1965 the amount of water pumped was within one percent of that reported
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in 1965. In general the results of Model II indicated that if irrigation

develops in the study area at the rates projected, the use of resources

and the ensuing production of crops will be more intensive and that ground

water will be mined at a faster rate than was indicated by Model I. The

results of Model II are presented in the following section and a comparison

of the key variables in the results of Model I and Model II follows.

Projected Changes in Irrigated Acres and
Water in Storage: Model II

The projected number of annual irrigated acres, the rate of ground

water withdrawal and the amount of ground water in storage at the beginning

of the year are presented in Table XIV. The results of Model II indicate

that the number of annual irrigated acres increases from 1.6 million in the

initial period to a peak of 3.4 million in 1990. Then it drops to 2.8

million acres in 2000. It is interesting to note that in both models the

peak in the number of irrigated acres, though different in magnitude (1.6

million acres in Model I), is reached in the same time period, 1990.

While the minimum production goal is more than met throughout the

1965 to 2000 period, the irrigated acreage projected by the exponential

growth model is met as a maximum only in 1965. In 1970, Model II's irri-

gated acreage is short of the projected maximum by 6,145 acres. In the

subsequent years this shortage increases progressively as the rapidly

declining water table makes some of the water resource situations uneco-

nomical for irrigated production. Since development of the exponential

growth model is based on the total number of initially profitable irri-

gable acres, the growth in irrigated acres projected also includes the acres

that have now been forced out of irrigation due to low well capacity and



TABLE XIV

CHANGES IN IRRIGATED ACRES AND GROUND WATER IN STORAGE AS PROJECTED BY MODEL II (1965-2000)

Acre Feet Used

Year

1965

1970

1980

1990

2000

No. Acres
Irrigated
Annually

(1)

1,554,898

2,670,965

2,778,948

3,363,921

2,790,461

Period
to Period

Change in (1)
(2)

1,116,067

107,983

584,973

-573,460

For
Irrigation

(3)

2,685,296

4,610,210

4,798,461

5,807,018

4,812,969

For
Municipal

& Industrial
Purposes

(4)

70,382

129,653

149,167

162,436

177,948

Annually

For All Purposes
(3) + (4)

(5)

2,755,678

4,739,863

4,947,628

5,969,454

4,990,917

Period
to Period

Change in (5)
(6)

1,984,185

207,765

1,021,826

-978,537

Total Ac. Ft. in
Under Ground

Storage at the
Beginning of Perioda

(7)

369,663,804

357,235,804

312,537,954

265,762,454

208.768,694

Water in
Storage as
a Percent
of 1965

(8)

100.00

96.64

84.55

71.89

56.48

aFor any year after 1965 column (7) is
column (7)'s entry in the previous period.
270,078 is the mean annual recharge in acre

obtained by subtracting n[column (5) - 270,078] from
n is the number of years in the previous period and
feet.
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rising water costs. When irrigated production on these resources is set

to zero, part of the projected irrigated acres that were to contribute

towards the area maximum are automatically eliminated. Consequently, the

model can irrigate only those portions of the projected maximum that are

profitable during the period in question. Columns (1) and (2) of Table

XIV show Model II's projected irrigated acres and their period-to-period

changes, respectively.

The total quantity of water wi thdrawn from the aquifer annually is

primarily a function of the number of acres irrigated per year and, there­

fore, follows the same periodic trend as irrigated acres. It increases

from 2.8 million acre feet in the initial period to a peak of about 6.0

million acre feet in 1990, an increase of about 117 percent over the

initial period. It decreases to 5.0 million by the year 2000. The pro­

jected total annual withdrawal of ground water and its period-to-period

changes are given in columns (5) and (6) of Table XIV, respectively.

Columns (7) and (8), respectively, show the quantity of water in storage

at the beginning of each year in absolute and relative terms. It declines

precipitously from its initial level of about 370 million acre feet to

about 209 million acre feet in 2000.

In Model II, the rate of decline in the water table increases from

1.55 feet per year in 1965 to a high of 3.55 feet per year and then, as

the annual rate of ground water withdrawal decreases, it declines to 2.94

feet per year in 2000. The total water table decline by 2000 for the deeper

saturated-thickness classes would be more than 100 feet, as shown in Table

XV. As indicated earlier, the use of an aerial drawdown coefficient which

is higher than the coefficient of storage may bias the annual drawdown



of period.

Year

1965
197C
1980
1990
2000

TABLE XV

DECLINE OF THE WATER TABLE AND THE RESULTING WELL CAPACITIES OF THE
SIX SATURATED THICKNESS CLASSES AS PROJECTED BY MODEL II (1965-2000)

Water Table Decline Well Capacities in GP~
in feet Saturated Thickness ClassD

Annual Cumulative <100' 101-200' 201-300' 301-400' 401-500' >500'

1.55 500 1,000 1,000 1,000 1,000 1,000
2.78 7.73 358 900 939 956 966 972
2.91 35.52 42* 582* 736* 807 848 830
3.55 64.62 324* 550 665* 733* 739*
2.94 100.13 111 359 510 604 635

aIndicates values at the beginning

bInitial 1965 conditions.

*Indicate well capacities at which water costs for sprinkler systems decrease.
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downwards and thus tend to encourage a high rate of water use as shown in

Table XIV.

Concomitant to the decline in the water table, the well capacities in

the six saturated-thicknesses classes also decline. The results of Model

II, shown in Table XV, indicate that well capacity in the first saturated­

thickness class (0-100 feet) diminishes from 500 g.p.m. in 1965 to 42 g.p.m.

by 1980. Consequently irrigated production terminates on the 1.8 million

acres or involved about 23 percent of the total irrigable land. In Model I

the economic life of these water resource situations is approximately ten

years longer. In the second saturated-thickness class (101-200 feet) well

capacity declines from 1,000 g.p.m. in the initial period to III g.p.m. by

2000. Some 1.7 million acres or 21 percent of the total irrigable land

overlie the second saturated-thickness class (101-200 feet). This implies

that by 2000 about 44 percent of the initial total irrigable land will not

have an adequate water resource for profitable irrigation enterprises.

Model I requires an additional forty years to reach this situation. In the

third saturated-thickness class (201-300 feet) well capacity declines to

359 g.p.m. by 2000, greatly reducing the profitability of irrigation on

another 2.0 million acres. The well capacity decline in the remaining three

saturated-thicknesses progresses at a slower rate and, consequently, the

economic life of the aquifer in those water resource situations extends

well beyond 2000. Unfortunately, the number of irrigable acres in these

resource groups is only 2.5 million acres, which is about 32 percent of the

total. Furthermore, as pump lifts increase and well capacities diminish

irrigating low net return crops on some of the water situations will become

uneconomical despite their continued high level of well capacity. Conse­

quently, the water resource base on which irrigation of some crops is
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profitable decreases even more. The combined effect of the changes discussed

results in the low level of irrigated acres in later periods in spite of

the higher number of total acres in the three deeper saturated-thickness

classes.

Projected Annual Irrigated and Dryland Acreages, Production,
and the Associated Aggregate Gross and Net Returns: Model II

In general, as Model II maximizes net returns subject to the conditions

specified, irrigated acreage of each crop increases in the early periods

and reaches a maximum about 1990. As the depletion of the ground water has

its effect, the irrigated acreage declines. The process is reversed for

dryland acreages. They decline in the early periods as irrigation develops

and then start to increase as some water resource situations are forced out

of production due to rising water costs brought about by the depletion of

the aquifer. As the model adjusts its production of crops in response to

changing water costs, slight fluctuations in the irrigated acreage of

grain sorghum, wheat, silage and alfalfa are manifested. The annual irri-

gated and dry land acreages of all crops as projected by Model II for all

periods are presented in Table XVI. Table XVII presents the irrigated and

dryland production of each crop and the associated aggregate gross and net

returns.

The annual irrigated acreages and production of grain sorghum, wheat,

corn and alfalfa grow to about 215 percent of their 1965 level by 1990.

The annual irrigated acreages and production of silage, sugar beets, cotton

and soybeans grow to 205, 156, 195 and 224 percent of the initial 1965 level

by 1990, respectively. In 2000, the annual irrigated acreage and production

of grain sorghum, wheat and silage drops to 180 percent. It declines to





TABLE XVII

MODEL II's PROJECTION OF ANNUAL PRODUCTION OF CROPS AND THEIR AGGREGATE GROSS AND NET RETURNS (1965-2000)

Year
Crain Sorghlllll Wheat Com Crain Silage Alfalfa Suga. Been

Irrigated Dryland Irrigated Dryland Irrigated Irrigated Irrigated Dryland Irrigated
1,000 Cwt 1,000 Bu. 1,000 Bu. 1,000 Tons 1,000 Ton. 1,000 TOlU

Cotton Soybeans Annud Cr.,.. Annual Net Total Annual EltlJaatecl. Pn--ry
Irrigated Dryland Irrigated Return. FrClll Retum. FrOID. Net Ret~ IrrlsaUca.

1,000 Bale. 1,000 Bu. Irrigated Dryland Irrisated Dryland 1.000 Dollan BeIulfits
1,000 Dollllr'l 1.000 DoUan 1,000 Dolbn

1965 36,553 U,958 42,035 71<.424 5.787 863 77 112 1.2 0.6 318 136,586 131,491 49,725 44,820 lJ4.545 23,345

1970 62,902 B,047 72,129 65,988 9,569 1.491 132 132 2.2 0.4 673 233,683 107,979 79,273 36,716 115,990 49.257

1980 65,468 10,788 73,629 61,716 10,366 1,534 '" '" 2.3 0.7 6.6 241,826 106,379 77,726 36,246 113,972 107,710

1990 79,335 9,572 88,581 511.80Z 12,576 1,781 '6' 173 2.4 0.' ,>0 291,696 "94,458 81,020 32,197 113,217 51,004

2000 65,412 13,947 72,711 58,252 10,796 1,563 136 158 0.6 2.' 6.. 241,236 106,578 57,555 36,532 !U.,087 27,539--_.._---,---_ ..__.- ._,. __....._- -----"._,-- . -_._.__.'-_ .._._---._.- .._-_ .._~- ..._........._-_._-~~ ...~_ . -- -_ .. _---_ .•._-
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187 percent on corn, 185 percent on soybeans, 176 percent on alfalfa, 141

percent on sugar beets, and 49 percent on cotton. The irrigated cropping

pattern of Model II among the 48 water resource situations is presented by

Bekure [4, pp. 111-116].

The aggregate annual gross returns of the study area from irrigated

production increases from $136.6 million in 1965 to $291.7 million in

1990, an increase of about 114 percent. During the same period of time

aggregate annual net income for the study area from irrigated production

increases from $49.7 million to $81.0 million, an increase of about 63

percent. Aggregate annual gross returns from irrigation decreases to $57.6

million in 2000. This is a very substantial decrease of about $220.0

million, and suggests a rapid rate of decline in net returns from irrigation

will result beyond the year 2000. Aggregate annual net returns from dry­

land enterprises decrease from the initial period until 1990 as an in­

creasing number of dryland acres are converted to irrigated production.

After 1990, irrigated acres are progressively shifted to dryland production

and aggregate annual net return from dryland enterprises increases as

shown in Table XVII.

The primary irrigation benefits were estimated from the Model II

solutions using relation (1). The assumptions of Model II permit the

production of grain sorghum, wheat, alfalfa and cotton, (the crops with

dryland alternatives), to such high levels that the 8.0 million cropland

acres in the study area would not be adequate to produce them without

irrigation after 1970. An accurate estimate of primary irrigation benefits

after 1970 should be based on the maximum net returns that accrue to the

dryland production of these crops on the 8.0 million cropland acres. The
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level of production of grain sorghum, wheat, alfalfa and cotton for 2020,

which requires 7.9 million acres of cropland, (a close approximation to

8.0 million acres), is used to estimate the primary irrigation benefits in

Model II. That is, after 1970 the t in relation (13) refers to 2020 in all

- -
cas~s except NB t and NRt , where t refers to the period in question. The

last column of Table XVII indicates that the estimated annual primary irri-

gation benefits increase from $23.3 million in 1965 to a peak of $51.0

million in 1990, when irrigation development is at its highest level.

Annual primary benefits decline to $27.5 million in 2000, reflecting the

effect of the rapid depletion of the aquifer in the Model II solutions.

Comparison of the Results of
Model I and Model II

The results of Model I and Model II exhibit similar trends over time.

In both cases growth of irrigation in the study area occurs from 1965 to

1990. The extent of irrigation in both models declines during the closing

years of the twentieth century. In both cases irrigated production of crops

and their associated aggregate gross and net receipts follow the same

periodic trend as the growth and decline of irrigation. In both models the

direction of changes in the level of underground water storage and well capa-

cities is the same. The results differ only in magnitude and timing, which

arise from differences in the basic assumptions of the two models. Model

I's basic assumption, that the production of the study area will not surpass

its historic share of the projected national supply of the eight crops,

effectively restricts a rapid growth of irrigation. Consequently, the

ground water is depleted at a slower rate and most of the water resources
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have a longer economic life than in Model II, which assumes irrigation in

the study area will grow at a somewhat slower rate than in the recent past.

With no upper restriction on production of irrigated crops (except for

sugar beets and cotton) this assumption enables Model II to increase the

irrigated acreage of crops at a more accelerated rate than that of Model I

(compare columns (2) and (3) of Table X with those of Table XIV), which

results in a faster depletion of the water resources.

Because the solution to Model I includes irrigation on only 1.4 to

1.6 million acres, the water withdrawals, net income from irrigation and

primary economic benefits can be used to indicate the effect of limiting

irrigation development in the area to approximately the 1965 level--1.5

million acres. A comparison of Model I and II results indicates the

trade-off between water saved for the future and economic benefits to be

derived during the remainder of the twentieth century.

The results for objective one have been derived, as mentioned

previously, under the assumption that irrigators acting individually will

attempt to maximize their net returns to the water resource in the short

run. The analysis completed for objective 2 investigates whether the

resultant annual rate of depletion of the aquifer is suboptimal as compared

to the rate of depletion which maximizes the study area's net income over

the entire planning horizon.



TESTING PROJECTED RATES FOR POTENTIAL MISALLOCATION

The underground water supply in the Central Ogallala is a stock

resource, which possesses the property of commonality since proprietors

of the overlying land obtain their water from a common reservoir. The

optimum allocation of this stock resource among different production

periods requires that the rate at which it is used should be such that

the present value of the stream of future incomes is a maximum. Propri­

etors, acting individually in their self interest, may tend to misallocate

the intertemporal use of the underground water resource. That'is, the

firm tends to maximize net returns to the quantity of water it removes

from year to year without reference to its complete planning horizon.

Given the option of making a group decision, irrigating firms may wish to

ascertain a more dependable future supply at lower costs by reducing the

current rate of use.

The purpose of the analysis reported in this section is to determine

if the projected rate of ground water withdrawal over time developed under

Objective 1 represents a potential misallocation of the ground water in the

Central Ogallala. The initial part develops a sequential decision model

that is used to select the water use strategy that maximizes the study

area's net income from irrigation under various levels of underground water

storage for a given planning horizon. The results of the sequential deci­

sion model are compared with the rate of ground water withdrawal projected

by the recursive linear programming model to determine if the projected

water withdrawals appear to exceed the optimal rate.

71
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Research Procedures

In a closed aquifer where natural recharge is extremely low and ground

water mining is practiced, the problem of optimal allocation of ground water

over time is essentially a problem of choice among the various quantities of

water to leave stored in the aquifer at different points in time. The

decision of how much water to withdraw in any period t has a direct bearing

on how much will be left in storage for the following period t + 1. More

important, the decision to withdraw a certain quantity of water not only

determines the net income for period t but also influences the per unit

cost of water in subsequent periods. The hydrologic relationships dictate

that when a quantity of water is pumped out of the aquifer in period t,

the water table declines thereby increasing pump lift and decreasing well

capacity for period t + 1, a phenomenon which translates to a higher per

unit water cost and hence, ceteris paribus, lower net return per unit of

water used in period t + 1. Thus the net return at any future period is a

function of the storage level at that period (which incidentally is a func­

tion of the initial storage level and the cumulated withdrawals in the

interim periods) and the decision to withdraw Wt quantity of water in that

period. The problem is to find the optimal decisions, for all periods

in a given planning horizon, which may be defined as those decisions of

the rate of ground water withdrawal that will maximize the study area's net

income over the entire planning horizon. Since there is an interdependence

between decisions and storage levels from period to period, a sequential

multi-period decision model is required to map the decision strategy in

all the intermediate periods to attain the goal of maximum net return from

all withdrawals in the planning horizon. An optimizing technique that is

capable of accommodating such a model has been developed by Richard Bellman
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[5]. The technique is commonly referred to as dynamic programming.

The Multi-Stage Sequential Decision Process

The decision process or economic activity is performed in time periods

or intervals which are referred to as stages. The multi-stage sequential

decision process consists of a series of these stages joined together so

that the output of one stage becomes the J.·nput to the next [70 26], p. •

A stage may represent any span of time suitable for the particular

problem under study. For our purposes the economic decision to extract

ground water at a certain rate per year will be made for a planning hori-

zon subdivided into lO-year intervals. Thus a stage refers to a period

ten years in length.

An important concept of the model is the state of the process, which

describes the condition of the system at the beginning and end of each

stage. In this study the level of underground water at the beginning of

a stage is referred to as the input state. The output state is the level

of underground water in storage at the end of a stage.

At each stage there exists a set of relevant alternative decisions

among which one will be selected as the optimal policy to be carried out

in that stage. Here the decision variable is the annual rate of ground-

water withdrawal. The set of alternative decisions contains various quan-

tities of water to be withdrawn annually.

The decision to execute one alternative from the set transforms the

condition of the system from an input state at the beginning of the stage

into an output state at the end of the stage. In other words, the alterna-

tive selected at a particular stage and s tate of the process dictates the

state which the system will occupy in the following stages. This leads to

the concept of transition and transition probabilities.
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Transition refers to the transformation of a given input state to any

output state via a given alternative decision. For any given input state

and an alternative decision the output state depends upon the magnitude of

the alternative selected and the nature of other variables that affect the

state of the system. Considering the nature of these other variables, each

alternative decision may transform the given input state to a given output

state with certainty or with some degree of uncertainty. If the transfor­

mation is known to occur with certainty, the process is said to be deter­

ministic, i.e., a given alternative taken in a certain input state has a

unique outcome. The transition probability, defined as the probability

that a given input state will end up in a certain output state via a selected

alternative decision, in the deterministic case is either zero or one. If

the process is stochastic, any alternative selected has no unique outcome

and the transition probabilities take on values from one to zero. (One may

find stochastic processes in which some of the transition probabilities are

one or zero.) The multi-stage decision process analyzed in this study is

assumed deterministic because natural annual recharge is small in relation

to the magnitude of the decision variable, the rate of groundwater with­

drawal, and little is known about its variability.

Associated with each transformation is a stage return that accrues to

the execution of the policy selected in that stage. The stage return in

this study is the total net returns derived from applying the selected quan­

tity of water to irrigated crops in the study area.

Consider the following schematic and mathematical representation of

the multi-stage decision model. First define M discrete underground water

storage levels Si' i = 1, 2, ..• , M, each level representing a state, and
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K discrete alternative rates of ground water withdrawal, Wk , k = 1, 2,

••. , K. Define P~j as the transition probability of the system in trans­

forming from input state i to output state j via alternative decision k.

Define R~j as the net return accruing from alternative decision k being

carried out and the system transiting from input state i to output state j.

In reference to a particular stage n, n = 1, 2, ... , N, of the N stage

system we have

S. (n) = input state of the system in the thn stage,
~

Sj (n) = output state of the system in the thn stage,

k th decision selected th
W. (n) = k alternative as optimal in the n
~

k
Rij(n)

stage, and

= the net return accruing to ~(n).
~

The Stage Transformation

thIn general the n stage transformation of the state of the process

may be represented by:

(14)

th
Relation (14) indicates that the input state in the n stage, or alter-

natively the output state of the n_1 th stage, is a function T of the input

state in the preceding stage, Si (n-l) , and the optimal decision taken in

that stage. In the underground water situation the transformation function

can be expressed explicitly by the recursive relation:

(15)

where

S.(n-1) = level of ground water storage at the beginning of
~

stage (n-l) ,
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A(n-l) = addition to storage by natural recharge during stage

(n-l), and

kW
i
(n-l) = quantity of water withdrawn in stage (n-l).

Thus Si(n) is independent of the latter stages n + 1 through N; it depends

only on the decisions made prior to stage n in the stages 1 through n - 1.

The series of transformations can be carried back to the initial stage as

shown by:

The Stage Return and the Optimization Principle

The stage return at any stage n is given by:

(17)

kwhich says that the stage return, R.(n), is a function of the input state
~

Si at the beginning of the stage and the k
th

alternative decisions selected

in that stage. In general, for the N stage system we have a sequence of

stage returns given by the criterion function:

k k k
F[Si(1)., S.(2), •.• , S.(N); W.(1), W.(2), ••• , W4 (N)] (18)

]. ].]. 1. ..L

The optimization problem is one of choosing the W~(n) at each stage n so as
~

to maximize the criterion function F over all stages one through N for the
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entire planning horizon. An optimal policy function W(W~(l), ~(Z) •.•••

~(N» specifies the optimal decision for all combinations of input states.

S.• and stages n which will result in the optimization of the criterion
~

function F.

In order to apply the dynamic programming technique to solve the

optimization problem. the criterion function F has to display the property

of a Markovian dependence which states that:

After any number of decisions say k. we wish the effect of
the remaining N-k stages of the decision process upon the
total returns to de~end only upon the state of the system
at the end of the k h decision and the subsequent decisions
[6, p. 54].

In other words, once the input state is specified at each stage, the

decision taken in that stage is independent of the decisions taken in

earlier stages so that only the decision in the current and subsequent

remaining stages affect the total net returns. In the case of the optimum

intertempora1 allocation of groundwater the storage level at the beginning

of each stage must absorb all the influences of the decisions taken hereto-

fore. Henceforth, the total net return is affected by the choice of the rate

of ground water withdrawal in the current and subsequent stages.

This property of a Markovian dependence enables one to decompose the

criterion function F into a sum of separate individual stage returns and

we have:

k k k
f

1
[S.(l), W.(1)] + fZ[S,(Z), W.(Z)] + ... + fN[S.(N). W.(N)].

~ ~ ~ 1. 1. 1.

Given the initial state of the system as 8
1

and the number of stages as N.

the maximization problem can now be stated as

~x
W

n

(19)
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Due to the separability of the criterion function relation (19) can be

restated as

+ Max Max
k k

W2 W
3

+ ... + f
N

(8
N

, Wk) ] (20)
N

Note the expression:

Max Max ... Max [f
2

(8
2

, Wk) + f
3

(8
3

, Wk) + ... + fN(8N, Wk)]
k k k 2 3 N

W
2

W
3

W
N

represents the total net return from an (N-1)-stage decision process as

8
2

the initial state of the system. Hence we can write it as

f N_ 1(8 2) = MkX MkX
W

2
W

3

Max [f
2

(8
2

, Wk
2

) + f (8 W~+k 3 3' 'j ...
WN

N ~ 2 (21)

8ubs ti tuting this result in relation (20) it simplifies to:

f
N

(8 1) = Max [f 1(8 1, Wk ) + f
N

_1(8
2
)] (22)

k 1
W1

using the transformation equation (16), 82

(22) as

Max
k

W.
~

(23)

Relation (14) gives the recursive optimization equation connecting all

members of the sequence f
N

(8
1
). It can also be derived from Bellman's

principle of optimality which states that:
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An optimal policy has the property that whatever the initial
state and the initial decision, the remaining decisions must
constitute an optimal policy with regard to the state result­
ing from the first decision [6, p. 57].

The first optimal decision w~ yields the return f 1(S1' ~) transforming the

state of the process from S1 into T1(S1' W~) and also reducing the number

of stages from N to N-1. The optimal decision for the remaining N-1 stages

and the state resulting from the first decision is

Combining this with the first decision we have

(24)

which is exactly the same as relation (22).

The above formulation is centered around S1 as the only input state or

initial condition of the system. Since there are Si' i = 1, 2, ••• , M,

possible input states at each stage relation (22) should be written to

include all the possible inputs of the system. Doing so results in

(25)

At this point we shall introduce into the recursive optimization

equation (a) the interest rate, r, in order to discount to a comparable

level the net return streams generated by the sequential decisions at

different time periods as the system moves from stage to stage, (b) the

transition probabilities to reflect the deterministic or stochastic

nature of the process and (c) the explicit transformation function to
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replace its implicit counterpart. Thus, we have for any stage n and any

input state i

fn(S<) = Max {f [S.(n), W~(n)] + (1 + r)-l .
~ k n ~ ~

W. (n)
~

f 1[S.(n-2) + A(n) - W~(n-2)]},n- 1 1

M k
1: p ..

j=l ~J

(26)

i = 1, 2, .•. , M; n = 0, 1,2, ••• , N. Substituting the stage return

k k
Ri(n) for f [S.(n), W.(n)], S for (1 +

n ~ ~

-1
r) , Sj for lSi (n-2) + A(n) -

W~(n-2)] and max for
~ k

Max we
k

W. (n)
~

have

k= Max [R. (n) + S .
k ~

M
1: P ..

j=l ~J
. f IS . ] ,

n- J
(27)

i = 1, 2, ••• , M; n = 0, 1, 2, ••• , N.

Relation (27) may be interpreted to say that the expected present value

of an N-n stage process under an optimal policy is the maximum sum of the

expected net return accruing to the decision in stage n and the discounted

expected net returns from the remaining n-l stages, provided an optimal

policy will be carried out in the remaining n-l stages.

The recursive solution of equation (27) starting from n = 1 and

continuing through n = N yields the optimal N-stage returns. Since we are

dealing in the future and we wish to maximize the expected discounted total

net return, such an optimization can be carried only from the future to the

present [50, p. 57~ Computationally, the procedure involves starting with

the last stage of the planning horizon treated as a one-stage process and

carrying out the maximization on k for all S.. Then the second stage from
~

the last is taken up as a two-stage process using the results of the one-

stage process to carry out the maximization on k for all S.. Then a
~
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three-stage, four-stage, ••• , n-stage process is treated yielding the

maximum expected discounted net return. Stated formally, the backward

iterative solution, carried from the future to the present, for each

state i = 1, 2, ... , M becomes:

[R~(N)
M

fi (N) = Max + 8 .
1: P. j . f.(N+l)]

k 1 j=1 1 J

[R~(N-l)
M

fi (N-l) = Max + 8 .
1: P .. .

f j (N) ]
k 1 j=1 1J

k M
5f. (n) = Max [Ri(n) + 8 · 1: P .. f.(n+l)]1

k j=1 1J J

[R~(2)
M

f.(2) = Max + 8 1: P .. . f . (3) ]1
k 1 j=1 1J J

[R~( 1)
M

f. (1) = Max + 8 · 1: P .. . f. (2) ] (28)1
k j=1 1J J

i = 1, 2, ..., M; k = 1, 2, • •• , K •

Since N + 1 is outside the system, a terminal value of zero is assigned to

f j (N+l) so that the recursive solution can be stated as:

k
fi(N) = Max R. (N).

k 1
(29)

For a solution to each f.(N) for the next iteration, f.(n-l), n = 0, 1, 2,
1 J

••• , N, is supplied by the solution for f.(n) in the current iteration. For
1

any period having n-stages remaining in the planning horizon, the optimal

strategy for each of possible M initial input states is given by the function

5Note that nrefers to the number of stages remaining in the planning
horizon. Hence, n = 1 refers to the last stage N, n = 2 refers to the second
last stage N-l, etc.
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k k k k
W[Wi(n), Wi (n-1), •••• Wi (2), Wi (l)] which is a set of those alternative

ground water withdrawal rates that maximize the sum of discounted expected

net returns at each remaining stage in the planning horizon. Associated

with the function W is the function F[f. (n), f. (n-1) , ••.• f. (2), fi(l)]
1 1 1

which gives the corresponding sum of maximum discounted expected net return.

In Figure 4 [70, p. 17]. given the initial. 1970, level of ground water

storage as state one (51)' stage one represents the first ten-year period

of the planning horizon in which the decision on the optimal rate of ground

water withdrawal, W~(l), is made. R~(l) is the net return that accrues to

the optimal decision, W~(l), in stage one. The execution of W~(l) transforms
1 1

the state of the system into an output state, 5.(1), which becomes the input
J

state, 5.(2), in the second stage (1980-89). where the optimal decision,
1

k
Wi (2), is selected and the system is transformed to an output state, 5

i
(3).

The process continues in a similar fashion from stage to stage until the

final stage, N = 10. is reached.

Data Development

This section discusses the development of the input data that are

necessary to determine the optimal intertemporal allocation of ground water

from the Central Ogallala Formation as a multi-stage sequential decision

model capable of solution by the dynamic progrannning technique. The first

step in setting up the multi-stage sequential model for optimization by the

dynamic programming technique is to define the component parts and specify

their values as input data. These component parts, described in the

Research Procedures section, are (a) the possible input and output states

of the system at all stages, (b) the sets of alternative decisions in each
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state, (c) the transition probabilities associated with each alternative

in the set for each state and (d) the net returns that accrue to each

alternative in each state. The number of stages in the planning horizon

and the appropriate discount rate to be used also need to be determined.

It has been mentioned that the net returns associated with alternative

withdrawal rates playa very important role in determining the optimal rate

of ground water withdrawal at each stage of the planning horizon. Any cho­

sen alternative rate will have different net returns depending on how much

water is pumped from each of the 48 water resource si tuations as each of

them have unique water costs at any time. Ideally, the optimum rate of

withdrawal for each water resource situation should be determined and

aggregated for the study area. This could be accomplished in the following

manner. First, the two linear programming production models (with a matrix

of 840 rows by 4116 columns) would be modified to generate the net returns

associated with each alternative rate of water withdrawal for each of the

48 water resource situations. Secondly, the optimum rate of withdrawal

would be found for each water resource situation. This implies that 48

sequential decision models have to be constructed and run. This procedure

was judged to be too cumbersome and taxing in the amount of personnel and

computer time required to process the voluminous input and output data.

Some simplifying assumptions were made to circumvent this difficulty and

at the same time provide a reasonable approximation to the ideal procedure.

The first simplification is to stratify the water resource situations

by the six saturated-thickness classes and one weighted average depth-to­

water class (see columns (1) and (2) of Table XIX) instead of the eight

depth-to-water classes. This reduces the water resource situation from 48
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to six. The choice not to reduce the saturated-thickness classes was made

because they determine well capacity and hence, are the principal deter­

minants of water cost and availability. Since water costs due to lift are

linear in nature, the weighted average depth introduces little or no cost

bias.

The six water resource situations were programmed individually using

variable resource programming (parametric programming) to generate the net

returns associated with each level of water made available. Two sets of

models for each of the six water resource situations were used to reflect

the assumptions of Model I and Model II. These parametric programming

models were not run over time as they are designed to yield conditional

answers of the "if ... then" type. In other words, given various storage

levels of ground water in each saturated-thickness class the models gener­

ate a set of net returns corresponding to alternative rates of ground water

withdrawal irrespective of the time dimension.

The number of irrigated acres and/or the production restrictions

change over time in the two RLP production models, thus influencing the

optimal solutions. To avoid the expense of programming numerous acreage­

storage level combinations, the parametric programming models assume that

the number of irrigated acres and the production of crops in each saturated­

thickness class will not exceed the maximum reached in 1990 with the corre­

sponding production models I and II. That is, Modell's levels of produc­

tion of the various crops for 1990 in each saturated-thickness class were

made upper limits in the right-hand side of the parametric models that

correspond to Model I. Model II's number of irrigated acres for 1990 in

each saturated-thickness class was made an upper limit in the right-hand
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side of the parametric models that correspond to Model II. After the net

returns associated with the different storage levels in each of the six

saturated-thickness classes were obtained for the two sets of assumptions

corresponding to Model I and Model II, the data for each saturated-thickness

class was used by the sequential decision model. The name Model A is desig-

nated to refer to the sequential decision models that use data generated by

the parametric programming models reflecting the assumptions of Model I.

Model B refers to the sequential decision models using data generated by

the parametric programming models reflecting the assumptions of Model II.

The Discrete Input and Output States

The total amount of water available in storage in 1970 in each of the

six saturated-thickness classes is subdivided into a convenient set of

discrete intervals which are designated as input states S. and output
l

states S .• Table XVIII shows the number of these states in each saturated­
J

thickness class and the range of ground water storage level they represent

in both Models A and B. Note that the size of the class interval for the

states is not the same in all saturated-thickness classes. It was chosen

on the basis of the maximum use rate of water permitted by the upper limit

on crop production and/or irrigated acreage restrictions imposed on the two

types of parametric programming models and the magnitude of changes in

water costs from one state to the next. Since the rate of water use is

more conservative in Model A, the states in the first saturated-thickness

class (0-100 feet) have an interval of only one million acre feet. In the

next four saturated-thickness classes the class interval of the states is

a wider 5 million acre feet as water costs change at a slower rate and use

rates of water are high. The sixth saturated-thickness class (>500 feet)
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TABLE XVIII

DISCRETE INTERVALS OF GROUND WATER STORAGE LEVELS DESIGNATING
THE VARIOUS STATES OF EACH SATURATED THICKNESS CLASS

IN THE SEQUENTIAL DECISION MODELS A AND B1

State Saturated Thickness Class
Si or Sj 0-100' 101-200 ' 201-300' 301-400 ' 401-500' >500'

Storage of Ground Water in Million Ac. Ft.

1 19.1-20.0 53.0-57.0 104.0-108.0 98.0-102.0 44.0-48.0 31.1-33.0
2 18.1-19.0 47.0-52.0 99.0-103.0 93.0-97.0 39.0-43.0 29.1-31.0
3 17.1-18.0 43.0-46.0 94.0-98.0 88.0-92.0 34.0-38.0 27.1-29.0
4 16.1-17.0 38.0-42.0 89.0-93.0 83.0-87.0 29.0-33.0 25.1-27.0
5 15.1-16.0 33.0-37.0 84.0-88.0 78.0-82.0 24.0-28.0 23.1-15.0
6 14.1-15.0 28

0

.0-32.0 79.0-83.0 73.0-77 .0 19.0-23.0 21.1-23.0
7 13.1-14.0 23.0-27.0 74.0-78.0 68.0-72.0 14.0-18.0 19.1-21.0
8 12.1-13.0 18.0-22.0 69.0-73.0 63.0-67.0 9.0-13.0 17.1-19.0
9 11.1-12.0 13.0-17.0 64.0-68.0 58.0-62.0 0.0-8.0 15.1-17.0

10 10.1-11.0 8.0-12.0 59.0-63.0 53.0-57.0 13.1-15.0
11 9.1-10.0 0.0-7.0 54.0-58.0 48.0-52.0 11.1-13.0
12 0.0-9.0 49.0-43.0 43.0-47.0 9.1-11.0
13 44.0-48.0 38.0-42.0 7.1-9.0
14 39.0-43.0 33.0-37.0 5.1-7.0
15 34.0-38.0 28.0-32.0 0.0-5.0
16 29.0-33.0 23.0-27.0
17 24.0-28.0 18.0-22.0
18 19.0-23.0 13.0-17 .0
19 0.0-19.0 0.0-12.0

lIn Model B saturated thickness classes 0-100' and >500' have a smaller
number of states. Since water use is higher in these was's under the optimal
solutions of Model II, the class interval of their states is made 5 million
acre feet (va. 1 and 2 million acre feet for saturated thiskness class 0-100'
and >500' in Model I) resulting in a smaller number of states.
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possesses less than five percent of the total irrigable area limiting the

extent of irrigated activity. The maximum use rate of water in this water

resource situation can be only 2.5 million acre feet per year in Model I.

The class interval of its states is two million acre feet. The number of

states in each water situation was determined by the storage level that

limits well capacities to such a level that irrigation systems cannot be

sustained. The storage levels of the last state in each saturated-thickness

class represents such a situation.

In Model B the number of states and their class intervals are the same

as in Model A for all saturated-thickness classes except 0-100 feet and

>500 feet. Water use is high in these water resource situations under the

optimal solutions of Model II and the class interval of their states is

increased to five million acre feet for Model B. According to this classi-

fication there are only four states in saturated-thickness class 0-100 feet

--namely, r8 ' 16-201
1 :

I 11-1682
1 = million acre feet

83 i 6-10

kl 0-5
_ ..J

and seven states in saturated-thickness class >500 feet--namely,

..
8 1 29-33 I

I,
82

24-28 I
I

83
19-23 I

i,
84

= 14-18 i million acre feet.
i

85 9-131
I

86 4-8
I

8 7j 0-3
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The Discrete Alternative Rates of Ground
Water Withdrawal

The number of discrete annual rates of ground water withdrawal, their

range of values in the states to which they belong and the amount by which

successive rates are incremented are shown for each water resource situa-

tion in Table XIX for both Model A and Model B. The annual rates of with-

drawal were determined by experimentation in conjunction with the class

size of the states and the maximum ground water use permitted by the crop

production and/or acreage restrictions imposed on the corresponding para-

metric programming models. The information in the first row of Table XIX

indicates the first saturated-thickness class has ten alternative annual

rates of ground water withdrawal for each state of Model A ranging from

zero to 0.45 million acre feet by successive increments of 0.05 million

acre feet. In Model B the first saturated-thickness class has 11 alterna-

tive annual rates of ground water withdrawal for each state ranging from

zero to one million acre feet by successive increments of 0.1 million acre

feet. The rest of the data in Table XIX for the remaining water resource

situations can be interpreted in a similar fashion. Note that in Model B

the ranges permit higher rates of ground water withdrawal reflecting the

extensive use of water in the second production model.

The Transition Probabilities

The elements of the transition probabilities matrix for each set of

alternative rates of ground water withdrawal in each input state define

the probability that the state will occupy a certain output state at the

end of a stage via each alternative decision taken in that stage. In this

study the multi-stage decision process is formulated as a deterministic



TABLE XIX

ALTERNATIVE ANNUAL RATES OF GROUND WATER WITHDRAWAL IN EACH STATE
OF THE SIX SATURATED THICKNESS CLASSES IN THE SEQUENTIAL DECISION

MODELS A AND B

Saturated Weighted Range of Alternative Increment in Number of Alternative
Thickness Average Annual Rates of Successive Annual Rates of

Class Depth Ground Water Withdrawal Rates of (3) Ground Water Withdrawal
(1) (2) (3) (4) (5)

in ft. in ft. in mill. ae. ft. in mill. ae. ft. in mill. ae. ft. '0
0

Model A Model B Model A Model B Model A Model B

0-100 119 0-0.45 0-1.00 0.05 0.10 10 11
101-200 159 0-0.90 0.1.50 0.10 0.10 10 16
201-300 161 0-0.90 0-2.10 0.10 0.10 10 22
301-400 148 0-0.90 0-1.20 0.10 0.10 10 13
401-500 142 0-0.30 0-0.70 0.10 0.10 4 8
Over 500 118 0-0.25 0-0.40 0.05 0.10 6 5
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case and, therefore, the elements of the probability matrix are either one

or zero.

The multi-stage decision process was treated as nonstochastic because

of the relative smallness of the relevant random variable, annual recharge,

with respect to the magnitude of the class interval of the states. The

average annual recharge for the entire area is about 0.27 million acre

feet per year while the smallest class interval of the states in the six

water resource situation aggregates to 23 million acre feet. This implies

that recharge would have to be 85 times the estimated amount to increase

the ground water storage level one state. The highest total annual pre­

cipitation recorded during the 25-year period of 1941-1965 was about 31

inches. Annual recharge from this amount of yearly precipitation will

amount to only 0.46 million acre feet, which is not sufficient to affect

the status of any state. The minimum value recharge can have is zero and

the absence of recharge will not transfer any given state to a lower one.

In the absence of large streams recharging the Central Ogallala Formation

the range of variation in precipitation will not significantly alter the

ground water storage level within the framework of the classification of

the input and output states of the system. Because the estimated demand of

ground water for municipal and industrial purposes averages about 0.21

million acre feet per year, it can be assumed that the average annual re­

charge will satisfy this demand. Consequently, both the recharge component

and the industrial and municipal ground water demand component can be

omitted in the multi-stage sequential decision models.

With these assumptions the input states at any stage of the system are

transformed to other output states only by the magnitude of the rate of
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ground water withdrawal considered to be optimal for that stage. Since

these decisions are known with certainty and the transformations are per­

formed ~ post for the next stage, the multi-stage sequential decision model

can be formulated as a nonstochastic process. In other words, given the

state of the process at the beginning of any stage and the optimal decision

on the rate of withdrawal, the output state of the system for the next stage

is unique. Since there are 12 formulations of the system, two formulations

each representing Model A and Model B for the six water resource situations,

presenting all of the transition probability matrices is a lengthy process.

Therefore, saturated-thickness class 401-500 feet for Model B is chosen to

serve as an illustration of how the transition probabilities were con­

structed in each of the 12 formulations. Table XX shows nine sets of transi-

tion probabilities, one set for each state. An interpretation of the data

presented is as follows.

Suppose the system is in input state Sl at the beginning of a given

stage, there are eight alternative rates of ground water withdrawal ranging

from zero to seven million acre feet per stage to choose from. If anyone

of the alternatives W1 through W5 is chosen as the optimal policy, the out­

put of the system will still be in Sl at the end of the stage because the

probability associated with each of them is one. If one the other hand any

of the alternatives W
6

through W8 is chosen as the optimal policy, the state

of the system will transit to output state S2 at the end of that stage. The

rest of the probabilities for the remaining states are interpreted in a

similar fashion. Using Tables XVIII and XIX as a guide one can visualize

how the probability matrices for each of the water resource situations are

constructed.



TABLE XX

THE TRANSITION PROBABILITY MATRIX FOR SATURATED
THICKNESS CLASS 401-500 FT. IN MODEL B

Input State at Alternative Rate Output State at the End of a Stage
the Beginning Storage Level of Withdrawal S

of a Stage mill. ac. ft. per StaRe 1 2 3 4 sj 6 7 8 k 9
S. W

k mill. ac. ft. Transition Probabilities Pij~

1 44-48 1 0 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0
3 2 1 0 0 0 0 0 0 0 0
4 3 1 0 0 0 0 0 0 0 0
5 4 1 0 0 0 0 0 0 0 0
6 5 0 1 0 0 0 0 0 0 0 '"w
7 6 0 1 0 0 0 0 0 0 0
8 7 0 1 0 0 0 0 0 0 0

2 39-43 1 0 0 1 0 0 0 0 0 0 0
2 1 0 1 0 0 0 0 0 0 0
3 2 0 1 0 0 0 0 0 0 0
4 3 0 1 0 0 0 0 0 0 0
5 4 0 1 0 0 0 0 0 0 0
6 5 0 0 1 0 0 0 0 0 0
7 6 0 0 1 0 0 0 0 0 0
8 7 0 0 1 0 0 0 0 0 0

3 34-38 1 0 0 0 1 0 0 0 0 0 0
2 1 0 0 1 0 0 0 0 0 0
3 2 0 0 1 0 0 0 0 0 0
4 3 0 0 1 0 0 0 0 0 0
5 4 0 0 1 0 0 0 0 0 0
6 5 0 0 0 1 0 0 0 0 0
7 6 0 0 0 1 0 0 0 0 0
8 7 0 0 0 1 0 0 0 0 0
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TABLE XX (Continued)

Input State at Alternative Rate Output State at the End of 8 Stage
the Beginning Storage Level of Withdrawal 5

of a Stage mill. ac. ft. per Stage 1 2 3 4 sj 6 7 8 k 9
Si Wk mill. ac. ft. Transition Probabilities Pi)

4 29-33 1 0 0 0 0 1 0 0 0 0 0
2 1 0 0 0 1 0 0 0 0 0
3 2 0 0 0 1 0 0 0 0 0
4 3 0 0 0 1 0 0 0 0 0
S 4 0 0 0 1 0 0 0 0 0
6 S 0 0 0 0 1 0 0 0 0
7 6 0 0 0 0 1 0 0 0 0
8 7 0 0 0 0 1 0 0 0 0

S 24-28 1 0 0 0 0 0 1 0 0 0 0
2 1 0 0 0 0 1 0 0 0 0
3 2 0 0 0 0 1 0 0 0 '0
4 3 0 0 0 0 1 0 0 0 0
S 4 0 0 0 0 1 0 0 0 0
6 S 0 0 0 0 0 1 0 0 0
7 6 0 0 0 0 0 1 0 0 0
8 7 0 0 0 0 0 1 0 0 0

6 19-23 1 0 0 0 0 0 0 I 0 0 0
2 1 0 0 0 0 0 I 0 0 0
3 2 0 0 0 0 0 I 0 0 0
4 3 0 0 0 0 0 I 0 0 0

5 4 0 0 0 0 0 1 0 0 0

6 S 0 0 0 0 0 0 I 0 0
7 6 0 0 0 0 0 0 I 0 0
8 7 0 0 0 0 0 0 1 0 0
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TABLE XX (Continued)

Input State at Alternative Rate Output State at the End of a Stage
the 8eg1nn111g Storage Level of Withdrawal 5

jof a Stage mill. ec. ft. per Stage 1 2 3 4 5 6 7 8 k 9
51 Wk

mill. ec. ft. Transition Probabilities P1j

7 14-18 1 0 0 0 0 0 0 0 1 0 0
2 1 0 0 0 0 0 0 1 0 0
3 2 0 0 0 0 0 0 1 0 0
4 3 0 0 0 0 0 0 1 0 0
5 4 0 0 0 0 0 0 1 0 0
6 5 0 0 0 0 0 0 0 1 0
7 6 0 0 0 0 0 0 0 1 0
8 7 0 0 0 0 0 0 0 1 0

8 9-13 1 0 0 0 0 0 0 0 0 1 0
2 1 0 0 0 0 0 0 0 1 0
3 2 0 0 0 0 0 0 0 1 0
4 3 0 0 0 0 0 0 0 1 0
5 4 0 0 0 0 0 0 0 1 0
6 5 0 0 0 0 0 0 0 0 1
7 6 0 0 0 0 0 0 0 0 1

8 7 0 0 0 0 0 0 0 0 1

9 0-8 1 0 0 0 0 0 0 0 0 0 1

2 1 0 0 0 0 0 0 0 0 1

3 2 0 0 0 0 0 0 0 0 1

4 3 0 0 0 0 0 0 0 0 1

5 4 0 0 0 0 0 0 0 0 1

6 5 0 0 0 0 0 0 0 0 1

7 6 0 0 0 0 0 0 0 0 1

8 7 0 0 0 0 0 0 0 0 1
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The Stage Returns

The stage return constitutes the criterion by which the multi-stage

decision model selects the optimal policy. The rate of withdrawal that

contributes the most to the expected discounted net returns for each rate

of ground water withdrawal in each state was generated from the results

of the parametric programming models discussed earlier in this section.

Presentation of the net returns data from each of the 12 formulations

would be a lengthy process. To conserve space, input data for the one

saturated-thickness class, 401-500 feet, for Model B are presented in

Table XXI. This set of net returns is associated with the matrices of

transition probabilities given in Table XX. When no ground water is

withdrawn, alternative WI' the dryland net return of $4.13 million is

common to all storage levels. For any storage level greater than WI'

reading down Table XXI column-wise, note that the net returns decrease

reflecting the effects of increasing water costs from one input state to

the next. For any given input state, reading across Table XXI row-wise,

note that the differences between net returns of successive alternatives

becomes smaller. In other words, while the rate of increase in the ground

water withdrawn is the same between successive alternatives, the rate of

increase in the corresponding net returns is decreasing indicating dimin­

ishing returns exist in applying larger and larger quantities of ground

water. In input state S9 any withdrawal of ground water results in nega­

tive net returns. The net returns generated from the parametric program­

ming models for the remaining water resource situations are given by

Bekure [4, pp. 216-227].
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TABLE XXI

UNDISCOUNTED ANNUAL STAGE RETURN MATRIX FOR SATURATED
THICKNESS CLASS 401-500 FT. IN MODEL B

Input
Stats

Si

Storage
Leval

mill.ac. ft. o

Alternative Rate of Withdrawsl Per Stsge
in million sc. ft.

1 2 3 4 5 6 7

1

2

3

4
5

6

7

8

9

44-48

39-43

34-38

29-33

24-28

19-23

14-18

9-13

0-8

Undiscoqnted Annual Net Returns in Million Dollars
4.13 6.81 9.18 11.50 13.55 15.38 16.91 18.31

4.13 6.79 9.15 11.44 13.48 15.31 16.83 18.21

4.13 6.78 9.11 11.39 13.41 15.23 16.73 18.10

4.13 6.76 9.07 11.33 13.34 15.04 16.51 17.85

4.13 6.72 8.99 11.19 13.15 14.89 16.33 17.65

4.13 6.68 8.92 11.08 13.01 14.54 15.91 17.17

4.13 6.60 8.76 10.81 12.66 14.13 15.43 16.60

4.13 6.50 8.59 10.51 12.27 13.77 14.99 16.11

4.13 a

a(_) entries indicate that net returns will be negative if those
decisions are made in the corresponding stste.
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The Planning Horizon and the Discount Rate

Projections were developed under objective 1 for the period 1965

through 2000. The primary concern is to determine if the projected rates

of withdrawal represent an intertemporal misallocation. The multi-stage

sequential decision model assigns a value of zero to any water remaining

in storage at the end of the planning horizon. A 100-year period from

1970-2069 was selected as the planning horizon. An infinite planning

horizon could have been selected, but the present value of income received

after 2070 is so small it would not affect the optimal withdrawal rates

selected for the 1970-2000 period.

In the formulation of the sequential decision model the planning

horizon is divided into ten ten-year intervals defining the ten stages of

the system. Stage one represents the production period 1970-79, stage

two represents 1980-89, etc., to stage ten which represents the production

period 2060-69.

The rate of ground water withdrawal selected as optimal for each state

in a given stage represents the sum of ten equal annual rates. However,

the same cannot be said of the associated stage returns. As the stages

represent a ten-year interval at different points in the planning horizon,

the net return attributed to the first year of a given stage is not of the

same value as that attributed to the tenth year. To make them comparable,

the net returns of each of the ten years are discounted to their present

values at the beginning of the stage. More important is making the net

returns of the tenth stage comparable to those of the first stage. The use

of a discount factor implies that net returns expected to accrue in time

periods near to the present are of greater consequence in decision making
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than net returns of equal magnitude in distant time periods. The net

returns in all time periods of the planning horizon are made comparable

by applying an appropriate interest rate and discounting procedure.

The selection of an appropriate discount rate is important. Since

ground water is developed by the private capital of farmers, the relevant

discount rate may be narrowed to the selection from the interest rates f

farmers face. These rates range from those on production credit in agri-

culture to rates on personal savings of farmers or the rate of return on

fixed capital (asset equity) in farm production. It is clear that there

is no one single value for the discount rate. In this study, three dis-

count rates, r = 0.00, r = 0.04, and r = 0.08, are used to test the sensi-

tivity of the optimal solution. The procedure used to discount the various

net returns within a stage and between stages is given by the following

relation:

PV
-n

(l + r) + R
r 2

1 - (l + r)-n
r

-n
1 - (1 + r) (1 + r)-2n ++ R3 r

+ R
m

1 -
r

(l + r) -n(m-l)

+ ... + 1 - (1 + r)-n (1 + r)-9n
RIO r

(30)

where

PV = the expected present value of the stream of net returns from

... ,

all stages in the planning horizon,

th10 is the m stage,m = 1, 2,

n = 10 is the number of years in each stage,
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Rm = the annual net return attributed to the optimal annual rate

of ground water withdrawal in stage m,

r = the discount rate used,

1 - (l + r) -n
=

r the annuity of a net return of $1.00 for n years

at a discount rate of r, and

(1 + r)-n(m-1) = the present value formula for the mth stage.

There are three factors in each term of the series in relation (30), namely,

Rm, the annuity formula, and the present value formula. The annuity formula

discounts the stream of equal annual net returns, R , to the beginning of
m

the stage and sums the ten years of each stage. The present value formula

discounts the expected total net return of each stage back to the beginning

of the planning horizon. In the first term of relation (30), the present

value formula is implicit because it reduces to one as m-1 is equal to zero.

Solutions of the Multi-Stage Sequential
Decision Models

The multi-stage decision models for each of the six saturated-thickness

classes under the two assumptions of Model A and Model B were optimized

using the dynamic programming technique. The computer algorithm developed

for the technique follows Howard's "value iterative" method [41, pp. 26-31].

Three sets of solutions were obtained for each water resource situation

under Model A and Model B. For the sake of brevity, only one solution using

the 0.04 discount rate for saturated-thickness class 401-500 feet under the

assumptions of Model B is shown in Tables XXII and XXIII. Note that this

solution corresponds to the transition probabilities and net returns given

in Tables XX and XXI, respectively. The optimal policies and their corres-

ponding maximum expected discounted net returns are conditional for every
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TABLE XXII

SOLUTION OF TIlE MULTISTAGE SEQUENTIAL DECISION HODEL: OPTIMAL
RATES OF GROUND WATER WITHDRAWAL FOR SATURATED THICKNESS

401-500 FT. HODEL B, r· 0.04

Stage in the Planning Horizon
State of Storage Level .1 2 3 4 5 6 7 8 9 10

the System mill. ae. ft. Optimal Rates of Ground Water Withdrawal

Si in millioo ae. ft.

1 44-48 7* 7 7 7 7 7 7 7 7 7

2 39-43 7 7* 7 7 7 7 7 7 7 7

3 34-38 7 7 7 7 7 7 7 7 7 7

4 29-33 7 7 7* 7 7 7 7 7 7 7

5 24-28 7 7 7 7* 7 7 7 7 7 7

6 19-23 7 7 7 7 7* 7 7 7 7 7

7 14-18 7 7 7 7 7 7 7 7 7 7

8 9-13 4 4 4 4 4 4* 4 4 4 7

9 0-8 0 O· 0 0 0 0 0* 0* 0* 0*



TABLE XXIII

SOLUTION OF THE MULTISTAGE SEQUENTIAL DECISION MODEL
MAXIMUM EXPECTED DISCOUNTED NET RETURNS CORRESPONDING TO THE

OPTIMAL DECISIONS FOR SATURATED THICKNESS
401-500 FT. MODEL S, r = 0.04 a

Stage in the Planning Horizon
Stat.e of Storage Level 1 2 3 4 5 6 7 8 9 10

the Systerr. mill. ac. ft. Total Expected Discounted Net Returns in Mill. Dollars
c
"i

....
1 44-48 436.6* 434.2 430.5 422.1 409.3 389.7 359.9 315.2 248.2 148.5 0

N

2 39-43 429.0 426.5* 422.9 417.4 405.0 386.0 357.0 312.9 246.8 147.7

3 34-38 418.9 416.4 412.8 407.3 399.3 380.9 352.8 309.9 244.6 146.8

4 29-33 405.3 402.8 399.1* 393.7 385.7 373.7 346.5 305.0 241.4 144.7

5 24-28 388.1 385.6 382.0 376.5* 368.5 356.6 339.0 299.0 237.2 143.1

6 19-23 365.1 362.6 358.9 353.5 345.5* 333.6 316.0 290.0 230.2 139.2

7 14-18 336.8 334.3 330.6 325.2 317.2 305.3 287.6 261.6 223.0 134.7

8 9-13 301.6 299.1 295.5 290.0 282.0 270.1* 252.5 226.4 187.8 130.7

9 0-8 101.3 100.3 98.9 96.7 93.5 88.8 81.8* 71.5* 56.2* 33.5*

aThe maximum expected net returns refers to the entire planning horizon provided that optimal

policies are followed in the remaining stages.
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possible input state of the system in each stage. To map the optimal policy

to be followed through the ten stages of the planning horizon, one must

start at the beginning of stage one and proceed step by step to stage ten.

In saturated-thickness class 401-500 feet, the input state in stage one is

The optimal policy, as47 million acre feet which falls in input

shown in Table XXII, is to withdraw seven

state 8 •
1

million acre feet of water dUring

the first ten years. This reduces the supply of ground water in storage

to 40 million acre feet which transforms the system to output state 62 at

the end of stage one. This implies that the input state of the system at

the beginning of stage two is 82• The optimal policy in stage two when the

system is in 8
2

is again to withdraw seven million acre feet which reduces

the supply in storage to 33 million acre feet thus transforming the system

to output state 8
4

at the end of the second stage. At the beginning of

stage three the input state of the system is 84• Following this procedure

one can trace the movement of the system from stage to stage and map the

optimum strategy for allocating the ground water over the planning horizon.

The asterisks in Table XXII indicate the input state of the system, the

optimal rate of ground water withdrawal and the resulting output of the

system for the ten stages of the planning horizon. Table XXIII shows the

maximum discounted net returns that can be expected from the current and

remaining stages during the 100-year planning horizon provided that an

optimal policy is followed at each subsequent stage. The values with

asterisks are the maximum expected discounted net returns corresponding to

the optimal policies also shown by asterisks in Table XXII.

The optimal rates of ground water withdrawal at each stage for the

six water resource situations using each of the three discount rates were
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traced by the procedure described above. The optimal policies and their

corresponding maximum expected net returns for the current and remaining

stages are presented in Table XXIV for both Model A and Model B. The

results are also aggregated for the study area.

At any given stage of the planning horizon, there are economic forces

working in opposite directions. Increased costs of pumping and distribu­

ting water for the remaining stages in the planning horizon tend to dis­

courage high rates of ground water withdrawal in the~current stage. Dimin­

ishing marginal net returns to water set in at high rates of water use,

particularly if the storage level is low, which again tends to reduce the

optimal rate of ground water withdrawal per stage. On the other hand,

higher preference for income in the early stages of the planning horizon

as reflected by the discount factor and increasing marginal returns to

additional rates of water, particularly when storage levels are high and

withdrawal rates are low, tend to increase the optimal rates of withdrawal

per stage. The fact that high storage levels are encountered at the stages

toward the beginning of the planning horizon tend to reinforce the time pre­

ference effect and thus intensify the optimal ground water withdrawal rates

in the early periods. The results tabulated in Table XXIV are the net

effects of the interplay of these forces. Examining the optimal policies

from stage to stage reveals that the optimal rates of ground water with­

drawal are higher at the beginning of the planning horizon and progressively

diminish towards the end.

In general solutions of the optimal rates of ground water withdrawal

under the assumptions of Model A indicate that, except in a few borderline

cases due to the discreteness of the states, the results are the same



TABLE XXIV

OPTIMAL POLICIES OF GROUND WATER WITHDRAWAL AND THEIR EXPECTED DISCOUNTED NET RETURNS ACCORDING TO THE
SCM,UTIONS OF THE MULTISTAGE SEQUENTIAL DECISION MODELS A AND B AT THREE DISCOUNT RATES

Model It.Stud,. Are. StI>otr 1Lr•• l!edtl II
Duco_t t.e"d of Satvr.ted till""",,, I" Pt. Total x.._1of Sat"....,,"- 1hlclalu. b. Ft. Tou.l

Stas. n r. ,~ "''' Sto...r 0-100 101-200 201-300 301-400 1I01-500 " .. Scm ArM Ston.. <>-... 101-200 201-300 301-110O 401-500 ,>00 SNdYAru

358.0 351.0 .....
ht. of W:itt"lr_l 1I11l.k.n. .., .., .., .., M .., 19.0 .., .., ... .., .., .., 29.0 0,... !l<p.eted Di,.,e".......d 11111. dol. 2.326.510 2,159,260 T,HLnO 2.067.29 7M.SIlO 51~.)60 10,388.73 '-,TTl.SoIi' 3,000.47, 3,996.594 2,4]11.521) 1,671.023 1,116.nI' 14,501.'72 '""tI_

358.0 357.0

• •.at. of Vltbd.._aJ • .111.4c.Ft. .., .., .., .., .., ,., "., .., 14,0 19.0 12..0 ,.. .., n.D
(l97Cl-79)

0.04 Expected Dilc.o-ted
11111. dol. 398.946 551.554 626.641 512.054 193.504 126.69' Z.4Cl'.lIOS 551.285 1,186.455 2,542.246 1,413.613 436.647 643.975 7.)40.221..,,111_

In.D 357.0
bee of WUhdr_al 1I111.Ac.n .., .., .., .., M ,., »., .., 14.0 .21.0 12.0 ,., .., 67.0

0.08 t:q>etud D1ftOUlltad
11111. dol. 2~.S27 214.atl 3lO.410 261.939 9&.635 U.8H 1,265.%13 294.482 1,110.961 2.276.122 1,276.412 221.050 543.889 6.128.976_at IDC'-

UP bU of W1thd.1'_1 .tn.Ae.n. 35-8.0 ... 5.56 9.41 6.55 ... 2.18 26.43 351.0 10.44 .." 11.29 9.15 ,." 2.01 46.10

m.' 328.0
late of W1thdrllWal alll.Ae.n. .3.5 .., .., .., ,., L' "., .., .., .., .., .., .., 29.0,... Ezpecttd DlaCCUllt..d

0li11. dol. 2,104.660 1,92~.820 2,262.110 1,8.\8.CXl 110.620 4n.22G 9,317.52(\ 2,005.111 2,670.156 3.543.132 2,224.593 1,486.413 1.059.119 12,989.;]0
Ntt It>CC'I'&

323.5 292.0, bte ~f \;1th4r_.l r.111.o\c.rt. .., .., .., ... .., ,., "., .., 14.0 19.0 12.0 ,., .., 65.0

(I9l1D-S!'
0.to4 £lI.~~Ud lluc......u.4 0.111. 401. 370.f162 531.168 61~.~3~ 50~.69~ 191.626 124.999 2,341.287 528.512 1,700.634 2,571.897 1,4)4.140 416.520 631.726 7,100.029Ii.. ; In~__

323.5 290.0
Itat. of 1I1U..lr....1 all: ....c.H. ,., .., .., .., M ,., "., .., 14.0 19.0 12.0 ,., ... 65.0

0.08 £Jrpec"" Dl£cOlltlte4 lO.ill. 401. 200.723 21lC.C'OI 31t.t71 260.23~ 98.583 ".60~ 1,222.122 218.141 1,597.710 2.197.119 1,263.653 224.964 543.602 6,105.155
IGtt Inc<ilM'

IU ll:aU of WltMr...d 1l111.o\c.rt. 331.6 0.40 6.19 .... 7.63 ,... 1.45 17.91 310.90 0.004 13.20 15.19 12.17 .." 2.71 41.9)4



~~ ,
•

e 0 0 0 0 • •
g ;, g ~ g :j

· ~E '. ~~ e:i! ~f~ !f~" ;d~ ~'3 ;

~ !~
:~g,

i~; ~ ;Ea. r;; it;",o •
is!~~

,0_ • I~~ i
I~

.. ~~ .. ••
~

.. ,~ ~ ,~

if
so

i~ ! i
f " ~I

i i~ <- i~ <-
e

8 ~
,

~ 8 ~ 8 ~ ~
a

~
a ~ ~8 " " •~

~
~

~
~

~
~ ~

~
~

~
~

~
~ "? ~ ~ ? ? ? ? ?

t • • "• • • ~ ni
" ': " " " ~~

0 ;; 0

"
0 !' e 0 ~ 0

~§ " " ;, " · ~ ·" • §

"· · ~ · · ~ · ~ ·
0,
~£~

~
0 0 0

" ~ " ~ " ":: • ,
, F " ~ ~ · •· t::~·" " T' H• 0 0 • ~

0 " ~ " §~ :>-
0 • g il ttl

i!~
t-<

· ~ · · · •· t · t'1• · ~ •• 0
~

0

~ " ~ " ~ " ~ " ~;; ?

" • " • H

" ~ " " i: " " ~ i: • i: ~
<:

"
0 ii •" • ~ ~

0 ;,
" ~. ~ ~ :; n

· " " ~ " " ~.~ ~
0

"
0

"
0 iii " • "" ~ " ::l

" rT

"
.....

i · i~
::l• t ~ ~ ~ • • "• ~ E "• ~• ~ a ~ " ~

~ '" ~ " i£ 0..
~

~ " ~ ~
!! fJ ;;

~ HI
:. " " " " ~i

0 ;; 0 ;< ~ .. · 0 · ~ 0 0 · r
0 § " ~ " " " " ~ " Ii;; ;; •

•· ~ · ;; • " ~ · .. · ~ · :;
?

~:s i " ~
0 ;. " ;,

~
0

!
0 "" ;

~l" "
~ · ;0 r ~ · ;; ~ • •• ~• 0 § 0

~
0

~ " ~ " ~ " ~~;; • ~

• k E ~ " e · ~ ~ E· ~!.
;, " 0 ;, " " " '~

~ ;; ~ • Ii • §?:

" · " ~ t · •· 0 · ~~ ; " ~ " ~
0 ~ ~

0 0

~
0

"
" ;; · ~ · ~

, iii · ~ r ~ • ~;,
~ " I " 0 ;, § " 0 0

~ !; s
" 'i i ~ ~ [(; ~

~ E~ • ~ " ~ •
"

;: " i
0 !

0 il ; ..
f " ~ "" ••

90T



,
0 0 0 0 0 0 ••g ~ 8 g ~ 8 :!
i !fa Nf .H ". n:i ;:
[ ~ ~"

~i~
p

i' ~; S't got; ia-
0 i. I"· i"~ ~~ i; .. <0 .. ••ii i Ii ". it• ~!• i:' [ il!- .- .-
•S ~ E •• ~ S •S ES!' F " !'

~~
~

~
~

~
~

~
~

~
~

~

? " ? ? ~ ~

. • E ~ ~
ni

'" "~E

- 0 0 • 0 l' 0 ! 0 Y
~ " ~ " " E

;, " g

" "
0

0
'0

0 . ~ · 0

" · ~ • " " ;, "0 0-

• · " " .. ;;; g,

· ~ ~ . · ~ · ~~•" - 0 0 " • ;, "
,.~ ...,

~ ~ 1l ~ ~ § ~f 6;
t""'

~ . :; · ;; •~ · ~:. t<l
;, ;, 0

~
0

! ~
0 §?: E" " "

· • !!i •" · E" • <:
E0

~
0 ;, 0

~ " "
;, " ~" ~

· ~ "" • " · " ~ 0

~
0 0 ;, · " ;; 0 § '" ::s• • ....

• ...· ::s
~ ~ " • ~ " ; ~ ~ ~ "0 " § · " ~ " § '" .' '"" • [; , p.

~

8 ;;; E"'r~. . = ~ ~~
0 " ;, " " ;, ·-0 ·a.i

•0 0 ~ 0 ~ 0

"• ~
0 ?

;, " " 0 " ;;i ~ ~ S E •
"0 •0 • 1: 0 •0 ~ · s

'" " ~
0 !: 0

! " ~ " " ~r• • ;;
.J'i "

~ · ;; ~ ~ " ~ ~ ~ ~l

! " ~ i
0 " 1; " ~t" "

~ =
b

= ~ E = = ~ = ~~!;,
~ " "" ;, "§ ~ ;; ~ ~ ~.

"· ~ ~ ~ " ~ · ~

~
;, " ~

0 0

5" " ~

" • "
a· iii . 1: · " ;' • ; · ~
i

;,
~ " i

0

~ " 0

~
0,

•· 'il • " '"
,

0 ;, " " ;, 0 .'; ; :

L01



TABLE XXIV (Continued)

Stl><!y Are. )JodltlA Study Are. Modal a
Dbc"""t LoIvll1 of sat.....ted 1'blclr....... 1JI. Pt. ToUl ~yl of Secur&td Tbl~. 111 l't. Total

Stap at r .. U_
~" Story.. D-l!!O 101-200 201~300 301-400 401-500 .m Study A..... StoUlle ...". 101-200 ZOI-300 ](1l-400 401-500 >m StS Are.

201.0 162.0
bte of WUIl.4r_d It1Il.k.Ft. ,., ••• ••• ... 3.' .., 21.5 ... .., .., ••• ... ... "'..0.00 Expect"" DiI_tad

will. clol. 431.070 128.490 938.990 782.003 nO.21oO :ZOJ.SlD 7,494.323 471.629 1,IU.804 1,31,5.458 96,5.120 628.951 437.984 4.96S.aU
....

lIat l ..~ 0
171.5 .... 00, ....te of 1Iitb4t_al Idll.Ac.h. ,.. ,., g•• ... 3.' .., 21.5 ,.. ,.. ,.. 12.0 ••• .., Ui.o

(20)1)-39) '.M £><petted !)t.co....t.."
111.11. dol. 21).312 1".3'4 467.502 390.081 1.53.510 99.441 1,541.170 233.6n 518.9&9 6011.136 SS1.470 81.838 483.941 2.787.995.et 1........

171.5 ...,
ltate of 1l1thdt_al ..s.Il.k.h. ••• .., ... ... '"' '-' 22..0 0.' ••• '.0 12.0 ... ... m••

0.08 E>r.petted IlitIc"""U'4
InU. dol. 128.490 120.058 282.818 236.4~5 92.474 60.036 920.301 140.191 527.81>2 1,002.983 914.427 49. J04 482.988 3.118.35~!let t ..c.....

119.~ 132.0
Rate or lIitlldr_.t IlI1I1.k.n. 0.' ... '.0 '.0 3.' ,., 2l.~ 0.' ... ,.. ... '-" '.0 28.0

0.00 £xp.ocUd DbcOUllted
.,111. de!. 323.300 60~,160 690,~2<l 581.~13 229,280 151.910 2.5tll.l43 354.191 825.15,4 880.309 S97.S02 491.861 310.09~ 3,56S.117Net tnCOIIIe

lSl,O 53.0, bte of Wltbdr_at trlll.Il"-.!'t. ... 0.' ... '.0 3.0 '.0 22.0 ... ,.. ••• ... ... ... ...
(2040-49) 0.04 Exven~ llbcOUlIud

IIl.l.ll. dol. ISS.3S1 174.128 399.000 336.S68 132.u9 87.034 t.3U.l'7 204.165 662.017 531.293 "2.260 71. "7 399.121 2.260.413lIet l1>tAlle
lSO.S ".0

Rate of 1I1thdr.......1 1I0111.1l<:.Ft. 0.' 0.' ,.. '.0 '-" ,., 21.0 0.0 ... 0•• 0 ... ... '.0 ...
0.08 E><,..tt~ !lhto""t.d .111. dol. 121.308 1l].l~8 260. )02 219.884 16.028 )6.271 1~7.148 132.911 498.342 512.990 631.143 46.SIoS 430.446 2,319.9$3Net Inc......
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for the two discount rates of four and eight percent. The results for a

zero discount rate (i.e., for not discounting) indicate that the optimal

rate of withdrawal is substantially reduced. This implies that the optimal

policy is sensitive only to discount rates close to zero. If future returns

are discounted at very low interest rates, the results show that it is advan­

tageous to use a low rate of ground water withdrawal so that there will be

an adequate supply for future years. Discounting at rates equal to or

higher than four percent requires high rates of ground water withdrawal to

maximize the present value of the net return stream for the ten stages of

the planning horizon.

In Model B there is no difference between the optimal policies obtained

by discounting at a rate of four percent and those obtained by using a rate

of eight percent except in three stages. In stages one, six and seven, dis­

counting by eight percent results in higher rates of ground water withdrawal.

The difference in the rates are two, one and four million acre feet in the

respective stages. Note that the difference between the optimal rate of

ground water withdrawal with no discounting and discounting by using either

four or eight percent is substantially higher than that in Model A. This

difference in stages one and two of Model B is about 36 million acre feet

compared to 5.5 million acre feet in Model A, again reflecting the effect of

the restrictive assumptions of product supply in Model 1. As discounting at

interest rates of four and eight percent encourage optimal policies of high

rates of ground water withdrawal, the water in saturated-thickness class

0-100 feet becomes uneconomical for irrigation purposes, thus resulting in

optimal policies of no water withdrawal in stage three. Diminishing net

returns to water in saturated-thickness class 101-200 feet also cause optimal
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policies of reduced rates of ground water withdrawal in stage three. This

means that the aggregate optimal policy for the study area is decreased to

a lower rate of ground water withdrawal. Therefore, the gap in the aggregate

optimal policy between discounting and not discounting diminishes in stages

three and four. Beginning with stage five, the optimal rate of withdrawal

in saturated-thickness class 101-200 feet with discounting becomes zero,

narrowing the gap further. In stage six diminishing marginal net returns

in saturated-thickness class 201-300 feet force a reduced optimal rate of

Withdrawal. Notice that the optimal rate of ground water withdrawal is

higher with no discounting than with discounting. This illustrates that a

slower rate of mining the aquifer over time is optimal when the time pre­

ference for money income is ignored. The slower withdrawal rate contributes

to diminishing net returns of future years through increased pumping and

distribution costs at a very gradual rate.

Policy Implications of the Results

It is interesting to compare the rate at which water is withdrawn from

the aquifer by production Models I and II for the period 1970-2000 and the

optimal policy suggested by the corresponding multi-stage sequential deci­

sion Models A and B. In order to make the comparison it may be necessary

to reiterate the assumption that the results of the two linear programming

models will be regarded as a close approximation of how irrigators will

perform if decisions of allocating ground water are left for them to make

on an individual basis. On the other hand, the solutions of the multi-stage

sequential decision models are assumed to represent decisions on the inter­

temporal allocation of ground water being taken by all irrigators acting in

concert through a public agency or through one or more water districts.
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The last entries of each stage in Table XXIV give the corresponding

linear programming rates of ground water withdrawal. Comparing the total

rates of ground water withdrawal for the study area, Modell's rates are

less than the rates suggested optimal by Model A in stages one, two and

four for all three discount rates. In stage three they are somewhat higher

than the optimal rate with no discounting, but less than the optimal rates

with discount rates of four and eight percent. However, looking at the

column in Table XXIV indicating the study area's level of ground water

storage, one finds that Modell's storage levels are higher than those of

Model A using four and eight percent discount rates. These results suggest

that depleting the study area's water supply according to the solutions of

Model I will not result in general uneconomic mining of the Central

Ogallala Formation. If production is limited to the 1965 level (about 1.5

million acres), the only control that can be justified economically is well

spacing to avoid interference between neighboring wells.

A comparison of Model II's rate of ground water withdrawal with that

suggested optimal by Model B shows that in stages one and two, Model II's

rate is substantially lower (17 to 21 million acre feet) for discount rates

using four and eight percent. The rate of ground water withdrawal in Model

II is 7 million acre feet greater than Model B in stage 3 and 2 million

greater in stage 4 for both discount rates. However, looking at the study

area level of ground water storage, Model II has a higher level of supply

than those indicated for both discount rates in all four stages (see Table

XXIV). A more accurate comparison of Model II and Model B solutions can

be made by using the Model B aggregate conditional optimal rates of ground

water withdrawal for 15 input states of the system shown in Table XXV. Let
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TABLE XXV

AGGREGATE CONDITIONAL OPTIMAL POLICIES OF GROUND WATER WITIIDRAWAL
FOR POSSIBLE INPUT STATES OF TilE SYSTEM ACCORDING TO MODEL B

Stage . Stage
1 2 3 4 5-10 1 2 3 4-10
Stages Remaining Stages Remaining

State of GroWld Water in Planning lIorizon in Planning Horizon
the System Storage Level 10 9 8 7 6-1 10 9 . 8 7-1

r • 0.04 r • 0.08
Optimal Rates of Ground Optimal Rates of Ground

Si Mill. ac. ft. Water Withdrawal Water Withdrawal
Mill. ac. ft. Mill. ac. ft.

1 346-370 68 68 67 65 65 68 68 67 67
2 321-345 68 67 65 65 65 68 67 65 65
3 301-320 63 62 60 60 60 63 62 62 62
4 276-300 59 58 56 56 56 59 58 58 58
5 251-275 57 56 56 56 56 57 56 56 56
6 231-250 57 56 51 51 51 57 56 56 56
7 211-230 52 47 47 47 47 52 47 47 47
8 186-210 47 47 47 47 47 47 47 47 47
9 161-185 41 41 41 41 41 41 41 41 . 41

10 136-160 32 32 31 31 31 32 32 31 31
11 111-135 31 31 26 26 26 31 31 31 31
12 86-110 26 26 26 26 26 26 26 26 26
13 66-85 18 18 18 18 18 18 18 18 18
14 46-65 8 8 8 8 8 8 8 8 8
15 0-45 0 0 0 0 0 0 0 0 0
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the system be in state one where the ground water storage is between 346

and 370 million acre feet and let the discount rate be four percent. Then,

Table XXV indicates that the optimal policy to follow in stage one, where

there are ten stages remaining in the planning horizon, is 68 million acre

feet (6.8 million acre feet annually). If the system were in stage two the

optimal policy would again be 68 million acre feet; but it would be 67 mil­

lion acre feet if the system were in stage three. Notice that for stages

four through ten, the optimal policy converges to a single value. For a

discount rate of eight percent, convergence of the optimal policy occurs

in stage three.

A comparison of the study area level of storage at each stage for

Model II and Model B in Table XXIV indicates the quantity of water remain­

ing in storage under the optimal withdrawal policy with a discount rate of

either four or eight percent is less than the remaining storage projected

by Model II. For instance the amount of water remaining in storage at the

start of stage 4 (the year 2000) following withdrawals required by Model II

is 204.9 million acre feet. The study area levels of storage following with­

drawal policies prescribed by Model Bare 176.0 and 174.0 million acre feet

for four and eight percent discount rates, respectively. The conclusion

that can be drawn from the comparison of the results of Model II and Model

B is that the projected rates of withdrawal do not exceed the rate required

to maximize the present value of primary irrigation benefits prior to 1990.

However, the rates of annual ground water withdrawal exceed the amount

which will maximize the study area's net returns starting from stage 3.

This implies that measures other than the spacing of wells may be necessary

to regulate the extraction of ground water from the Central Ogallala
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Formation to conform to those rates which will maximize the study area's

net returns over a longer period of time.



ANALYZING THE IMPACT OF ALTERNATIVE METHODS
OF WATER USE REGULATION

The projections of irrigation development completed under objective 1

of this study indicate the static water level can be expected to continue

declining in the Central Ogallala. Using the criterion of maximizing the

present value of net returns to the stock water supply, the analysis under

the second objective indicates the projected rates of withdrawal for the

next twenty years do not exceed the optimum withdrawal rates. However,

many area residents and policy makers place a high value on the conserva-

tion of water and other natural resources. Furthermore, one may question

whether the procedure used in objective 2 underestimates the value of the

6stock water supply in future years. To the extent future values are under-

estimated, the withdrawal policy selected will tend to recommend using

larger quantities in the near future and smaller quantities in the distant

future than are actually optimal. For these reasons, interest prevails in

the effect of alternative methods of water-use regulation in the Central

Ogallala. The purpose of this portion of the study is to investigate the

effect of three alternative methods of water use regulation on representative

farms and the entire study area. More specifically the sub objectives of

6In general, any change in technology which either reduces the water
pumping and distribution costs or increases production per acre foot of
water used (e.g., improved varieties or reduced evapotranspiration) would
tend to increase the value of water in the future. Changes in demand and
supply conditions resulting in higher prices for the products would also
increase the value of water in the future. Given the current federal farm
programs designed to reduce production of feed and food grains, it can also
be argued that the current value of water used in production of irrigated
crops in the study area is much lower--perhaps zero--when considered from a
national standpoint.
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this portion of the analysis are:

(1) To construct a model of a representative farm firm capable of

simulating the effects of soil moisture and atmospheric stress

during critical stages of plant development on yields of the

major irrigated and dry1and crops of the Central Ogallala.

(2) To simulate, for poor and adequate water resource situations,

over a 20-year period, several alternative methods of regula­

ting water-use including

(a) Continued pumping at the present rate with no restraints

on water use;

(b) Restricting the quantity of water pumped per crop year

to 1.5 acre feet per acre of water rights; and

(c) Restricting the quantity of water pumped per crop year to

1.5 acre feet per acre of water rights, but allowing the

irrigator to apply additional irrigation water if it is

economically feasible to pay a graduated tax of $.50 per

acre inch for each acre inch pumped above the quantity

limitation.

(3) To compare the effects of the three methods of water-use

regulation on net farm income, variability of net farm income,

net worth, variability of net worth, quantity of water pumped

and availability of water for future periods.

(4) To evaluate the alternative methods of restraining water use

by discounting the streams of net returns and comparing pre­

sent values of those net income streams.
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Research Procedures

Rationale for the Regulatory Means Analyzed

Previous discussion has established that the water supply in the

Central Ogallala is a stock resource having the property of commonality.

The problem of commonality of water use leads to "spill-over" costs.

That is, all the costs of pumping are not borne by the individual irri­

gator, but fall upon other pumpers in the basin and society in general

[59, pp. 428-429].

These "spill-over" costs result in a divergence of private and social

costs. The difference in optimal water allocations caused by the diver­

gence of private and social costs is illustrated in Figure 5. The mar­

ginal social cost curve (MSC) lies above the marginal private cost curve

(MPC). The marginal value product curve (MVP) represents the value of

water in use. The individual irrigator in seeking to optimally allocate

his water resources considers only marginal private costs. Thus, the

optimal allocation of water resources for the individual occurs where the

MPC of pumping the incremental unit of water equals the MVP of that unit

of water, or at point D in Figure 5. Each individual pumps ob acre feet of

irrigation water.

The socially optimal allocation of water results only when marginal

social costs are considered in the allocative process. Each producer

should equate MSG and MVP (point C in Figure 5) with the socially optimal

allocation of water being oa acre feet. Thus, if the individual producer

does not consider the full social and private cost of irrigation water used

in production, his decisions tend to push water use beyond socially optimum

leve1s by an amoun t equal to ab.
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Figure 5. Illustration of the Divergence of Private
and Social Costs and the Resulting
Resource Allocations
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Even though rights in water exist through the Doctrine of Prior

Appropriation, Water Resource Boards maintain a measure of control over

water use. For example, the Oklahoma Water Resources Board has the power

to order proper spacing of wells to insure an orderly withdrawal of water

in relation to average annual recharge. It can also require metering of

wells to record amounts pumped and can require persons to cease excessive

withdrawals in reverse order of their water rights. It is empowered to

restrict the rate of water use to one cubic foot of water per second for

each seventy acres, or equivalent thereof, delivered on the land, for a

specified time in each year [81, p. 15]. By not indicating the intended

length of "a specified time in each year," water use may be restricted to

any amount desired by the Water Resources Board.

The existence of regulatory power and exercising this power are two

different matters. Many questions concerning the effect of each alterna­

tive control measure on water use, private versus social costs, the pattern

of regional production and the impact on regional income must be evaluated

before policy makers can recommend a course of action.

Two institutional alternatives appear capable of more closely aligning

marginal private and marginal social costs. The first of these is limiting

the quantity of water each irrigator is allowed to pump per year. The

socially optimal limitation, as depicted in Figure 6, is oa acre feet per

individual. By limiting individual pumpers to oa acre feet, the objective

of forcing alignment of MSG and MVP is achieved and a socially optimal

allocation of water resources results.

Theoretically, limiting water use to socially optimal levels through

the use of a quantity limitation is sound. From a practical standpoint,
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Figure 6. The Effect of a Quantity Limitation on
Divergence of Private and Social
Costs and Resource Allocation
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several problems arise. First, a quantity limitation works best when

annual recharge is large relative to water use. The limitation can be set

to a "safe yield" for the aquifer and socially optimal resource allocations

achieved. However, if recharge is negligible relative to current water

usage, and such is the case in the study area, limitation of water use to

a safe yield, or to the amount of average annual recharge, would not be

economic. A realistic quantity limitation might be ob acre feet per year

in Figure 6. If the irrigator is forced to observe the quantity restric­

tion, with the alternative being a severe penalty in the form of a fine or

assessment, his marginal private cost curve is MPC out to ob acre feet of

irrigation water per year at which point the marginal private cost curve

becomes vertical. A fine or assessment equal to or greater than fg will

provide sufficient incentive for the irrigator to consider marginal private

cost curve MPC' and restrict pumping to ob acre feet per year. Water use

is greater than the socially optimal level of oa acre feet per year, but

less than oc acre feet per year under unrestricted pumping.

A second institutional alternative is for the Water Resource Board to

place a tax on each acre inch or acre foot of irrigation water pumped during

the crop year. The effect on the optimal allocation of irrigation water by

an individual producer is shown in Figure 7. Since the analysis is static,

the MVP curve remains constant. A per unit tax on each acre foot of irri­

gation water pumped shifts the marginal private cost (MPC) curve upward.

If the tax is a constant rate per unit equal to hk in Figure 7, the new

marginal private cost curve (MPC') is parallel to and above the old MPC

curve. Rather than pumping oc acre feet per year, the individual irrigator

equates MPV and MPC', reducing the number of acre feet pumped to ob.
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Figure 7. Illustration of the Effects of Alternative
Tax Measures on the Divergence of Private
and Social Costs and Resource Allocation
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However, ob acre feet exceeds the socially optimal oa acre feet by an

amount equal to abo By raising the constant tax rate to de dollars per

acre foot, the producer considers the full private and social costs of

pumping irrigation water. The tax rate de per unit shifts the MPC curve

upward to MPC". This tax rate induces the producer to optimally allocate

water by equating MVP and MPC", resulting in the socially optimal oa acre

feet of irrigation water being pumped. A per unit tax of de would generate

revenue for the controlling agency equal to the rectangle fged. The excess

of social over private cost is only hed. Clearly revenue generated exceeds

the divergence of private and social costs when the tax rate is de per unit.

Several alternatives exist to utilize the revenue. One is to return a

portion of the revenue collected to pumpers as a bonus unrelated to the

quantity of water pumped. This approach would involve an income transfer

from the larger to the smaller pumpers. A second alternative is to return

a portion of the revenue to pumpers with payments being inversely related

to the quantity pumped. This method of payments provides an incentive to

reduce pumping.

The optimal per unit tax for all water users is not the constant de per

uni t of water pumped. This tax rate is optimal only for the marginal unit

at oa acre feet. For units less than oa, the optimal rate would be a

graduated tax which, for any point between 0 and a, equates MPC and MSC

[59, p. 434].

A slightly different approach to taxing water use is taken in this

study. No attempt was made to impose a tax of sufficient magnitude to

align MPC and MVP at the socially optimal level of water use. Instead,

the individual irrigator is allowed to pump without taxation until a
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quantity limitation, such as the limitation discussed in Figure 6, is

reached. Once the quantity limitation is attained, additional water is

pumped only if the irrigator is willing to pay a substantial tax on each

unit of water pumped above the quantity limitation. This situation is

presented graphically in Figure 8. Quantity oa represents the socially

optimal allocation of the water resource at the point where MVP equals

MSC. Quantity od represents the optimal allocation of water by the indi­

vidual producer who considers only private costs in equating MVP and MPC.

Quantity ob represents the number of units of water pumped by an indivi­

dual irrigator under the quantity restriction depicted in Figure 6. Assume

that once ob units have been pumped, the irrigator must pay a per unit tax

equal to fg on the marginal unit pumped above ob units. In effect the

irrigator must now consider marginal private cost curve MPC'. At ob units

of water pumped, MPC' is less than MVP. The economically rational producer

will expand water use to oc units where MPC' equals MVP.

Both ob and oc are less than quantity od pumped with restrictions,

but both exceed the socially optimal rate of oa acre feet per year. Thus,

neither the quantity restriction nor graduated per unit tax considered here

will successfully force a socially optimal allocation of irrigation water.

However, from society's standpoint, both are to be preferred over unre­

stricted pumping because both reduce the divergence of private and social

costs.

The institutional alternatives by no means exhaust the possibilities.

Additional restraints might include (1) a lump sum tax or well tax on each

irrigation well; (2) a limit on the number of wells per section or per farm;

(3) a limit on well spacing, etc. Available time and funding did not permit
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Figure 8. The Effect of a Graduated Tax per Unit Pumped
Above a Quantity Limitation on Divergence
of Private and Social Costs and Resource
Allocation
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evaluation of every possible alternative. However, one might say that

those alternatives which do not force the irrigator to consider marginal

social costs as well as marginal private costs will do little to elimi­

nate the divergence of private and social costs.

This section treats problems of resource allocation and institutional

alternatives from the standpoint of static economic theory. It should be

emphasized that weather uncertainty adds a degree of complexity to the

analysis. The actual situation is dynamic rather than static. That is,

the marginal value product curve for the water resource has an expected

value and variance. Nevertheless, considering the conceptual issues in a

static framework is useful in suggesting means of limiting water use to

the socially desirable amount. A dynamic MVP curve complicates specifi­

cation of the optimal allocation of water under the various water-use

regulatory alternatives, but does not change the relevant means of solving

the problem. Thus no attempt is made here to incorporate dynamics into

the conceptual analysis.

Aside from society's interests, how can the irrigator evaluate various

water-use regulatory devices? The economic problem facing the irrigator

is one of factor-factor substitution. Water represents both factors.

However, water in the current time period is considered a different factor

than the same water in a later time period [51, p. 1118]. The allocation

problem is to determine in which time interval the marginal value product

of water is the greatest. The decision is made by comparing the present

value of discounted streams of net returns resulting from alternative

water application rates. The alternative with the greatest present value

of net returns is selected over all other alternatives.
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The Simulation Model

A firm-level simulation model is used as the basic model in the

analysis of the three alternative means of water-use regulation. The

General Agricultural Firm Simulator developed by Hutton and Hinman [44)

is modified to simulate a representative farm for the study area. The

major modification made to the General Agricultural Firm Simulator in

this study is the development of a new production subset. The Production

Subset is designed to overcome some of the shortcomings of the General

Agricultural Firm Simulator while adding a dimension of sophistication and

realism to the production process not previously obtained in simulation

models designed to solve economic problems. Some of the general charac­

teristics of the General Agricultural Firm Simulator are discussed below

followed by a detailed discussion of the development and structure of the

Production Subset used in the study.

The General Agricultural Firm Simulator, a computer simulation routine

useful to solve a variety of farm firm simulation models, consists of a

master program and a series of subroutines. The model is designed to uti­

lize information on the production, financial and institutional resources

available to the firm, as well as crop production, livestock production

and marketing alternatives. The precise nature of organizing the data, the

logic of the operation of the General Agricultural Firm Simulator and the

printout of the Simulator results are discussed elsewhere [54, pp. 43-48).

The General Agricultural Firm Simulator is, as the name implies, quite

general in nature. Many types of agricultural firms may be simulated and

many types of problematic situations investigated by modifying the input

data to reflect the desired situation. For this study a model is needed
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that will permit evaluation of the effects on the farm of various water­

use regulatory alternatives. It is essential to simulate the firm in a

framework that considers variable rainfall, evapotranspiration and the

effects of soil moisture stress during critical stages of plant develop­

ment on final crop yield. The assumptions of the General Agricultural

Firm Simulator that yields are normally and independently distributed with

given mean and standard deviation is inappropriate. Likewise, the assump­

tion that the amount of irrigation water required by season of the year is

constant for a given type of agricultural production is also inappropriate

when studying water-use regulation alternatives. Thus the method of com­

puting yields for both irrigated and dry land crops as well as the amount

of irrigation water required by irrigated crops in the General Agricultural

Firm Simulator is replaced with the Production Subset.

The Production Subset

The basic idea embodied in the Production Subset is that crop yields

can be estimated as a function of soil and atmospheric conditions, or soil

moisture stress and atmospheric stress, during critical stages of plant

development. If soil moisture and atmospheric conditions are ideal through­

out the growing season, some potential yield is achieved for each crop.

When sufficient water is not maintained in the plant root system, soil

moisture stress occurs and the result is a reduction in crop yield. The

amount of yield reduction depends upon the length and severity of moisture

and atmospheric stress in relation to the stage of plant development. Even

when soil moisture is adequate, severe atmospheric conditions can cause

plant stress and reductions in crop yield. A combination of high tempera­

ture, low relative humidity and high wind movement creates a demand for
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more moisture than the plant is able to transpire. The resulting plant

stress causes a reduction in final crop yield. Thus, yield reduction

(YRij ) for a crop is a function of daily soil moisture and atmospheric

stress as they relate to the critical stages of plant development. In

implicit form, this relationship may be expressed as

(31)

where SM represents soil moisture stress, AS represents atmospheric stress

and i and j represent the day and stage of plant development, respectively.

Soil moisture at any point in time is a function of daily rainfall

(RNij ); evapotranspiration (EVij ), which represents evaporative losses

of moisture to plants and the atmosphere; and, additions of moisture to

the profile through irrigation applications (I .. ), or
~J

(32)

Atmospheric demand for soil moisture is a function of pan evaporation

(PE
ij

), or

(33)

Thus, crop yield reduction on day i of stage j is a function of the

random variables rainfall, evapotranspiration, irrigation application rate

and pan evaporation. Irrigation is considered a random variable since

applications are governed by the other random variables mentioned above.

The implicit function for crop yield reduction is derived by substituting

(32) and (33) into (31) to get

(34)
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The implicit production function for yield of crop k (yk) is obtained

by summing m daily yield reductions across n critical stages of plant

development and subtracting the result from a potential yield under adequate

mois ture conditions (pyk) as follows:

n m
E E f(RN ,

j=l i=l ij
(35)

A series of k such equations are required to fully describe k individual

crops or crop blocks. By summing across the k crops or crop blocks, a net

returns equation for the farm operation Can easily be derived.

Prediction of crop yields based on available soil moisture at critical

stages of plant development can be accomplished in at least two ways. One

approach is to estimate a predictive equation in which crop yield is the

dependent variable and the explanatory variables include rainfall, irriga-

tion application, pan evaporation, some measure of evapotranspiration, tem-

perature, wind movement and relative humidity during each critical stage of

plant development for each crop being considered. This approach has defi-

nite appeal because regression analysis is a comparatively simple technique

to use and the results can be evaluated in terms of significance level of

regression coefficients, predictive ability of the equation and R2 Though

appealing, the approach is not without problems. The primary problem is

that little research has been done to establish the relationships between

soil moisture and atmospheric stress at critical stages of plant develop-

ment for the major crops of the study area. Compounding the significant

data problems are the difficulties of formulating appropriate functional

forms for the equations, a lack of independence among the explanatory



132

variables and the existence of a large random component not readily

explainable through the use of measurable weather variables.

A second approach to estimating the effects of moisture stress on

crop yield is to make independent studies of soil moisture and the yield

effects of moisture stress during critical stages of plant development.

Soil moisture may be studied within the context of a daily soil moisture

balance system. In a separate analysis, the critical stages of plant

development for each individual crop may be identified and the effects of

moisture and atmospheric stress on yield during that stage evaluated.

Then the two may be combined into a dynamic soil moisture-crop yield

system capable of simulating soil moisture throughout the growing season,

and determining final yield for each crop as a function of the level of

moisture and atmospheric stress occurring during the critical stages of

plant development. The latter approach is utilized in this study.

The Soil Moisture Balance

The soil moisture balance for this study is based upon the findings

and ideas presented by Van Bavel [106], Thornthwaite [101], Thornthwaite

and Mather [102], Holmes and Robinson [38 and 39], Denmead and Shaw [18]

and Ligon, et.al. [53]. The balance provides daily adjustments to soil

moisture to reflect additions through rainfall and subtractions through

estimates of evapotranspiration. Daily net additions to soil moisture

occur when rainfall exceeds actual evapotranspiration and depletions

occur when the opposite is true.

A 51-inch soil profile is utilized in constructing the daily moisture

balance. Based on experimental moisture release data for Richfield clay
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loam soil at Goodwell, Oklahoma, field capacity and permanent wilting

point are estimated to be 16.32 and 8.69 inches of soil moisture, re­

7
spectively. The 51-inch profile is divided into an upper and lower

layer. The upper layer consists of the top nine inches of soil which

contains moisture most readily available for plant use. The upper layer

holds 2.88 inches of soil moisture at field capacity and 1.53 inches at

permanent wilting point. The lower 42 inches of the profile (from nine

down to 51 inches) retains 13.44 inches of soil moisture at field capa-

city and 7.16 inches at permanent wilting point.

When rainfall occurs, water is added to the upper nine inches of the

soil profile. It is assumed that water percolates from the upper profile

to the lower profile at a rate proportional to the amount of moisture in

8
the upper zone. Specifically, it is assumed that five percent of the

water in the upper zone percolates to the lower zone each day until soil

moisture in the upper zone reaches 1.53 inches of moisture (permanent

wilting point). Then water movement to the lower zone ceases.

7Richfield clay loam soil was selected as the soil for which the
moisture balance would be constructed for several reasons. The data on
field capacity and permanent wilting point were readily available. It is
the predominant irrigable clay loam soil in the study area. Irrigable
clay and clay loam soils compose 6,167,500 acres (76.7 percent) of the
8,040,915 irrigable acres in the study area.

8In a study by Winton Covey and M. E. Bloodworth, "Mathematical
Study of the Flow of Water to Plant Roots," Texas Agricultural Experiment
Station, MP-599 (College Station, 1962), empirical evidence indicates that
moisture diffusitivity of a soil may be assumed an exponential function of
soil moisture content. The exponential relationship may be expressed as
D = reea , where Dis diffusitivity, e is volumetric water content and both
r and a are constants. A serious drawback to the use of an exponential
function to approximate water movement within the soil profile is that the
constants rand 8 must be estimated empirically for each soil and have not
been estimated for the soils of the study area.
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Water is withdrawn from the soil profile as a result of evapotrans-

piration. Two concepts of evapotranspiration are considered. The first,

potential evapotranspiration, refers to the quantity of water which would

be evaporated and transpired from a particular crop under conditions of

ample water supply in the soil. Daily amounts of potential evapotranspi-

ration are estimated from daily pan evaporation readings [77]. The second,

actual evapotranspiration, indicates the amount of evapotranspiration

which actually occurs during a given day. It is a function of potential

evapotranspiration and soil moisture conditions. Actual evapotranspiration

is always equal to or less than potential evapotranspiration. The two are

assumed equal only when soil moisture is at field capacity in the upper

layer of the soil profile. Once soil moisture falls below field capacity

in the upper zone, actual evapotranspiration is assumed proportional to

the amount of moisture remaining in the upper zone. All actual evapotrans-

piration occurs from the upper zone (0 to 9 inches) until soil moisture

reaches permanent wilting point of 1.53 inches. Then moisture is drawn

from the lower layer with actual evapotranspiration being proportional to

the amount of soil moisture remaining in the lower zone (9 to 51 inches)

of the profile. Once soil moisture in the lower zone of the profile reaches

permanent wilting point of 7.16 inches, actual evapotranspiration is assumed

to cease.

The following series of equations describes, in mathematical notation,

the system used to calculate actual evapotranspiration on a daily basis.

, 1.53 S 8MU
i

~ 2.88 (36)

8ML.
~

AE< = EP< ..,-;:-7.,.-• • 13.44 '
8MU

i
= 1.53; 7.16 < 8ML < 13.44 (37)



AE
i

= 0, SMU. = 1.53,
~
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SML. = 7.16
~

(38)

where AE. equals actual evapotranspiration, day i; EP. equals potential
~ ~

evapotranspiration, day i; SMUi equals inches of soil moisture, upper

(0-9 inch) layer, day i; SML. equals inches of soil moisture, lower (9-51
~

inch) layer, day 1.

Equation (36) states that if moisture in the upper layer of the soil

profile is between field capacity and the permanent wilting point of 1.53

inches, then actual evapotranspiration from the upper layer is a function

of potential evapotranspiration and is proportional to the amount of water

remaining in the upper layer. Equation (37) indicates that once soil

moisture in the upper layer of the soil profile has been depleted to the

minimum 1.53-inch level, actual evapotranspiration is a function of poten-

tial evapotranspiration and occurs from the lower profile at a rate propor-

tional to the amount of soil moisture in the lower layer. Equation (38)

indicates that evapotranspiration ceases when moisture in both layers of

the soil profile reaches permanent wilting point.

Except for the variation in potential evapotranspiration for different

crops at different stages of plant development, the primary variables com-

posing the moisture balance are rainfall and pan evaporation. To simulate

daily values of soil moisture throughout the growing season, daily values

of rainfall and pan evaporation are required. Generating daily values for

these two variables is considered in turn.

Rainfall Probability Distribution

Rainfall throughout the study area is characterized by two predominate

features. First, yearly average rainfall is very low. It ranges from 15
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inches in the western portion of the study area to 19 inches in the eastern

part of the Oklahoma Panhandle. Second, daily and yearly rainfall are

quite variable. During the 29 years from 1941 through 1969, daily rainfall

at the U.S. National Weather Service, Goodwell, Oklahoma (approximately the

geographical center of the study area), ranges from zero to 5.38 inches.

The long-term average number of days per year with zero rainfall is approxi­

mately 275.

To simulate soil moisture throughout the crop year, a means is needed

to accurately represent the rainfall pattern which might be expected based

on historical rainfall patterns. This study used discrete, empirical prob­

ability distributions based on actual daily observations of rainfall for

the past 29 years. The growing season is divided into seven monthly periods,

beginning on April 1 and ending on October 31. Each month is further

divided into two periods. The first period of each month is 15 days long.

The second period of each month is either 15 or 16 days long depending upon

whether the month has 30 or 31 days. The discrete empirical probability

distributions estimated for each of the 14 periods of the growing season

are presented in Table XXVI. Each distribution is independent of the other

distributions. Generating daily rainfall events from a different distri­

bution every two weeks takes into account differences in the actual distri­

bution of rainfall during the growing season.

Generating daily rainfall values from a discrete probability distri­

bution can present a problem because of the computer storage and time

required. However, a very fast procedure developed by Marsag1ia was uti­

lized to generate random variates from each discrete probability density

function [56, pp. 37-38].



TABLE XXVI

DISCRETE DAILY RAINFALL PROBABILITIES BY PERIOD OF THE CROP YEAR

Inches
of Apr. Apr. May May June June July July Aug. Aug. Sept. Sept. Oct. Oct.

Rainfall 1-15 16-30 1-15 16-31 1-15 16-30 1-15 16-31 1-15 16-31 1-15 16-30 1-15 16-31

.00 .851 .871 .782 .746 .733 .786 .743 .776 .759 .800 .846 .844 .878 .862
.01-.05 .041 .023 .071 .058 .051 .051 .044 .034 .039 .062 .034 .039 .030 .030
.06-.10 .039 .023 .018 .022 .051 .039 .021 .032 .037 .022 .032 .025 .014 .026
.11-.15 .023 .016 .011 .024 .011 .021 .025 .026 .021 .015 .018 .018 .014 .009
.16-.20 .007 .007 .018 .022 .021 .007 .014 .017 .016 .015 .011 .011 .005 .017
.21-.25 .005 .005 .009 .017 .018 .021 .016 .013 .007 .004 .007 .009 .011 .002
• 26-.30 .007 .011 .002 .011 .011 .009 .002 .009 .018 .013 .007 .005 .002 .011

.....
w

.31-.35 •002 .002 .009 .011 .011 .009 .002 .004 .007 .009 .007 .007 .002 .006
.....

.36-.40 .002 .002 .007 .009 .009 .007 .009 .009 .OOZ .007 .007 .002 .002 .004

.41-.45 .007 .005 .005 .011 .011 .005 .023 .011 .014 .007 .002 .005 .006

.46-.50 .005 .007 .007 .011 .009 .005 .002 .009 .004 .007 .005 .002

.51-.55 .007 .018 .011 .009 .002 .018 .004 .005 .002 .002 .005

.56-.60 .005 .005 .015 .007 .002 .005 .004 .002 .004 .002 .004

.61-.65 .002 .005 .002 .005 .005 .009 .005 .002 .002

.66-.70 .002 .002 .005 .007 .002 .002

.71-.75 .007 .002 .007 .002 .002 .005 .002 .002

.76-.80 .002 .005 .002 .005 .007 .002 .005 .002 .005 .002

.81-.85 .002 .002 .007 .005 .002 .002 .002 .005 .005

.86-.90 .002 .002 .002 .002 .006 .002 .002 .002 .002 .002

.91-.95 .002 .002 .009 .005 .006 .005 .002 .002 .002 .002

.96-1. 00 .002 .002 .002 .007 .004 .002 .002
1.01-1.05 .002 .005 .002 .005 .005 .002 .002 .002 .002 .002
1.06-1.10 .002 .002 .005 .009 .002
1.11-1.15 .002 .002 .004 .002 .002 .005
1.16-1. 20 .002 .002 .002 .005 .007 .005 .002 .002



TABLE XXVI (Continued)

Inches
of Apr. Apr. May May June June July July Aug. Aug. Sept. Sept. Oct. Oct.

Rainfall 1-15 16-30 1-15 16-31 1-15 16-30 1-15 16-31 1-15 16-31 1-15 16-30 1-15 16-31

1.21-1.25 .005 .002 .002 .005
1.26-1. 30 .002 .002
1. 31-1. 35 .002 .006 .005 .002 .005
1. 36-1.40 .002 .002 .007 .002
1.41-1.45 .002 .005 .005 .005 .002
1.46-1. 50 .002 .002
1. 51-1. 55 .002 .002 .002 .002
1.56-1.60 .002
1.61-1.65 .002 ....

w
1.66-1. 70 .002 .004 .002 .002 CD

1. 71-1. 75 .002 .002 .002 .002
1. 76-1.80
1. 81-1. 85 .002 .004 .002 .002
1.86-1. 90 .002 .002
1.91-1.95 .002 .002 .002
1.96-2.00 .004 .002

>2.00 .002 .007 .005 .004 .007 .004 .002 .002 .002 .004
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Pan Evaporation Probability Distributions

Pan evaporation, like rainfall, is an integral component of the soil

moisture balance system. To simulate soil moisture throughout the growing

season, daily pan evaporation values must be generated for each period of

the growing season.

Pan evaporation measurements were taken from a Class A weather pan

located at the U.S. National Weather Service, Goodwell, Oklahoma. Suffi­

cient information is available to estimate pan evaporation probability

density functions for 12 periods, the first beginning on May 1 and the last

ending on October 31. These periods correspond exactly to the rainfall

periods, except that no pan evaporation distributions were estimated for

April.

Daily pan evaporation values are generally small during the early

portion of the growing season, increase to a peak level during July and

August and decline to a low level in October. Plottings of daily pan

evaporation observations for each period of the growing season reveal

several outstanding characteristics. First, the sample data indicates

that the pan evaporation distributions are positively skewed. Second,

all observations are equal to or greater than zero. Third, the symmetry

or skewness of the distribution changes from period to period during the

growing season.

The lognormal distribution is used to describe pan evaporation in

this study. It is a continuous positively skewed probability density

function having all values equal to or greater than zero. It is easily

derived, being completely defined by the mean and variance and is easy

to manipulate in the analysis.
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Aitchinson and Brown discuss alternative methods of estimating the

parameters of a lognormal distribution. Parameters of each distribution

are estimated by the method of maximum likelihool [2, p. 39]. Estimates

of the mean, variance and standard deviation for each of the pan evapora-

tion distributions are given in Table XXVII.

Equation (39) may be used to generate a series of n random pan

evaporation observations from a lognormal distribution with mean m
1

and

standard deviation sl.

(39)

where m1 and s are the mean and standard deviation of the lognormally
1

distributed transformed variable and Zi represents a series of n random

normal deviates. Generating pan evaporation values from a different

distribution for each two-week period accounts for the changing distri-

bution of pan evaporation throughout the growing season.

Simulating Soil Moisture During the Crop Year

Utilizing the rainfall and pan evaporation distributions, daily values

for each are generated throughout the growing season. The absence of pan

evaporation data for the November through April period necessitates esti-

mation of soil moisture at the beginning of May based on available weather

data for the previous month or months. Equation (40), estimated by multiple

linear regression, adequately predicts soil moisture at the beginning of

May based upon rainfall during the month of April.

S~m = 8.69 + O.22R +ma

(0.26)

2.33Rlwa

( l.Os)

(40)



TABLE XXVII

SUMMARY OF MEAN, VARIANCE AND STANDARD DEVIATION FOR LOGARITHMICALLY
TRANSFORMED PAN EVAPORATION DATA BY PERIODS OF THE YEAR

x is Distributed Lognorma11y y=log x is Distributed Normally
Mean Variance Std. Dev. Mean Variance Std. Dev.

May 1-15 .38023 .06025 .24546 -1.11687 .31021 .55696

May 16-31 .34863 .04668 .21606 -1. 21614 .44774 .66913

June 1-15 .40382 .06009 .24513 -1. 02709 .31102 .55769

June 16-30 .46678 .06091 .24680 -.83398 .22946 .47902 ......,.....
July 1-15 .45500 .07547 •27472 -.95027 .49978 .70695

July 16-31 .46152 .06323 .25145 -.89505 .36145 .60121

Aug. 1-15 .39789 .04926 .22194 -1.22882 .25953 .50944

Aug. 16-31 .37178 .04750 .21795 -1.10846 .30757 .55459

Sept. 1-15 .32364 .04720 .21725 -1. 27964 .40251 .63444

Sept. 16-30 .27510 .03548 .18835 -1.43233 .35790 .59825

Oct. 1-15 .28648 .05066 .22508 -1. 33889 .37783 .61468

Oct. 16-31 .20776 .02673 .16350 -1.71473 .33835 .58168



142

where S!\m represents the soil moisture at the beginning of May, in inches;

R represents the rainfall during the month of April, in inches; and Rlma wa

represents the rainfall during the last week in April, in inches. Standard

errors of the regression coefficients appear in parentheses below the equa-

tion. The R2 for Equation (40) is 0.90.

The soil moisture balance works as follows: Given beginning soil

moisture on May 1, the soil moisture balance generates daily rainfall and

pan evaporation values. Potential evapotranspiration is calculated based

on pan evaporation and the particular stage of plant development for each

crop. Actual evapotranspiration is calculated based upon potential evapo-

transpiration and soil moisture in the upper profile as long as soil moisture

in that layer exceeds permanent wilting point, and then from the lower pro-

file until soil moisture in that layer reaches permanent wilting point.

Next, rainfall is compared with actual evapotranspiration. If rainfall

exceeds actual evapotranspiration, the difference between the two is added

to the upper layer of the soil profile, with five percent of the upper layer

moisture percolating to the lower profile. If the upper profile reaches

field capacity, additions of soil moisture are made to the lower profile.

If both layers reach field capacity, excess water is considered runoff.

If, when rainfall is compared with actual evapotranspiration, the latter

exceeds the former, soil moisture is reduced by the amount of the differ-

ence between the two. Soil moisture declines in the upper profile, with

soil moisture also percolating from the upper to lower profile, until

permanent wilting point in the upper profile is reached. Then, soil mois-

ture is drawn from the lower profile until soil moisture in that layer

reaches permanent wilting point. Once both layers of the profile have
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reached permanent wilting point, depletion of moisture ceases. Each day

of the growing season, a similar set of computations is made based on soil

moisture, rainfall and evapotranspiration [54, p. 63].

Testing the Soil Moisture Balance

Prior to using the soil moisture balance to maintain a record of soil

moisture throughout the growing season, a statistical test is made to insure

that it is performing satisfactorily. To perform satisfactorily, the mois-

ture balance must utilize probabilistic rainfall and pan evaporation

readings and generate a distribution of soil moisture values that does not

differ significantly from the actual distribution of soil moisture observed

for the study area.

Soil moisture, which is a function of heavily skewed rainfall and

lognormally distributed pan evaporation, is not normally distributed over

the growing season. Thus, the frequently used parametric "t" test is

inappropriate for testing the soil moisture distribution.

Fortunately, nonparametric statistical tests exist which may be used

to test for statistical differences between two distributions without re-

quiring assumptions about those distributions. The Mann-Whitney U test

may be used to test whether two independent groups, A and B, come from the

same population; that is, whether A and B have the same distribution. The

null hypothesis, H , is that A and B have the same distribution. The alter­
o

native hypothesis is that A is larger than B [94, pp. 116-127]. The actual

and simulated soil moisture values serve as the two groups, A and B, for

the test. The procedures required to use the Mann-Whitney U tests, details

of the requisite computations and an explanation of the results are pre-

sented in [54, pp. 272-275]. The results of the test are stated here in
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probability terms. The computed value of the test statistic, Z, is 0.802,

where Z is approximately normally distributed with zero mean and unit

variance. The probability of a value of Z as extreme as 0.802 under the

null hypothesis is 0.412. There is no statistical basis for rejecting the

null hypothesis of no difference between the actual and simulated soil

moisture distributions. Thus, the soil moisture balance system is judged

satisfactory from a statistical standpoint. The next steps are to estimate

the effects on final crop yield of soil moisture stress during each stage

of plant development for each relevant crop. Then the moisture balance

and stress-yield relationships are integrated into a dynamic moisture-yield

system.

Crop Yields as a Function of Soil Mois ture and
Atmospheric Stress During Critical Stages of
Plant Development

Considerable research has been undertaken to study the effects of

various factors, including row spacing, planting rates, seeding date,

fertilizer levels, and irrigation rates, on the major crops of the study

area, such as grain sorghum [1, 46, 61, 62, 63, 65, 66, 67, 68, 69, 75,

92, 96, 98, 113], wheat [47, 48, 79, 87, 98] and corn [18, 20, 40, 90], as

well as on a few minor crops, including alfalfa and sugar beets [71, 86].

However, relatively few studies attempted to establish empirical relation-

ships between timing of water application and crop yield, and between

various levels of moisture stress at different stages of plant develop-

ment and the corresponding yield reductions. Those that have are limited

to the major irrigated crops--grain sorghum, wheat and corn [12, 19, 64,

65, 80, 93].

Several general conclusions may be drawn from the results of these

research efforts. First, reductions in crop yield may occur as a result
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of either soil moisture conditions or severe atmospheric conditions. Soil

moisture deficiency may subject plants to soil moisture stress resulting

in growth retardation and yield reduction regardless of atmospheric condi-

tions. Similarly, even if soil moisture is adequate for normal plant devel-

opment, severe atmospheric conditions may demand more water than the plant

is capable of transpiring and the result is growth retardation and yield

reduction. The second general conclusion is that each crop has a unique

set of critical stages of plant development which must be identified and

studied. Third, the daily effects of moisture and atmospheric stress vary

from stage to stage for a single crop and differ from crop to crop. These

three general conclusions are used in specifying the general form of the

yield-moisture relationship.

Integration of the Soil Moisture Balance
With Crop Yield Reductions

Calculation of soil moisture on a daily basis as a function of rainfall

and evapotranspiration permits consideration of the effects of soil moisture

and atmospheric demands on crop yields on a daily basis. If on day i of

stage j of crop k development, soil moisture is inadequate, the plant is

subjected to moisture stress and final yield is reduced. Also, if on the

same day atmospheric demands for moisture are greater than the plant's

ability to transpire moisture to the atmosphere, plant stress occurs and

final yield is further reduced. The combined effects of soil moisture and

atmospheric stress acting to reduce yield is assumed to be additive and can

be expressed as

k k
= e. SMD. j + b. (P .. - PAl

J ~ J ~J

( 41)

h YR k t th . ld redu t'on day <, stage J', crop k', 6
J
.
k

were ij represen s e y~e c ~, ~
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represents the coefficient reflecting yield reduction, in units per day,

resulting from adverse soil moisture conditions, stage j, crop k; SMDij

represents the soil moisture depletion in inches, day i, stage j; b k
j

represents the coefficient reflecting yield reduction in units per day

due to severe atmospheric demands upon the plant, stage j, crop k; Pij

represents the pan evaporation in inches, day i, stage j; and PA repre­

sents a critical pan evaporation level at or below which no yield reduc-

tions occur that are directly attributable to severe atmospheric conditions.

Equation (41) indicates that crop yield reductions for a given day

and stage of plant development are the sum of soil moisture and atmos-

pheric components. The coefficient e.k must be estimated for j critical
J

stages of plant development for each crop. The variable SMD ••
~J

to have the form shown in (42) for Richfield clay loam soil.

is ass l.UIled

SMD.
j

= (13.8 - SMT . .}/5.11 ,
~ ~J

SMT
ij

< 13.8 (42)

where 13.8 represents the inches of soil moisture for Richfield clay loam

soil below which plants begin to suffer moisture stress and yield begins

to be reduced; SMT
ij

represents the inches of soil moisture which exist in

the entire profile on day i of stage j; and 5.11 represents the difference

between the critical moisture level of 13.8 inches and permanent wilting

point of 8.69 inches.

Equation (42) states that as long as the soil moisture level is less

than 13.8 inches, SMD •• increases as soil moisture decreases, reaching
~J

1.0 when soil moisture reaches the permanent wilting point of 8.69 inches.

Thus, the daily reduction in crop yield due to soil moisture conditions is

assumed to be a linear function of the level of soil moisture between the

critical moisture point and permanent wilting point.
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The second term on the right-hand side of equation (41) represents the

effect of atmospheric stress upon crop yield. The coefficient b j
k must be

estimated for each of j stages for k crops included in the model. Values

of P
ij

are generated daily (as part of the soil moisture balance) from log­

normal distributions of pan evaporation. The value of PA emphasizes the

importance of excessive atmospheric demands upon the plant even though soil

moisture may be above the permanent wilting point. If atmospheric demands

exceed the plant's ability to transpire moisture to the atmosphere, plant

stress occurs and yields are reduced. A value of 0.40 inches per day is

9used for P
A

in this study. It is assumed no yield reduction due to exces-

sive atmospheric demand occurs unless pan evaporation for a given day

exceeds 0.40 inches.

Equations (41) and (42) and the soil moisture balance complete the

link between daily moisture readings and crop yield reductions due to

moisture and atmospheric stress. The following sections develop critical

stages of plant development, water-use rates and yield reduction coefficients

for each crop.

Stages of Plant Development and Yield
Reduction Coefficients for Grain Sorghum

The growing season for grain sorghum in the study area is divided into

three stages defined as preboot, boot-heading and grain-filling. The actual

dates on which these critical stages begin and end is variable. Factors

9The criterion for selecting the value of PA, established in consulta­
tion with agronomists and agricultural engineers familiar with the area,
is that the critical value of P

A
would occur approximately 20 percent of

the time during the vegetative stage of plant development for each crop.
Study of pan evaporation patterns during the vegetative stages of plant
development for each crop reveals that the value of PA satisfying the cri­
terion is apprOXimately 0.40 inches per day.
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that affect plant growth and the time at which each stage is reached

include date of planting, moisture conditions at planting, fertilization

level, the amount of stress which occurs at each stage of development,

and timing and amounts of rainfall and irrigation received. However, in

simulating crop yield as a function of soil moisture during these criti­

cal stages, it is necessary to assume a specific beginning and ending date

for each stage. Otherwise soil moisture and atmospheric stress coeffi­

cients would vary, not only from stage to stage and crop to crop, but from

year to year as well. Data to estimate such varying relationships are not

available. Consequently, fixed length stages are assumed.

Grain sorghum is a summer crop. Farm operators begin prep1ant irri­

gations during May, often plant about June 1 and expect emergence by June 7.

From June 7 until about mid-July, soil moisture and atmospheric s tress have

little effect on final yield if soil moisture is adequate during the suc­

ceeding stages of development. The preboot stage occurs between the

12-inch stage and boot stage. Preboot stage is assumed to begin on July 16

and end on August 4, lasting 21 days. The boot-heading stage is assumed

to begin on August 5 and end on September I, lasting 28 days. The grain­

filling stage is assumed to begin on September 2 and end on September 22,

lasting 21 days. From September 23 until maturity and harvest, moisture

and atmospheric stress are assumed to have no effect on final crop yield.

In attempting to approximate the relationship between evapotranspira­

tion and stages of grain sorghum development in the study area, it is

assumed that pan evaporation, which is positively correlated with tempera­

ture and solar radiation, follows essentially the same pattern throughout

the growing season as the concept of mean potential evapotranspiration
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plotted by Jensen and Sletten [46, p. 8]. A measure of daily potential

evapotranspiration for grain sorghum is calculated as a function of pan

evaporation values generated in the soil moisture balance. It is assumed

that potential evapotranspiration equals 25 percent of pan evaporation

from the beginning of the growing season on May 1 until plant emergence

on June 7. From plant emergence until July 15, when approximately 80

percent ground cover has been reached, potential evapotranspiration is

assumed to increase linearly from 25 percent to 55 percent of pan evapora­

tion. Pan evaporation increases during this period also, and daily values

of potential evapotranspiration increase rapidly. From July 15 until

September 1, potential evapotranspiration remains a constant 55 percent of

pan evaporation, however, both decline during this period. From September

1 until the end of the growing season, potential evapotranspiration is

assumed to equal 50 percent of pan evaporation, with both values reaching

low levels in late September and early October.

Dryland grain sorghum and irrigated grain sorghum are handled somewhat

differently within the model. Water-use curves for irrigated grain sorghum

are predicated upon the assumption that adequate soil moisture conditions

exist throughout the growing season [46, p. 8]. Under adequate moisture

conditions, potential evapotranspiration is much higher than under dry land

conditions. Thus, approximation of water-use rates and potential evapo­

transpiration utilizing the curves developed for irrigated grain sorghum is

inappropriate. Still, potential evapotranspiration changes during the

growing season as grain sorghum develops from emergence to 80 percent of

ground cover. Research to establish realistic values for dryland grain

sorghum is sparce. It is assumed that potential evapotranspiration equals



150

point, nevertheless represent the best available estimates until more data

are available.

Equation (43) presents soil moisture and atmospheric stress coeffi-

cients for the preboot stage of grain sorghum development. Superscripts

designating the crop have been eliminated since each crop is discussed

individually.

= 0.30 SMD
i

+ 1.30 (P. - 0.40)
p ~p

(43)

A soil moisture stress coefficient of 0.30 for the preboot stage of

grain sorghum development denotes that as soil moisture approaches wilting

point, yield reduction approaches 0.30 bushels per day. Thus, if soil

moisture remains near wilting point for the entire preboot stage, the

potential yield reduction is approximately 6.3 bushels (0.30 x 21 days)

per acre. Total yield reduction during the preboot stage is obtained by

summing the 21 daily soil moisture and atmospheric reductions as indicated

in (44)

YR =
P

21
1: 0.30

i=1
+ 1.30 (P. - 0.40).

~p

(44)

Coefficients for the boot-heading stage are presented in equation (45).

Boot-heading is the most critical stage of grain sorghum development as

reflected in the larger OJ and b
j

values. Potential yield reduction due

to soil moisture stress increases to 57.12 bushels per acre.

YRib = 2.04 SMDib + 1. 65 (Pib - 0.40) (45)

Coefficients for the grain-filling stage of grain sorghum development,

shown in equation (46), indicate that adequate moisture during grain-filling

is more critical to plant development and final yield than during the preboot

stage, but less critical than during the boot-heading stage. Maximum
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25 percent of pan evaporation from the beginning of the growing season

until the beginning of boot-heading stage of dryland grain sorghum devel­

opment. From boot-heading stage to the end of grain-filling stage, poten­

tial evapotranspiration is assumed to equal 75 percent of pan evaporation.

While the potential for evapotranspiration may be high, actual evapotrans­

piration is likely to be low because of low soil moisture on dryland grain

sorghum. Considering the lack of empirical work on dryland grain sorghum

water-use rates, one can say in defense of these values that they were

judged realistic by experts in the field, and generated realistic dry land

grain sorghum yields when used in the model.

Soil moisture and atmospheric yield reduction coefficients were

developed for each of the three critical stages of grain sorghum. The

study conducted by Musick and Grimes [64] at Garden City, Kansas, just

north of the study area, provided valuable insights regarding the relative

importance of each stage of development and the percentage reduction in

yield that might be expected when grain sorghum was subjected to moisture

stress for different lengths of time during each critical stage of devel­

opment. The relationships developed by Musick and Grimes were refined and

adjusted in consultation with agronomists, agricultural engineers, farm

management agents and irrigation specialists to fit the study area.

Coefficients were synthesized and tested rather than being estimated

by sophisticated mathematical procedures. While it might be argued that

mathematical estimation is preferable, the almost complete lack of ade­

quate data for the study area effectively eliminates that alternative. In

addition, it is emphasized that the coefficients, while probably not as

accurate as implied by the use of two places to the right of the decimal
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potential yield reduction due to soil moisture stress is 26.67 bushels

per acre.

= 1,27 SMD. + 1,50 (P. - 0.40)
~g ~g

(46)

Determination of the final yield reduction for grain sorghum is

accomplished by summing N daily yield reductions for each of three stages

of plant development, or

3
YR = 1:

j=l

N
1: YR. j

i=l ~
(47)

Final yield is then computed by subtracting the grain sorghum yield

reduction from the yield that would be expected if adequate moisture con-

ditions existed throughout the entire growing season. Under adequate

moisture conditions, a potential irrigated yield of 145.0 bushels per

acre (8,120 pounds) was assumed.

Farm operators raising dryland grain sorghum plant a different

genotype. The dry land genotype is well suited to dryland production, but

has a potential yield under adequate moisture conditions of about 100

bushels per acre (5,600 pounds). The same equations used to compute irri-

gated grain sorghum yield reductions are used to compute dryland yield

reductions. However, one constraint is placed upon production of dryland

grain sorghum. Since it receives no irrigation water, dryland acreage

must have sufficient soil moisture stored in the root zone, or receive

sufficient rainfall during Mayor June if a stand is to be achieved. It

is assumed that if between May 15 and June 25 soil moisture in the upper

nine inches fails to reach one-half of its capacity (2.21 inches) or daily

rainfall fails to reach 0.68 inches (that amount which will raise soil

moisture in the upper profile from permanent wilting point to 2.21 inches),
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no stand is established and dryland grain sorghum yield is zero for the

year. Such dryland grain sorghum crop failures occur about 20 percent of

the time in the study area, or about one year in five.

Stages of Plant Development and Yield
Reduction Coefficients for Wheat

Procedures similar to those for grain sorghum were utilized to

synthesize soil moisture and atmospheric stress coefficients for the cri-

tical stages of wheat development. The basic source used to develop the

relationships was a study conducted by Musick, Grimes and Herron in south-

western Kansas [65]. The growing season for wheat was divided into four

critical periods or stages of plant development: preboot, boot, flower

and milk.

The preboot stage is assumed to begin on May 1 and end on May 15,

lasting 15 days. Moisture stress is relatively unimportant during preboot

if adequate moisture exists during subsequent stages. Equation (48)

specifies the soil moisture depletion and atmospheric stress parameters

for the preboot stages of wheat development. The atmospheric parameter

of zero indicates that wheat yield is resistant to atmospheric stress

during the preboot stage. Potential yield reduction due to soil moisture

stress is 6.75 bushels per acre.

YR<p = 0.45 SMD .. + 0.00 (P. - 0.40)
• ~J ~p

(48)

The boot stage is assumed to last from May 16 to May 28, or 13 days.

Moisture stress is critical during the boot stage with potential yield

reduction due to soil moisture stress increasing to 13.26 bushels per year.

The boot stage daily yield reduction relationships are given in equation

(49) •
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YRib = 1.02 SMDib + 1.10 (Pib - 0.40) (49)

The flower stage of wheat development is assumed to connnence about

May 29 and last until June 6; only 8 days. Soil moisture stress is less

critical that during boot stage, but more critical than during either

preboot or milk stages of development, as indicated by (50). Potential

yield reduction due to soil moisture stress during flower stage is 12.40

bushels per acre.

YRif = 1.55 SMD
if

+ 1.20 (Pif - 0.40) (50)

The milk stage of wheat development is assumed to begin on June 7 and

end on June 13, lasting 7 days. Soil moisture stress is less critical than

during boot or flower, but more critical than during preboot stage. The

potential yield reduction due to soil moisture stress during milk stage is

11.62 bushels per acre. Atmospheric demands are a more significant source

of yield reduction during the milk stage than during any other stage of

development. Equation (51) represents the daily yield reduction relation-

ships for milk stage.

YR. = 1.66 SMDi + 1.50 (P. - 0.40)1m m 1m
(51)

Under adequate soil moisture conditions, a potential irrigated wheat

yield of 75.0 bushels per acre is assumed. Wheat planted for dryland pro-

duction is a different genotype--one which achieves a potential yield of

approximately 55.0 bushels per acre under adequate moisture and atmospheric

conditions.

As with dry land grain sorghum, an additional assumption is made to

account for wheat crop failure. It is assumed that if on any day from
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September 1 to October 31, soil moisture in the upper profile fails to

reach one-half of capacity, or rainfall fails to equal 0.68 inches, a

wheat stand is not achieved and zero yield is indicated.

Stages of Plant Development and Yield
Reduction Coefficients for Corn-----

The basic ideas and research results from which the corn coefficients

are synthesized are presented in studies conducted by Dale and Shaw [12],

Denmead and Shaw [19, 20] and Robins and Domingo [80].

The growing season for corn is divided into five critical growth

stages: first vegetative, second vegetative, silking, milk, and dough.

Planting is assumed to occur on May 1 with emergence on May 7. The first

vegetative stage begins at emergence and ends on June 5, lasting 30 days.

The effects of moisture stress are small during this initial stage if

sufficient moisture exists during subsequent stages of development. Equa-

tion (52) presents the soil moisture and atmospheric relationships for the

first vegetative stage of corn development. Potential yield reduction due

to moisture stress in this stage is 6 bushels per acre.

YR. = 0.20 SMD. + 0.10 (Pi - 0.40)
~v1 ~v1 v1

(52)

(53)

The second vegetative stage of corn development is assumed to begin

about June 6 and last 27 days, ending on July 2. The importance of soil

moisture stress increases significantly with potential yield reduction

reaching 31.05 bushels per acre. The coefficients are shown in (53).

YR. = 1.15 SMD. + 0.60 (P. - 0.40)
~v2 ~v2 ~v2

The silking stage of corn development is assumed to last from about

July 3 to July 18, a total of 16 days. The increased importance of moisture



156

stress during si1king stage is reflected in a potential yield reduction of

48.8 bushels per acre.

YRis = 3.05 SMDis + 1.60 (Pis - 0.40) (54)

The milk stage of corn development is asstnned to begin on July 19 and,

lasting 22 days, end on August 9. Milk stage is slightly more important

than the early and late vegetative stages. Yield reduction coefficients

for milk stage are expressed in (55). Potential yield reduction is 25.08

bushels per acre.

YRim = 1.14 SMDim + 0.40 (Pim - 0.40) (55)

Finally, the dough stage of corn development is assumed to commence

around August 10 and end on August 24, lasting 15 days. Moisture stress

is slightly less important during the dough stage as reflected in (56).

Potential yield reduction due to soil moisture stress is 23.55 bushels

per acre.

YRid = 1.57 SMDid + 0.10 (Pid - 0.40) (56)

Potential yield for irrigated corn under adequate moisture and

atmospheric conditions is assumed to equal 150.0 bushels per acre.

Stages of Plant Development and Yield
Reduction Coefficients for Corn Silage

Little agronomic research relating soil moisture stress and severe

atmospheric demands to corn silage yield is available for the study area.

Agronomists and area agents in the study area indicate cattle feeders are

demanding "grain-type" corn for silage and producers are responding to

market demand. Thus, it is asstnned that corn grown for silage is a "grain-
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type" corn and has the same critical stages of plant development and stress

coefficients as corn grown for grain. Corn silage yields are estimated as

a function of corn for grain yields. A corn silage yield comparable to the

ls0.0-bushel corn grain yield under adequate moisture conditions is 27.0

tons per acre. A coefficient relating corn grain and corn silage yields is

obtained by dividing 27.0 tons by 150.0 bushels to get 0.18. Then corn

silage yield (CSY) is computed as a linear function of corn grain yield

(CGY) from the relation CSY = 0.18 CGY.

Stages of Plant Development and Yield
Reduction Coefficients for Small Grain
Grazing and Native Pasture Yields

Lack of empirical data makes it even more difficult to estimate soil

moisture and atmospheric stress coefficients for small grain grazing and

native pasture than for the crops discussed previously. Small grain grazing

yields on dryland are positively correlated with dryland wheat yields

because both are winter crops grown under dryland conditions. Consequently,

a linear relationship is assumed between dryland wheat yield in bushels per

acre and dryland small grain grazing yield in animal unit months (ADM). A

14.0-bushel per acre dryland wheat yield is assumed equivalent to 1.8 ADM

of small grain grazing [31, pp. 9-10]. A coefficient relating dryland wheat

yield and small grain grazing yield is derived by dividing 1.8 by 14.0 to

get 0.129. Then, small grain grazing yield in ADM (SGPY) is computed as a

linear function of dryland wheat yield (DWY) in the relation SGPY = 0.129 DWY.

The relationships between native pasture yield and either dryland wheat

or small grain grazing yield have not been established. Therefore, native

pasture yield is assumed constant at one ADM per acre.



158

Defining Typical Resource Situations

The primary basis for selecting typical resource situations is the

saturated thickness of the Ogallala Formation. Saturated thickness is a

critical determinant of both the quantity of water in storage and the yield

of an irrigation well or system in gallons per minute. The land area and

amount of water in storage is summarized by saturated thickness interval

in Table IV. The number of acres overlying each saturated thickness inter­

val and the percent of the total study area represented by each saturated

thickness interval are presented.

Although the range in saturated thickness in Table IV suggests it would

be desirable to define several resource situations for analysis, the avail­

able resources required limiting the analysis to two basic resource situa­

tions, designed to represent "poor" and "adequate" water positions for this

study. The saturated thickness intervals ~100 and 101-200 feet are combined

to represent the poor water situation. The remaining four saturated thick­

ness intervals are combined to represent the adequate water situation. The

two basic resource situations are defined in Table XXVIII.

Resource Situation 1 represents 46.59 percent of the total land area,

however, the underlying formation contains only 20.88 percent of the avail­

able water. Resource Situation 2 represents 53.41 percent of the surface

area, however, overlies 79.12 percent of the available water. The weighted

average saturated thickness of underground formation for Resource Situation

1 is approximately 100 feet and for Resource Situation 2 is approximately

325 feet. Each resource situation is characterized by a representative

farm firm and the effects of continued pumping on saturated thickness and

well yield are simulated through time.
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TABLE XXVIII

DEFINITION OF TWO BASIC RESOURCE SITUATIONS FOR THE STUDY AREA

Acre Feet
Weighted Acres Percent of Water Percent
Ave. Feet Within Each of Study Within Each of Study

Resource of Sat. Resource Area Resource Area
Situation Thickness Situation Acres Situation Water

1 100 5,193,968 46.59 77,184,421 20.88

2 325 5,955,370 53.41 292,479,383 79.12

Over time, the incidence and distribution of benefits and costs of

irrigating from the Central Ogallala Formation will not be uniform. Irri-

gation wells in Resource Situation 1 will not yield 1,000 g.p.m. when pumped

from 100 feet of saturated thickness of Ogallala Formation, assuming average

permeability. As saturated thickness declines, well yields decline and irri-

gators are forced to drill additional irrigation wells to maintain their

historic production pattern. The irrigator eventually is forced to reduce

irrigated acreage and return to dryland farming. The return to dryland

farming comes not as a result of physical exhaustion of the aquifer, but as

a direct result of rapidly rising irrigation costs.

Irrigation operators pumping with 325 feet of saturated thickness do

not experience the immediate decline in well yields and rising pumping costs

of irrigators in Resource Situation 1. Properly designed irrigation wells

yield 1,000 g.p.m. until the saturated thickness declines from 325 feet to

approximately 125 feet. Assuming an average rate of decline of five feet

or less per year, suggests irrigators in Resource Situation 2 will experience

40 or more years of adequate water before well yields decline appreciably

and pumping cos ts rise rapidly.
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A Representative Farm for the Study Area

Time, human resources and computer problems act as significant

constraints when defining a manageable number of representative farms or

resource situations to be programmed. In the previous section two basic

resource situations are defined. Since each resource situation must be

subjected to three institutional alternatives with respect to water use,

one modal representative irrigated farm operation is defined for the study

area. This modal operation is synthesized from individual farm surveys

taken from a random sample of 78 irrigation operators in the study area

10during the summer of 1970.

The distribution of farm sizes for the 78 operations reveals that

the modal farm size is between 500 and 1,000 acres and that the farm sizes

representing the greatest number of farms tend to be associated with inter-

vals containing multiples of 640 acres--full sections. Closer examination

reveals that the largest number of farms range in size from 601 to 700

acres. Since farms have a tendancy to be even sections in size, a modal

representative farm of 640 acres, or one section, is defined for this study.

Organization of Production for the
Representative Farm

Surveys from the 78 randomly sampled farm operations were utilized to

develop an organization for the representative farm. The organization of

production is presented in Table XXIX. A total of 315 acres of cropland are

irrigated. Grain sorghum and corn compose 230 acres of irrigated summer

lOThe random sample of 78 irrigated operators was a portion of a more
extensive survey in 1970 taken by Wyatte L. Harmon and Roy E. Hatch, Agri­
cultural Economists, Farm Production Economics Division, Economic Research
Service, U.S. Department of Agriculture, in connection with a study for
essentially the same study area.
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TABLE XXIX

THE ORGANIZATION, WHEAT AND FEED GRAIN ALLOTMENTS AND
CONSERVING BASE FOR REPRESENTATIVE CASH GRAIN

FARM, CENTRAL OGALLALA FORMATION

Crapland

Irrigated Grain Sorghum
Block Gl (80)
Block G2 (40)
Block G3 (30)
Block G4 (20)

Irrigated Wheat
Block WI (65)
Block W2 (20)

Irrigated Corn
Block Cl (40)
Block C2 (20)

Dryland Grain Sorghum
Block G5 (30)

Dryland Whea t
Block W3 (85)

Idle or Fallow

Diverted

Lost to Turnrows

Total Cropland

Pastureland

Dryland Non-Tillable Pasture

Total Pastureland

Other Land

Home, Buildings and Roads

Total Other Land

Total Land in Farm

Allotments

Wheat
Feed Grain
Conserving Base

(Acres)

170

85

60

30

85

66

84

15

595

40

40

5

5

640

185
120

55



162

crops and the remaining 85 irrigated acres are planted in winter wheat.

There are 30 acres of dryland grain sorghum and 85 acres of dryland wheat.

Each of the above crops is divided into one or more crop blocks. For

example, each dryland crop is planted in a single crop block. Irrigated

wheat and com are each planted in two crop blocks. Irrigated grain sorghum

is planted in four crop blocks. The acreage in each block appears in paren­

theses in Table XXIX. Each crop block has its own soil moisture balance to

maintain a daily record of stress conditions. The farm operator is assumed

to irrigate each crop block by block. Thus, if pumping capacity is insuf­

ficient to irrigate an entire crop, perhaps only one block suffers severe

moisture stress rather than the entire crop suffering moderate stress.

All grain sorghum is assumed harvested for grain. Two-thirds of the

corn is harvested for grain and one-third for silage. The remaining 165

acres of cropland is divided among three land use categories--66 acres are

idle or fallow, 84 acres are diverted and 15 acres are assumed lost due to

turnrows, etc. Graze-out small grain is assumed planted on the diverted

acres and may be grazed from November 1 until May 15 without penalty. The

representative farm also contains 40 acres of native pasture. The homestead,

buildings and roads are assumed to occupy the remaining five acres.

The analytical models employed in this study make no attempt to deter­

mine an optimum organization of production. Thus, the organization of pro­

duction developed from the random sample of farms is adopted as the starting

point for simulation of both resource situations and each institutional

alternative.

Assumptions concerning the machinery complement, overhead costs and

labor requirements are considered representative of the study area. The
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listing of the machinery complement is given by Mapp [54, pp. 260-261].

Annual overhead costs for the 640-acre cash grain farm total $3,380 [54,

p. 93]. Family labor is assumed available at the rate of 200 hours per

month and additional labor may be hired in eight-hour increments at $2.00

per hour.

Price Assumptions

Pri ces used in the analysis for this ob j ective are the s arne as those

assumed for previous objectives--"adjusted normalized prices" issued by

the Water Resources Council [45]. The price estimates are considered

"normalized" since the use on long-term, nonlinear trend lines removes many

of the abnormalities caused by weather and other short-term chance events.

The normalized prices are then adjusted to reduce the influence of Govern­

ment price support programs. Adjusted normalized prices for commodities

are further adjusted to the State level through the use of a ratio of

State to U.S. normalized pirces received by farmers.

U.S. adjusted normalized prices are $1.30 per bushel for wheat, $0.95

per bushel for grain sorghum and $1.05 per bushel for corn. The average

ratio of State to U.S. prices for the study area is 0.995, 0.985 and 1.06

for wheat, grain sorghum and corn, respectively. The adjusted normalized

prices computed for use in this study are $1.20 per bushel for wheat, $0.94

per bushel for grain sorghum and $1.11 per bushel for corn. A price of

$5.50 per ton is assumed for corn silage in the field. That is, the buyer

performs the harvesting operation. Small grain pasture is assumed sold at

$8.00 per AUM and native pasture at $3.00 per AUM.
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Government Programs

Full participation in the 1971 Wheat and Feed Grain Programs is asaumed

for each of the resource situations. Of the 185-acre wheat allotment, 60

acres must be set aside in addition to the 55-acre conserving base, to

qualify for wheat certificate payments. The face value of the wheat certi­

ficate, based on a $1.29 per bushel wheat price and $2.90 per bushel parity

price, is $1.61 per bushel. Payments are made based on the domestic allot­

ment (80 acres), face value of the wheat certificate and the projected yield

per acre for the farm.

Of the 120-acre feed grain base, 24 acres in addition to the conserving

base must be set aside to qualify for feed grain payments. Payment rates of

$0.32 per bushel for corn and $0.29 per bushel for grain sorghum are assumed.

Feed grain payments are received on 50 percent of the base, or 60 acres.

Grain sorghum payments are received on 46 acres and corn payments on 14

acres of the feed grain base. Payments are based upon the number of acres,

payments rate and projected yield for the total acres planted. Projected

yields for grain sorghum, corn and wheat are based on a five-year moving

average of yields for all acres of each crop planted on the representative

farm. The five-year moving average reduces the influence of yearly varia­

tions in yield, but permits yields and government payments to increase as

irrigation pumping capacity is expanded.

Once compliance with the set-aside and conserving base features of the

1971 Wheat and Feed Grain Programs has been established, the remaining crop­

land may be planted in any crop. Free substitution between wheat and feed

grains is permitted. Thus, when simulating the representative farm through

time, planting a total of 295 acres (the total of wheat and feed grain
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allotments) to either wheat, grain sorghum or corn is sufficient to

maintain government program history on the farm.

Irrigation Wells and Pumping Costs

Representative farm firms for both Resource Situations 1 and 2 are

assumed to have one irrigation well at the beginning of all simulation

11
runs. The adequate-water farm firms in Resource Situation 2 are assumed

to have an irrigation well capable of producing 1,000 g.p.m. over the 20-

year span of each simulation run. However, firms in Resource Situation 1,

with 100 feet of saturated thickness, are assumed to begin each 20-year

run with a single irrigation well, pump, motor and distribution system,

capable of pumping 780 g.p.m. during the initial year of the simulation

run. With the pump bowls located on the redbed underlying the Ogallala

Formation, each year's pumping has several effects. First, the saturated

thickness of the formation is reduced. Second, the reduction in saturated

thickness leads to a reduction in pump yield. Third, the reduced capacity

increases the per unit cost of delivering each acre inch of water to the

plants. Fourth, the reduced capacity also alters the operator's irrigation

schedule by making it more difficult to achieve timely water applications.

The relationship between declining saturated thickness and reduced

well capacity is expressed in equation (57).12

11See Harry P. Mapp [54, pp. 96-100] for a discussion of the method
used to compute the initial well yields for each resource situation and
the amount of saturated thickness required to sustain a 1,000 g.p.m. yield.

12Equation (57) was developed in the Southern High Plains of Texas
for irrigation wells pumping from the Ogallala Formation. The relation was
obtained by correspondence with Mr. Frank A. Rayner, Manager of the High
Plains Underground Water Conservation District, Lubbock, Texas, and Mr.
Frank Hughes, ERS, USDA, Texas A & M University, College Station, Texas.
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(57)

where Qt represents the well capacity in the current period t; Qt-1 repre­

sents the well capacity in the preceding period t-1; H
t

represents the

remaining feet of saturated thickness in the current period t; and H 1
t-

represents the feet of saturated thickness in the preceding period t - 1.

Equation (57) is used to compute current pumping capacity at the

beginning of each crop year within the Production Subset of the model.

Experimentation with the model reveals that at least 700-g.p.m. well capa-

city is required to adequately irrigate the original production organiza-

tion on the representative farm. Thus, a decision rule is built into the

Production Subset which allows the irrigator to drill an additional well

if pumping capacity falls below 750 g.p.m. during a crop year. The new

well is assumed drilled during the non-irrigation season and pumping

capacity the following year is increased by the capacity of the existing

well. For example, if the yield of irrigation well 1 declines below 750

g.p.m. during the current season to, say, 700 g.p.m. by the end of the crop

year, the producer is assumed to drill a second well and connect it to the

original distribution system which increases the system capacity to 1,400

g.p.m. for the following crop year. Yields for both wells then decline

as the saturated thickness diminishes until system capacity falls below

750 g.p.m. again. Then the irrigator is assumed to drill a third well,

designed to deliver the average yield of the other two wells, raising

system pumping capacity by 50 percent. Three irrigation wells is the

maximum assumed for the one-section representative farm firm.
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Detailed information regarding investment, ownership and pumping

costs for irrigation wells of Resource Situations 1 and 2 are presented

in [54, pp. 318-324]. All irrigation systems utilized in the model are

furrow or surface systems suited to Richfield clay loam soils.

Development of Irrigation Strategies

It is not difficult to prescribe an optimum irrigation strategy for

the farm operator under static conditions. Static economic theory indi­

cates the rational operator should utilize each unit of irrigation water

in its highest value use so that the marginal value product of the last

unit applied just equals its marginal resource cost.

The optimal strategy prescribed under static conditions is difficult

to apply under the dynamic conditions faced by the irrigator in the field.

Static theory implies the ability to change water applications instanta­

neously from one crop to another. In practice, once the operator begins

to irrigate, he finds it economic to add from 1.0 to 3.0 inches of water

to the soil profile of a crop before changing the irrigation set to another

crop or another field. Thus, even though water is the type of resource

that appears to be infinitely divisible, problems of indivisibilities

exist. However, these indivisibilities do not invalidate the economic

concept of applying water to its highest valued use. Each irrigation

operator has an idea of the critical water-use periods for each crop and

which of the several crops requiring water during a specific period has the

highest use value for the irrigation water available. He applies water

during a specific period first to the crop which has the highest use

value (marginal value product) for that unit of irrigation water. Once

that crop has received an irrigation application, the crop or crop block
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having the highest marginal value product for the next unit of irrigation

water receives the next irrigation application. The operator may switch

crop priorities from one part of the growing season to another in response

to changes in the value of irrigation water among crops.

Delineation of Irrigation Periods

This line of reasoning leads to the development of a series of irri­

gation strategies for the growing season. Table XXX presents a crop calen­

dar covering the period May 1 through September 30. The crop calendar

shows the critical stages of plant development for grain sorghum, wheat

and corn and indicates the periods when two or more crops are in direct

competition for irrigation water.

The entire period covered by the crop calendar is divided into five

irrigation periods. The basis for selecting the beginning point of each

period is the beginning of a critical stage of plant development for a

crop. For instance, irrigation period 2 begins on May 16, when wheat

reaches boot stage, and lasts until June 6 when the late vegetative stage

for corn begins. Irrigation priorities established during this period

are wheat first, corn second and grain sorghum last. These priorities are

based on the marginal value product of irrigation water on the crops during

this 20-day period of the growing season. The information presented in

Table XXX for periods 1, 3, 4 and 5 can be interpreted in a similar manner.

Irrigation Strategies h Periods

Application of irrigation water depends upon the level of soil

moisture existing in the soil profile of a crop. The model assumes that

the decision to irrigate is made when the level of soil moisture falls



TABLE XXX

DELINEATION OF CRITICAL STAGES OF PLANT DEVELOPMENT, IRRIGATION
PRIORITIES AND IRRIGATION STRATEGIES

Grain Sorghum

May June . July· August September
1 7 15 21131 r ,13 2

l' 118
4 9 2

1
4 1 15

1
22 30

I I 'I I I I I I

Preplant a Preboot Boot-Heading Grain-Filling
I I I

Wheat

Com

Flower
Preboot Boot I ["Milk
I I I I I

Prepland b IVegetative I jegetative 2, Si1ki'I-_Mi_I_k_~t_o_u.:g:...jhl

(1) (2) (3) (4) (5)
Critical Periods May 1- May 16-

June 6 4 August 5 - Sept.
May 15 June 5 - August

September 15 16-30

Irrigation G,W,C W,C,G C, G G, CPriorities
c C,W

Pumping Days 14 20 56 39 14

~o stage name is given to grain sorghum be~een preplatn irrigation applications and preboot
stage. Moisture stress during this period has little ~ffect if moisture is adequate dUring subsequent
stages of development.

bPlant emergence occurs between May 1 and May 7.

cIrrigation priorities G, W and C represent grain sorghum, wheat and com, respectively. All
blocks of the crop listed first in a critical period are irrigated before ·any block of the second or
third priority crops.
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below 50 percent of available soil moisture, or 12.5 inches. If soil

moisture in the entire profile for a crop equals or exceeds 12.5 inches, no

irrigation water is applied. If available soil moisture falls below the

50 percent available level during a critical stage of development, addi­

tional water is applied based on the priorities discussed above and avail­

able pumping capacity. If sufficient water is available, the entire crop

receives a 3.0-inch addition to the soil profile. However, if plants on

the part of the field already irrigated begin to show signs of plant stress

before the entire application can be completed, irrigators are assumed to

reduce the application rate on the remaining acres, and return to the ori­

ginal portion of the crop to begin a new application. These assumptions

appear reasonable based on the actions of irrigators in the area.

Varying irrigation rates on shifting numbers of acres during different

stages of plant development is extremely difficult to handle from a model­

ling standpoint. Therefore, as indicated in Table XXIX, total acreage of

each irrigated crop is divided into several blocks. The 170.0 acres of

irrigated grain sorghum are divided into four blocks of 80.0 acres, 40.0

acres, 30.0 acres and 20.0 acres. Similarly, the irrigated wheat and the

irrigated corn are each divided into two blocks. Block 1 of any crop is

always irrigated first, followed by block 2, etc. If, using grain sorghum

as an example, block 4 is being irrigated and block 1 begins to suffer

moisture stress, the irrigation application rate is reduced on block 4

and block 1 is the next block to be irrigated.

The general procedure for scheduling and executing irrigation

applications is the same for every period and may be discussed in general

terms. Each period has a set of crop irrigation priorities as outlined
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in Table XXXI. The priorities determine the order in which soil moisture

values are checked against the critical value (usually 50 percent available

soil moisture or 12.5 inches). Assume the order of priorities is (1) grain

sorghum, (2) wheat and (3) corn, as it is for period 1. On the first day

of the period, soil moisture for the first block of grain sorghum, Gl, is

checked against 12.5 inches of soil moisture. If soil moisture for Gl

equals or exceeds 12.5 inches, no irrigation application is scheduled for

Gl and soil moisture for G2 is checked against 12.5 inches, etc. If all

four grain sorghum blocks have soil moisture in excess of 12.5 inches, then

soil moisture for the first block of wheat (WI), the second priority crop,

is checked against 12.5 inches. This process continues as long as soil

moisture for each block exceeds 12.5 inches. After soil moisture for both

blocks of the third priority crop, corn, have been checked against 12.5

inches, and soil moisture for all blocks is found to exceed 12.5 inches,

the day is incremented to day 2 of the period and soil moisture under the

first block of the first priority crop is again checked against 12.5 inches.

In the above example, no irrigation applications would be scheduled during

day 1 of period 1.

Now consider the usual situation where an irrigation application is

required. Assume that on day 1 of the period, soil moisture under Gl is

less than 12.5 inches. The farm operator schedules an irrigation applica­

tion for Gl. Ideally, once an application has begun, he would like to add

3.0 inches of soil moisture to the Gl profile. Due to evapotransporation

and water losses from leakage and seepage, only about two-thirds of the

water pumped from the aquifer enters the soil profile of the irrigated

crop. Therefore, 4.5 inches must be drawn from the aquifer to insure a



TABLE XXXI

MOISTURE LEVELS AT WHICH IRRIGATIONS ARE SCHEDULED AND PRIORITIES
ESTABLISHED BY IRRIGATION PERIODS

Irrigation Period
1 2 3 4 5

It-rigation Priority Order GS W C W C GS C GS GS C GS W

Inches of Soil Moisture
at which Irrigations 12.50 10.98 10.98 12.50 12.50 12.50 12.50 10.98 12.50 12.50 10.98 12.50
are Scheduled

Inches of Soil Moisture
at which Priority on 9.45 10.98 10.98 10.98 10.98 10.98 10.98 9.45 10.98 10.98 9.45 9.45
Water is Established

....

.....
N
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3.0-inch addition to the soil profile. Based on the requirement of 4.5

acre inches per acre, the irrigation water requirement is computed from

(58) :

(58)

where WR.. equals the water requirement, block i, crop j; and AC .. equals
~J ~J

the acres planted in block i, crop j.

Then the water requirement is compared with the pumping capacity for

the period. Pumping capacity is computed based on gallons per minute

delivered by the irrigation system as follows:

BPCi = (GPM x 1440.0 x DAYS i )/27,155.0 (59)

where BPCi equals the beginning pumping capacity for period i in acre

inches; GPM equals the irrigation system pumping capacity in gallons per

minute; 1440.0 equals the number of minutes per day; DAYS. equals the
~

number of days in period i; and 27,155.0 equals the gallons per acre inch.

Assuming that pumping capacity for the period equals or exceeds the

water requirement for G1, the irrigation application is initiated. The

number of days required to apply

crops can be irrigated until the

WR.. acre inches is computed and no other
~J

application of G1 has been completed.

The total application is divided by the number of days required to apply

it, and the appropriate proportion is added to soil moisture each day.

Once the application on G1 is complete, the remaining pumping capacity for

the period is computed and soil moisture under the second block of the top

priority crop, G2, is checked against 12.5 inches. If soil moisture

exceeds 12.5 inches, soil moisture under G3 is checked, etc. If, however,

G2 soil moisture is less than 12.5 inches, its water requirement is
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computed using (58) and is then compared to the remaining pumping capacity

for the period. If sufficient capacity exists, the irrigation is sched­

uled, the number of days required computed and the appropriate amount of

moisture per day added to the soil profile. No other crop may be irri­

gated until the application on G2 has been completed. The G2 water re­

quirement is deducted from pumping capacity for the period, and then soil

moisture for G3 is checked against 12.5 inches. This procedure continues

unaltered until one of four following events occurs. (a) The water require­

ment for any block of a crop exceeds the remaining pumping capacity for the

period. (b) The number of days remaining in the period is insufficient to

allow a full irrigation. (c) A block of higher priority reaches a low soil

moisture level while a low priority crop is being irrigated. (d) The

period comes to an end. These events will be considered in turn.

(a) If the water requirement for a block of a crop exceeds the

remaining pumping capacity for the period, based on a 4.5-inch application

per acre, the number of acre inches which can be applied per acre is com­

puted. If that number equals or exceeds 1.5 acre inches per acre, the

irrigation is scheduled and the application made. If at least 1.5 acre

inches per acre cannot be applied, no irrigation application is made to

the block in question.

(b) If the number of days remaining in the period is insufficient

to allow a full irrigation, water is applied at the computed rate per day

until the period ends.

(c) If a block of higher priority reaches a low soil moisture level

while a lower priority crop or block is being scheduled for irrigation,

the irrigation application on that block is reduced to 1.5 acre inches
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per acre. Then the higher priority crop moisture is checked, and a full

4.5-inch irrigation application is made, assuming time and'pumping capacity

exist to complete the application.

(d) When the period comes to an end, no further irrigations are

scheduled based on crop priorities for the current period. Soil moisture

under block 1 of the highest priority crop in the next period is checked

against 12.5 inches of soil moisture.

The same procedure continues through all five of the irrigation periods.

At the end of the crop year, crop yields on each block of each crop are com­

puted based on soil moisture and atmospheric stress suffered during the

critical stages of development and accumulated throughout the growing season.

The coefficients used in applying the irrigation strategies are not

intended to imply that the operator is capable of distinguishing between

levels of available soil moisture to two decimal places. The decision rules

are merely an attempt to simulate the decisions operators make based on feel

of the soil and appearance of plants. Since these actions must be comput­

erized, the rules are quite specific in nature.

The next sections of this report outline procedures utilized in

simulating institutional alternatives to water-use regulation. The first

alternative is no regulation or restraint on water use. The second alter­

native is an absolute limit on the number of acre inches pumped per year.

The third alternative allows irrigators to pump more than the quantity

limit if they pay a graduated tax per unit of water pumped above the limit.

These are considered in turn.
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Simulation of Representative Farm Firms Without
Institutional Restraints on Water Use

The initial institutional alternative considered is to allow

unrestricted pumping from the Central Basin of the Ogallala Formation by

firms in both Resource Situations 1 and 2. This alternative coincides

with a continuation of current policy in accordance with present inter-

pretations of ground water law in the study area.

For the unrestricted water-use alternative, the deciSion rules

followed by irrigators are based upon the level of available soil moisture

during critical stages of plant development as outlined in previous sec-

tions. Irrigators in Resource Situation 1 face declining well yields

over the 20-year simulated time period. When capacity of the irriga-

tion system falls below 750 g.p.m. in a given year, the irrigator is assumed

to drill a new well at the end of that year. When the operator has three

irrigation wells, his response to declining well yields and rising pumping

costs is to reduce the number of irrigated acres. The deCision rule used to

reduce irrigated acres is based on a comparison of net returns per acre

above variable costs for each irrigated block and opportunity cost net

returns per acre for the best dryland alternative--dryland wheat. Oppor-

tunity cost net returns on dryland wheat, considered as returns to land,

overhead, risk and management, are $5.24 per acre [54, p. 115]. Every year

after the third well has been added the net return per acre above variable

costs in each block is compared to the $5.24 opportunity cost for dryland

wheat. If the opportunity cost dryland net return is greater, the block

is planted to dryland wheat the following year.
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Simulation of Representative Farm Firms With a
Limit on the Quantity of Irrigation Water an
Operator May Pump During the Growing Season

The second institutional alternative restricts the quantity of

irrigation water the individual operator is allowed to pump during the

crop year. The authority of Water Resources Boards to restrict the

quantity of water pumped is documented above. It is assumed that each

irrigator is restricted to pumping 1.5 acre feet of irrigation water per

acre of water rights per crop year. For the representative farm firms

of this study, water rights to irrigate 315 acres are assumed. At 1.5

acre feet per acre of water right, the irrigator is limited to pumping

472.5 acre feet per year or 5,670 acre inches per year.

The controlling agency is assumed to say nothing about the allocation

or distribution of this water among periods of the crop year. The irriga-

tor is free to pump his system at capacity from the beginning of the irri-

gation season until he has arrived at the quantity limit, or limit pumping

in the early periods due to uncertainty about future moisture conditions.

The rational irrigator is assumed to hedge current pumping due to uncer-

tainty about future water needs during later stages of plant development.

He is assumed to pump according to soil moisture depletion levels and crop

priorities established for the unconstrained simulation runs discussed

previously, however, establishes maximum amounts of water to be added to

each crop during each stage of plant development. The maximum levels by

crops and irrigation periods are reflected in Table XXXII.

These figures indicate, for example, that no more than 4.5 acre inches

of irrigation water will be applied to each acre of grain sorghum during

irrigation period 1. With an irrigation efficiency of two-thirds, a 3.0-inch
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real addition to the soil profile is implied by a 4.5 acre inch per acre

water application. These self-imposed irrigation guidelines provide enough

flexibility to allow sufficient water to be applied during very dry years,

yet induce the irrigator to conserve water for subsequent periods to meet

unexpected demands. During a year of high and timely rainfall, the irri-

gator will likely not pump 5,670 acre inches of water. However, during a

year characterized by either untimely or low rainfall, the irrigator may

easily reach the quantity limit during irrigation period 4 and be unable

to complete grain sorghum irrigations or to prewater wheat during September.

TABLE XXXII

MAXIMUM INCHES OF WATER APPLIED PER ACRE BY CROPS
AND PERIODS OF THE GROWING SEASON IN RESPONSE

TO A QUANTITY LIMITATION

Grain
Period Sorghum Wheat Corn

April 0.0 0.0 6.0
Period 1 4.5 4.5 0.0
Period 2 4.5 9.0 4.5
Period 3 9.0 0.0 18.0
Period 4 13.5 0.0 4.5
Period 5 0.0 9.0 0.0

Total 31.5 22.5 33.0

No change in production organization is assumed. It might be argued

that the rational irrigator would respond to a quantity limitation by

reducing irrigated acres to the maximum number he can fully irrigate.

While this course of action makes sense from an economic standpoint, it is

not being followed by the operators experiencing declining well yields and

water supplies. The tendency is to protect the historic production
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organization by applying less water per acre while maintaining the same

number of acres [54, p. 119]. Once it becomes unprofitable to irrigate a

crop block, however, producers naturally respond by reducing irrigated

acreage. The net returns per acre above total variable costs for each

crop block is compared with dryland wheat opportunity cost net returns per

acre. Crop blocks whose net returns per acre fail to exceed opportunity

cost net returns per acre are converted to dryland wheat the following

year in a multi-period run.

Simulation of Representative Farm Firms With a
Graduated Tax on Each Acre Inch of Water
Pumped Above the Quantity Limitation

The third institutional alternative considered assumes that each

irrigator is restricted to pumping 1.5 acre feet per acre of water rights,

or 5,670 acre inches of water per year. However, the irrigator is per-

mitted to pump in excess of 5,670 acre inches per year if he is willing

to pay a tax on each acre inch of water pumped above the quantity

limitation.

The tax rate of $0.50 per acre inch is based upon tax rates which

have been utilized in irrigation districts in California. At $0.50 per

acre inch, the tax rate is $6.00 per acre foot. The magnitude of the

graduated tax may seem excessive, however, it should be emphasized that

the tax is applied to the additional or marginal unit of irrigation water.

The irrigator would not find it economical to pay a $0.50 per acre inch

tax on every unit pumped. However, the marginal value product of irri-

gation water during a critical stage of plant development, given inade-

quate soil moisture conditions, is quite high. The model assumes decision

rules for simulation of the quantity limitation, specified in the previous



100

section, are followed until the quantity limitation is reached. Thereafter,

the irrigator is assumed to decide whether or not to irrigate based upon the

potential loss in yield which will occur if the irrigation is not applied.

The critical decisions involve whether or not to continue irrigating

grain sorghum during irrigation period 4 and whether or not to apply a pre­

plant irrigation on wheat during irrigation period 5. The preplant irriga-

tion on wheat is quite often of critical importance if a good stand is to

be achieved. In the Production Subset of the model, failure to preplant

irrigated wheat is assumed to reduce the potential yield by 15 bushels.

Fifteen bushels of wheat at $1.29 per bushel returns gross revenue of $19.35.

The variable cost of the additional irrigation is approximately $8.70. 13

The value of the marginal product resulting from an additional irrigation

on wheat clearly exceeds the marginal resource cost. Thus, the irrigator

is assumed to apply a preplant irrigation on wheat during irrigation period

5 every year.

The deCision whether or not to irrigate grain sorghum during irrigation

period 4 is a function of soil moisture and days of potential yield reduc-

tion remaining in irrigation period 4. If soil moisture is low enough that

that the potential yield reduction is equal to or greater than ten bushels,
14

the decision is to irrigate. All wells are metered and the irrigator pays

13Variable costs of $8.70 include variable pumping costs of $1.00 per
acre inch for a 4.5-inch application, additional labor costs of $0.75, added
harvesting and hauling costs of $1.20 and water taxes of $2.25.

14Gross revenues from nine and ten bushels of grain sorghum at $0.94
per bushel are $8.46 and $9.40, respectively. The cost of the additional
irrigation, assuming variable pumping cost per acre inch is $1.00, addi­
tional labor cost is $0.75, tax payments are $2.25 and added harvesting and
hauling costs are either $0.99 or $1.10, total $8.49 and $8.60 for nine and
ten bushels potential yield reduction, respectively. The added costs exceed
added revenues for a nine-bushel potential yield reduction, however, added
revenues exceed added costs and an additional irrigation is justified if
potential yield reduction is equal to or greater than ten bushels.
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a tax of $0.50 per acre inch on each acre inch in excess of the 5,670 acre

inches pumped during the crop year.

Results of Simulating Alternative Methods
of Water-Use Regulation

The initial portion of this section summarizes the effects of each of

the three methods of water-use regulation on the representative firm and

the water supply in Resource Situation 1. The subsequent part concentrates

on Resource Situation 2.

Effects of Unrestricted Water Use on
Resource Situation 1

Resource Situation 1 represents the poor water situation for the study

area. Average saturated thickness of the underground aquifer is 100 feet.

This amount of saturated thickness will support a well yield of approxi-

mately 780 g.p.m. Assumptions concerning the number of acres irrigated,

acreage planted to each crop, and the decision rules followed to drill addi-

tional wells and revert acreage to dryland are discussed in the previous

section. Operation of the representative firm under each method of regu-

lation was simulated over a 20-year time horizon and each method of regu-

lation was replicated 15 times. The results of the simulation analysis

of three water-use regulatory alternatives are presented below.

Effects on Acre Inches Pumped

The effect of unrestricted water use on the quantity of water pumped

through time is shown in Table XXXIII. The mean, standard deviation,

maximum, minimum and range have been computed using the 15 replications

for each year of the 20-year planning horizon [54, p. 130].
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SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR
RESOURCE SITUATION 1 WITH NO RESTRICTIONS ON WATER USE*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 ,. 19 20

Total Acre Inches Pumped

Mean 5805 5550 6911 7385 7061 6585 6446 5935 6006 6218 5898 5361 4610 4028 3280 2859 2486 2208 1963 1324

Std. Dev. 972 500 1632 1265 1094 686 323 426 754 846 503 561 539 555 472 575 377 406 565 982

Maximum 6699 6039 8305 9265 8229 7607 7092 6704 7568 7492 6506 6195 5161 4949 4143 3827 3419 2739 2361 2202

Minimum 2852 4225 1923 4704 4454 5369 5605 5167 4981 4490 4646 4136 3261 2858 2561 1760 1819 903 0 0

Range 3847 1815 6382 4561 3776 2238 1486 1542 2587 3002 1861 2059 1901 2091 1592 2066 1600 1837 2361 2202
I

Net Farm Income

Mean 9019 9809 13546 13839 15045 14624 13593 11454 10870 11324 8780 6405 7502 6838 7719 5714 7503 4351 1031 2183

St d. Dev. 4151 5470 3462 4452 3957 5840 4700 4489 5051 5775 5761 4851 7620 5666 4591 4797 4930 5453 6503 5639 .....
Maximum 15567 22925 20868 21891 23876 24824 23607 19976 21111 20037 19987 16314 22603 14697 18372 11547 15699 10238 11113 11924 00

N
Minimum 3397 2714 8850 7947 9571 4581 3261 4568 3300 2996 902 -3534 -8629 -309 2466 -3668 571 -8407 -9883 -8109

Range 12170 20211 12018 13944 14305 20243 20346 15408 17811 17041 19085 19848 31232 15006 15906 15215 15128 18645 20996 20033

CoeLof Var. 0.46 0.56 0.26 0.32 0.26 0.40 0.35 0.39 0.46 0.51 0.66 0.76 1.02 0.83 0.59 0.84 0.66 1. 25 6.31 2.58

Net Worth

Mean 120792 121923 126075 130517 135829 141397 145683 148152 151717 155568 156182 154778 154237 153286 152979 150822 150268 146852 140219 135555

Std. Dev. 3334 5673 7259 9347 10140 13568 15926 17393 17780 21031 23995 27241 30219 32832 34975 38402 41421 44527 48768 52346

Maximum 126009 135524 143124 154176 160580 167980 171284 172769 175885 182686 181628 186824 198840 198111 201896 203823 208574210251 213980 214774

Minimum 116195 113631 115735 119604 125187 122641 123589 122553 125468 122706 118326 111788 96592 88783 84606 74377 67422 59749 47057 36537

Range 9814 21893 27389 34572 35393 45339 47695 50216 50417 59980 63302 75036 102248 109328 117290 129446 141152 150502 166923 178237

*The values in this table are based on 15 replications. The values for each replication are reported by Mapp [54, pp. 130, 134 and 183].
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The mean values in Table XXXIII highlight several interesting

phenomena. The second irrigation well is usually added at the end of the

second or third crop year, and its effect on pumping capacity for the irri­

gation system is apparent. Average acre inches pumped increases from 5,550

in year 2 to 6,911 and 7,385 acre inches, respectively, during years 3 and

4. The third irrigation well is usually drilled at the end of either crop

year 8 or 9. Increased pumping capacity is reflected through an increase

in pumping from 5,935 acre inches in year 8 to 6,006 and 6,218 acre inches

during crop years 9 and 10, respectively. After the third irrigation well

is drilled, declines in acre inches pumped result from (1) declining well

yields; (2) increasing pumping costs; and (3) the resulting reduction in

irrigated acreage. Mean values decline steadily from 6,218 acre inches in

year 10 to 1,324 acre inches in year 20.

The maximum number of acre inches pumped during any replication of

any year is 9,265 during the 14th replication of crop year 4. A combina­

tion of excess pumping capacity after the addition of well 2 and extremely

dry weather conditions during the year are primary causal factors. The

minimum number of acre inches pumped during any replication of crop year 4

is 4,704, which occurs in replication 1l.

During five of the fifteen replications all irrigated crops were

converted to dryland wheat by crop year 20 and zero pumping occurred. In

one of the replications conversion to total dryland farming occurred by

crop year 19. Thus one-third of the replications simulated result in a

return to dryland farming by the 20th year. Variable pumping costs per

acre inch during the final year in which irrigated crops are raised ranged

from $1.42 to $1.68 for the five replications reverting all land to dryland

crop production.
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Saturated thickness of the underground aquifer at the end of the

20-year simulation runs ranges from 33.42 to 37.53 feet and averages

35.84 feet. Transforming these figures into feet of decline in saturated

thickness results in an average decline of 64.16 feet over the 20-year

period, an average decline of 3.21 feet per year. The original 100 feet

of saturated thickness underlying Resource Situation 1 contained approxi-

mately 9,600 acre feet of water which could be withdrawn for irrigation

15purposes. The decline in saturated thickness to 35.84 acre feet leaves

approximately 3,440 acre feet of water that is uneconomical to pump for

irrigation purposes. Thus, of the original volume, only 35.84 percent

remains at the end of the 20-year unrestricted simulation of Resource

Si tuation 1.

Effects on Net Farm Income------
Effects of water-use regulation on net farm income are of great

importance to individual farm operators and to the economy of the Central

Ogallala Formation. Net farm income is computed in the General Agricul-

tural Firm Simulator as the difference between gross farm income and gross

farm expense. As used in the context of the simulation model, it repre-

sents net returns to land, operator labor, management and risk. Net farm

income is computed each year of a multi-period simulation run. The simu-

lation runs are sequential and firm financial changes are updated each year

to reflect the current status of the firm.

Table XXXIII contains a summary of net farm income resulting from the

15 replications of a 20-year simulation of Resource Situation 1 without

15The figure 9,600 acre feet is computed assuming 640 acres overlie
the 100 feet of saturated thickness and that the specific yield of the
Ogallala Formation is 0.15. Then 640 acres x 100 feet x 0.15 = 9,600 acre
feet.
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water-use regulation. The mean, standard deviation, maximum, minimum and

range have been computed for each year of the planning horizon.

Net farm income for farms in Resource Situation 1 increases rapidly

during the initial years of irrigation system expansion. From year 1 to

year 5, mean net farm income increases from $9,019 to $15,045, the maximum

mean value for any year of the run. The rise in net farm income over a

five-year period is primarily due to increased pumping capacity which

increases irrigated crop yields. Increased yields result in greater govern­

ment payments, which are computed on the basis of a five-year moving average

of yields for wheat and feed grains. After year 5, mean net farm income

declines gradually to $10,870 in year 9, rises to $11,324 in year 10 with

additional irrigation expansion, and then follows an erratic, but declining

trend through year 18. Mean net farm incomes the final two years are very

low reflecting several adverse conditions. (1) Declining well yields and

rising pumping costs contribute to declining profitability of the irrigated

operation. (2) Conversion of an increaseing number of acres to dryland

production reduces the mean net farm income and increases variability of

income. Effects of adverse weather conditions contribute to years of very

low and even negative net farm income.

During the initial five years, mean net farm income rises while

variability of income, as measured by the standard deviation, declines.

The income stability contributed by government payments is obvious through­

out the initial and intermediate periods of the analysis. Income variabil­

ity remains relatively stable across the 20-year simulation run. However,

as mean net income declines in years 11 through 20, the coefficient of

variation rises. The coefficient of variation is expressed as
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(60)

where cv represents the coefficient of variation; s represents standard

deviation; and xrepresents the mean. The coefficient of variation

affords a valid comparison of the variation among large values, such as

income in initial periods, and variation among small values such as income

in later periods [72, p. 64]. The lowest coefficient of variation is 0.26

in years 3 and 5 of the 20-year simulation of net farm income. In years

18, 19 and 20, the coefficient of variation is 1.25, 6.31 and 2.58,

respectively.

The maximum net farm income for any replication of any year, $24,824,

occurs early in the period, year 6. The minimum net farm income of -$9,883

occurs during the later part of the period, year 19. The maximum range in

net farm income of $31,232 occurs during year 13. These figures emphasize

the tremendous variability in net farm income that exists within the study

area. Irrigation and government programs are definite stabilizing influences

on net farm income. However, as the water supply is depleted, crop yields

decline and dependence on dry land production increases. As the importance

of government programs continue to decline, variable weather conditions

significantly affect variability of net farm income in the poor water

situation.

Effects ~ Net Worth

The Farm Firm Simulation Model computes net worth of the representative

firm after each year of a multi-period simulation run. Net worth is, of

course, computed as the difference between total assets and total debts.

Over time, assets and debts are constantly changing. Real estate and

chattle debt payments are made each year until the beginning levels have
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been reduced to zero. An initial real estate debt of $42,000 and an initial

chattle debt of $5,234 are assumed. The chattle debt is paid off in five

years and the real estate debt is retired during year 15. No further real

estate or chattle debts are accumulated during the 20-year simulation runs.

However, other short-term loans are required periodically to maintain the

cash balance required for operation of the business.

Table XXXIII presents a summary of net worth for representative farms

in Resource Situation 1 based on 15 replications of a 20-year simulation of

the firm. The mean, standard deviation, maximum, minimum and range of net

worth values are given for each year of the simulation run. Mean values of

net worth exhibit several characteristics. (1) There is a definite trend

in net worth through time. (2) The trend in net worth is not linear, but

tends to follow a sigmoid pattern. (3) Net worth reaches a maximum in

year 11. This maximum lags behind full irrigation development by one or

two years. (4) After reaching a maximum in year 11, mean net worth for

Resource Situation 1 declines steadily to year 20. Mean net worth at the

end of year 1 is $120,792, increases steadily to $156,182 in year 11 and

declines to $135,555 at the end of year 20. The standard deviation of net

worth increases steadily from $3,334 in year 1 to $52,346 in year 20.

Relative variability, as measured by the coefficient of variation, increases

steadily over time from 0.03 in year 1 to 0.15 in year 11 to 0.39 in year

20. Increasing variability is again a function of several interelated

factors. (1) Declining well yields over time result in less reliance on

irrigation water to stabilize crop yields. (2) The shift of crop acres

from irrigated production to dryland production tends to increase vari­

ability in yields, net returns and net worth over time. (3) Despite the
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completely random nature of rainfall and pan evaporation events in the

Production Subset, series of "wet crop years" and of "dry crop years ll

years appear in the simulation runs. This phenomenon has been observed

and documented for a study area which encompasses a portion of the Central

Ogallala Formation [32, pp. 20-24]. The existence of series of good years

contribute to a high ending net worth during replications 5 and 7 ($214,744

and $199,225, respectively). Series of dry years contribute to low ending

net worth during replications 6 and 14 ($40,527 and $36,537, respectively).

The maximum and minimum net worth figures both occur during year 20.

A range of $178,237 exists between the maximum of $214,774 and the minimum

of $36,537.

Effects of a Quantity Restriction on
Resource Situation 1

The second water-use regulatory alternative simulated is a limit on

the quantity of irrigation water an individual is allowed to pump during a

crop year. The irrigator is limited to pumping 1.5 acre feet per acre of

water rights established for the representative farm firm. Water rights

are assumed for 315 acres, resulting in a maximum allowable pumping of

472.5 acre feet or 5,670 acre inches per year. The model assumes the irri-

gator can continue pumping until the end of the day during which the quan-

tity restriction is reached. Thus, there is some variation in pumping

levels above 5,670 acre inches, despite the quantity limitation.

Effects on Acre Inches Pumped---
Resource Situation 1 was simulated over a 20-year period and replicated

15 times. The mean, standard deviation, maximum, minimum and range of acre

inches pumped are given in Table XXXIV for each year of the simulation runs.
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SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR RESOURCE
SITUATION 1 WITH A QUANTITY RESTRICTION ON WATER USE*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Total Acre Inches Pumped

Mean 5387 5466 5704 5661 5599 5656 5687 5674 5566 5339 5601 5644 5244 4817 3990 3561 3116 2559 2489 1791

Std. Dev. 768 450 26 121 391 159 13 79 305 534 288 114 615 Ill] 638 no 624 634 393 925

Maximum 5710 5708 5741 5739 5728 5730 5714 5716 5715 5694 5717 5712 5709 5701 5097 4442 4000 3621 3173 2975

Minimum 2851 4227 5636 5257 4188 5084 5673 5394 4600 4024 4583 5295 3623 2970 2939 1802 1988 1157 1796 0

Range 2859 1481 105 482 1540 646 41 322 IllS 1570 1134 417 2086 2731 2158 2640 2012 2464 1377 2975

Net Farm Income

Mean 8791 9715 11250 11131 12270 12707 11417 9913 10234 11899 7815 5613 6204 5621 5586 5335 7581 4591 1253 2447 .....
Std. Dev. 4703 5548 4941 5815 5412 6926 5519 5099 5650 6164 6780 5557 7314 5567 5329 5189 5056 6295 6719 6400

OJ

'"
Maximum 15567 22923 21290 22023 23559 23952 21864 18723 20746 22296 20585 16739 20396 13841 15133 12322 15020 12777 13187 13910

Minimum 2280 2102 3186 2476 4518 1056 -1160 2614 2398 2153 -3292 -2921 -7607 -2724 -2909 -4262 -132 -11727 -10800 -10007

Range 13287 20821 18104 19547 19041 22896 23024 16109 18348 20143 23877 19660 28003 16565 18042 16584 15152 24504 23987 23917

Coef.of Var. 0.53 0.57 0.44 0.52 0.44 0.55 0.48 0.51 0.55 0.52 0.86 0.99 1.18 0.99 0.95 0.97 0.67 1. 37 5.36 2.62

Net Worth

Mean 120575 121620 123890 126086 129165 132506 134916 136115 137592 140430 142714 140513 138615 136320 133937 131294 130695 127367 120903 115617

Std. Dev. 3825 6043 8455 11314 12275 16483 19805 22033 23178 25921 29252 33201 35892 39565 42733 46457 49403 53403 57903 61904

Maximum 126009 135524 142473 153603 156761 163285 164465 165447 167270 172615 174443 176468 168443 186491 190856 192574 197294 201406 206441 205332

Minimum 115128 112423 112779 109463 114607 111754 104866 99873 99156 98546 90879 82845 79670 69812 61469 52776 49074 29851 15686 2198

Range 10881 23101 29694 44140 42154 51531 59599 65574 68114 74069 83564 93623 106773 116679 129387 139798 148220 171555 190755 203134

*The values in this table are based on 15 replications. The values for each replication are reported by Mapp [54, pp. 141, 143, 147].
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Mean values of total acre inches pumped are relatively constant from

year 1 through year 12. Slightly higher values in year 3 and in years 11

and 12 reflect the increased pumping capacity created by addition of irri­

gation wells 2 and 3. Irrigation well 2 is added at the end of crop year 2

and well 3 is added at the end of year 10 or 11, depending on when total

system capacity falls below 750 g.p.m. Beginning with year 13, mean values

of acre inches pumped decline steadily from 5,244 to 1,791 acre inches in

year 20. Maximum mean acre inches pumped of 5,704 occurs during year 3

when pumping capacity of the irrigation system is greatest. Minimum pump­

ing occurs during year 20, as expected, reflecting declining well yields

and conversion of irrigated acreage to dry land wheat production. Complete

conversion to dryland farming during the 20-year simulation occurs during

2 of 15 replications, or only about 13.3 percent of the time.

Maximum range in acre inches pumped for a single year is 2,975 acre

inches in year 3. A total of 2,975 acre inches were pumped during repli­

cation 5 and a minimum of zero acre inches during replications 6 and 15.

Remaining saturated thickness of the underground aquifer at the end of

the 20-year simulation run ranges from 36.08 to 41.57 feet, averaging 38.37

feet. With a beginning saturated thickness of 100 feet, an average remain­

ing saturated thickness of 38.37 feet indicates a 61. 33-foot decline in

the water table. Over the 20-year period, the rate of decline averages

3.07 feet per year. Thus, even with a quantity limitation of 1.5 acre

feet per acre of water rights, significant reductions in saturated thick­

ness occur over a 20-year period. The distribution of water withdrawals

differs from the unrestricted pumping situation. With the quantity limita­

tion, less water is withdrawn in early years and more in late years of the
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20-year simulation, but the resulting decline in saturated thickness is very

similar in magnitude for both situations.

Effects !?!!. Net Farm Income

The effect on net farm income for representative farms in Resource

Situation 1 of a limit on the quantity of irrigation water pumped per year

also is illustrated in Table XXXIV. The meao, staodard deviation, maximum,

minimum aod raoge in net farm income are shown for each year of the 20-year

ruo.

Meao values of net farm income generally reflect the development aod

expaosion of irrigation facilities over time, as well as the impact of the

declining water level on system pumping capacity, pumping costs per acre

inch aod the traosition from irrigated to drylaod production. Meao net

farm income increases from $8,791 in year 1 to $11,250 in year 3. The

impact of increased pumping capacity caused by the addition of well 2 is

reflected in year 3 net farm income. The maximum value of meao net farm

income is $12,270 aod occurs in year 5. There are at leas t two plausible

explaoations for the maximum occurring in year 5. (1) With the quaotity

restriction on water pumping in effect, the excess pumping capacity created

by addition of well 2 in year 3 is not depleted as rapidly as uoder the

uorestricted alternative. Thus, adequate water may be applied with precise

timing to insure good to excellent irrigated crop yields. (2) Excellent

crop yields over the initial years are traoslated into substaotial wheat

and feed grain payments which, of course, contribute directly to net farm

income.

Mean net farm income declines from year 5 through year 8, increases

during years 9 aod 10, reflecting additional irrigation expaosion to a
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three-well system. In most years the third well is added after crop year

9 and mean net farm income in year 10 is $11,899. Mean net farm income

declines dramatically to $7,815 in year 11 and to $5,613 in year 12, but

stabilizes for years 13 through 16. Year 17 mean net farm income of $7,581,

contradicts the trend due primarily to favorable random weather events

leading to increased crop yields despite declining well yields. Mean net

farm income in years 19 and 20 is $1,253 and $2,447, respectively.

Standard deviation of net farm income has a general upward trend

through time. Relative variability, as measured by the coefficient of

variation, is virtually stable for years 1 through 10, ranging from a low

of 0.44 in year 3 to a high of 0.57 in year 2. The coefficient of varia­

tion increases from 0.52 in year 10 to 1.18 in year 13 and remains in the

0.95 to 0.97 interval before declining to 0.67 in year 17. Thereafter,

the coefficient rises rapidly to 1.37 in year 18 and 5.36 in year 19 before

declining to 2.62 in year 20. The large coefficient of variation in year

19 is attributable to a combination of factors including (1) continued

irrigation of acres which were marginally profitable during year 18, and

(2) insufficient water to offset lack of natural rainfall during the grow­

ing season. The mean net farm income for year 19 is only $1,253, while

standard deviation is $6,719. The replications during which the operator

continues to irrigate with insufficient pumping capacity results in nega­

tive net farm incomes and the resulting increase in magnitude of the coef­

ficient of variation.

In general, variability of net farm income with a quantity limitation

exceeds variability of net farm income under conditions of unrestricted

pumping. From years 17 through 20, variability of net farm income, as
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measured by the coefficient of variation, were quite similar for both the

unrestricted water-use alternatives.

Effects on Net Worth---
Restricting water use to 5,670 acre inches per year has a definite

and significant impact on the representative firm's net worth over the

20-year simulation run. Net worth of the firm follows a sigmoid pattern

over the 20-year interval, first increasing at an increasing rate, then

at a decreasing rate and finally decreasing absolutely.

Tabel XXXIV includes a sunnnary of net worth figures generated from

15 replications of a 20-year simulation of the quantity limitation. Mean,

standard deviation, maximum, minimum and range of net worth are shown for

each year. Mean net worth increases from $120,575 at the end of year 1

to $142,714 in year 11. Thereafter, net worth decreases steadily to

$115,617 in year 20. It should be noted that ending mean net worth in

year 20 is less than mean net worth after year 1 of the simulation sequence.

If farm managers operating in the poor water resource situation react to

the quantity limitation in the manner assumed in this model, indications

are that depletion of the water supply coupled with gradual conversion

toward dryland farming in years 11 through 20 results in absolute reductions

in net worth within a 20-year period.

Standard deviation of net worth increases steadily over the 20-year

simulation period. The transition is from a mean and standard deviation of

$120,575 and $3,825, respectively, in year 1 to a mean and standard devia-

tion of $115,617 and $61,094, respectively, in year 20. In terms of rela-

tive variability, this transition corresponds to an increase in the coeffi-

cient of variation from 0.03 to 0.54. The maximum and minimum values of
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net worth generated by the General Agricultural Firm Simulator occur in

years 19 and 20, respectively. Maximum net worth equals $206,441 and

minimum net worth equals $2,198. It might be argued that the rational

farm operator would quit farming before reducing net worth to such a low

level. The overall implications of simulating a quantity restriction on

pumping by individual firms appear clear. Over time profitability and

net worth of the firm increase until declining water supplies and rising

water costs force the conversion toward dryland farming. From that point

on, profitability and net worth decline. It is not unrealistic for net

worth at the end of 20 years to be less than it was at the beginning of

the period. It is likely that ending net worth is significantly lower

than for the irrigator who is not restricted in his pumping over time.

Effects of a Graduated Tax on
Resource Situation 1

The third institutional alternative considered is the imposition of

a per unit tax on each acre inch of water pumped above the quantity limi-

tation. The irrigator is assumed to follow the same set of decision rules

as specified for irrigators facing a quantity restriction, with one excep-

tion. The irrigator is allowed to pump as many acre inches above the

limitation as he desires so long as he pays a graduated tax of $0.50 for

each acre inch pumped above the limit. An economic decision rule is

followed by irrigators in deciding whether or not to apply water above the

limit. The irrigator evaluates the potential yield reduction which will

occur, projecting present moisture conditions, if he does not irrigate.

The value of the potential loss for a given crop block is compared with

the cost of an additional irrigation, plus added harvesting and hauling
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costs. If the value of potential yield reduction exceeds the cost of an

additional irrigation, the application is made. The decision rules

followed are discussed above.

Effects on Acre Inches Pumped

Table XXXV summarizes the effects of a graduated tax per unit above

the quantity limit on total acre inches pumped during 15 replicatons of

each of 20 crop years. The mean, standard deviation, maXimum, minimum

and range of acre inches pumped have been computed for each year of the

simulation analysis.

Mean values of total acre inches pumped per year reflect the

expansion and development of irrigation facilities on the farm firm repre­

senting Resource Situation 1. That is, the highest number of acre inches

pumped occurs during year 3, reflecting the excess pumping capacity created

by addition of a second irrigation well. Mean acre inches pumped fluctuates

between 6,040 and 6,144 acre inches to year 7 and then declines until the

addition of well 3, which usually occurs at the end of crop year 10. The

addition of well 3 results in a pumping increase during year 11. From

year 12 through year 20, mean acre inches pumped declines steadily, reaching

1,447 acre inches during year 20.

Simulation of the graduated tax results in complete conversion to

dryland production during five of the fifteen replications of the 20-year

simulation run. In four of the five replications the final transition comes

in year 20. In one replication both years 19 and 20 are simulated with

complete dryland production. This pattern of conversion to dryland produc­

tion exhibits the same timing characteristics as exemplified in the



TABLE XXXV

SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR RESOURCE
SITUATION 1 WITH A GRADUATED TAX PER UNIT PUMPED ABOVE THE QUANTITY LIMIT*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Total Acre Inches Pumped

MEan 5549 5429 6371 6045 6144 6040 6115 5878 5514 55SO 5954 5659 4836 4266 3533 3274 2854 2508 2483 1447
Std. Dev. 929 451 500 1408 666 463 223 397 472 639 488 573 717 741 497 673 486 522 1113 1085

Maximum 6072 5842 7118 7216 7109 6732 6426 6312 6111 6604 6488 6373 5652 5300 4364 4263 3790 3271 5705 2529

Minimum 2722 4226 5500 1799 4530 5094 5519 5085 4396 4390 4572 4481 3315 286 7 2791 1894 2066 1087 0 0

Range 3350 1616 1618 5417 2579 1638 907 1227 1715 2214 1916 1892 2337 2433 1573 2369 1724 2184 5705 2529

Net Fann Income

MEan 9473 10461 13595 14042 14966 15346 14333 12995 12842 13368 10477 8018 8865 8288 9270 8065 9956 6944 3867 5056 ,...
'"Std. Dev. 4499 5327 3918 4953 4436 6305 4891 4553 5317 5902 5910 4583 7117 5038 4548 4257 2491 5799 5695 5667 cr-.

M.aximum. 16394 23014 21994 23259 24074 25073 23766 20683 22930 23625 21125 16670 23583 16016 20608 12898 17195 14356 11529 17229

Minimum 3493 3246 72 SO 7179 8610 4556 3115 6225 4105 5560 510 1489 -2778 1463 3036 -275 4764 -6463 -4418 -3920

Range 12901 19768 14714 16080 15464 20517 20651 14448 18825 18065 20615 15181 26361 14553 17572 13173 12431 20819 15942 21149

Coef.of Var. 0.47 0.51 0.29 0.35 0.30 0.41 0.34 0.35 0.41 0.44 0.56 0.57 0.80 0.61 0.49 0.53 0.43 0.84 1. 47 1.12

Net Worth

MEan 121150 122833 127009 131559 136827 142331 147196 150995 154741 160349 163903 164060 164886 164234 166641 166762 168633 167714 164086 161676

Std. Dev. 3607 5653 7536 9847 10268 13848 16486 18075 18847 20570 24426 27310 29337 34823 33874 36645 38763 41459 44808 48017

M.aximum 126622 136305 144574 156630 161736 169614 172764 176163 179803 187048 189066 193850 206338 207107 214434 218592 224886 228764 233555 235767

Minimum 116287 114135 116647 118636 125491 123708 121722 120623 122730 125214 118202 113129 112449 106347 106036 98261 97124 89890 77978 66865

R.ange 10335 22170 27927 37994 36245 45906 51042 55540 57073 61834 70864 00621 93889 101360 108398 120331 127762 138874 155577 268902

*"The values in this table are based = 15 replications. The values for each replication are reported by Mapp [54, pp. 150,153, 155].
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unrestricted simulation analysis. The quantity of water pumped under

taxation is less than under unrestricted pumping, however, the addition

of a per unit tax on each unit above the quantity limitation results in

a similar timing of conversion to dryland production.

The maximum number of acre inches pumped during any replication is

7,216 during year 4. The minimum, of course, is zero and occurred during

both years 19 and 20. The maximum range within a single year of 5,417

acre inches occurs during year 4, when a maximum of 7,216 acre inches and

a minimum of 1,799 acre inches are pumped.

The range in remaining saturated thickness at the end of the 20-year

simulation period is from 34.67 to 40.97 feet, averaging 37.72 feet. Trans-

lating this into feet decline in saturated thickness results in an average

foot-decline of 62.28 feet over the 20-year period, or an average of 3.11

acre feet per year. Of the total volume of water underlying the represen-

tative farm, assuming a beginning saturated thickness of 100 feet, only

about 38 percent remains at the end of 20 years under the graduated tax

alternative.

Effect on Net Farm Income==-=:..::.----
The effects on net farm income of a graduated tax on each acre inch

of irrigation water pumped above the quantity limitation also are illus-

trated in Table XXXV. The mean, standard deviation, maximum, minimum and

range of net farm income have been computed for each year of the 20-year

simulation run.

Mean values of net farm income increase steadily from $9,473 in year 1

to $15,346 in year 6. This dramatic rise may be attributed to several

interrelated factors. First, expansion of irrigation facilities by the
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addition of well 2 increases pumping capacity significantly. Second, the

additional pumping capacity insures proper timing for the very profitable

irrigations of grain sorghum and wheat in irrigation periods 4 and 5.

Higher wheat and grain sorghum yields lead not only to increased net

returns per acre, but to higher government payments for the farm operator.

Mean net farm declines during years 7, 8 and 9, but increases to $13,368

in year 10 with the addition of irrigation well 3. Thereafter, mean net

farm income declines steadily except for individual yearly increases due

to favorable soil moisture and atmospheric stress conditions in years 15

and 17.

The maximum value of net farm income generated in any year is $25,073

in year 6. The minimum of -$6,463 occurred in year 18. The greatest range

occurs during year 13 wi th the difference being $26,361.

Variability, as measured by the standard deviation, does not follow a

definite trend. Generally, it rises when mean net farm income rises and

declines as net farm income declines, remaining between 0.29 and 0.61 for

the initial seventeen years. Coefficients of variation for years 18, 19

and 20 are 0.84, 1.47 and 1.12, respectively. Stability of net farm income

is greater under the graduated tax than under either the unrestricted or

quantity restriction alternatives.

Effects on Net Worth---
Table XXXV summarizes the effects on net worth for representative

firms in Resource Situation 1 of a graduated tax on each acre inch of

water pumped above the quantity limitation. The mean, standard deviation,

maximum, minimum and range of net worth have been computed across the 15

replications of each year of the simulation run.
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Net worth of the representative farm firm increases steadily from

year 1 through year 13, dips slightly in year 14 and increases during

years 15, 16 and 17, before declining in years 18, 19 and 20. The maximum

mean value of $168,633 occurs in year 17. Variability of net worth

increases steadily also from 0.03 in 1 to 0.30 in year 20. Maximum and

minimum individual values of net worth both oCCur during year 20. The

maximum net worth of $235,767 is generated during replication 5, while

the minimum value of net worth of $66,865 is generated in replication 6.

Mean value of ending net worth in year 20 is $161,676.

Statistical Comparisons of Unrestricted
Pumping, a Quantity Limitation and a
Graduated Tax on Resource Situation 1

This section compares the three methods of water-use regulation

graphically and statistically, relating the different effects each has on

water use; remaining saturated thickness; net farm income; income vari-

ability, as measured by the coefficient of variation; and net worth at

the end of the 20-year simulation period. Tests are conducted to deter-

mine whether mean values of the relevant variables over the 20-year period

differ significantly. Implications are drawn regarding differences in

results of the three alternatives and their effects on the firm and the

region.

~ Inches Pumped

Figure 9 illustrates the effect on each water-use alternative on mean

acre inches pumped through time. From year 1 through year 10, mean values

of total acre inches pumped under unrestricted pumping exceed acre inches

pumped under the quantity limitation and graduated tax alternatives. During
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the same period, the irrigator paying a graduated tax for each acre inch

above the quantity limit finds it profitable to pump water in excess of

the quantity limitation every year except one. This exception occurred

during year 2 when pumping capacity is limited. Irrigation well 3 is

usually added by year 10 under the unrestricted alternative; by year 11

under the graduated tax alternative; and by year 12 under the quantity

limitation. The lag which develops reflects the different rates of pump­

ing under each alternative in early years of the simulated time period.

High early period pumping rates under the unrestricted alternative lead

to lower system capacities and earlier additions of well 3. Lower pump­

ing rates under the quantity limitation result in a slower decline in

system pumping capacity and thus a lag in the requirement for well 3

until about year 12.

From year 12 to year 20, there is a complete change in the pattern

of total acre inches pumped under the three water-use alternatives.

Excessive pumping in early periods under the unrestricted alternative

reduces irrigation system capacity to such an extent that the lowest mean

total acre inches pumped from years 12 through 20 is by the unrestricted

irrigator. The second largest rate of water use during the same period

occurs under the graduated tax alternative. The largest rate of water

use during the period occurs under the quantity limitation simply because

the pumping capacity under this alternative is not depleted as rapidly in

earlier years of the simulated time period as for the other two alternatives.

All three methods of water-use regulation result in approximately the

same mean number of acre inches pumped during year 20. In addition, the

feet of saturated thickness remaining at the end of year 20 are 35.84,



202

38.37 and 37.72 for unrestricted, quantity limitation and graduated tax

alternatives, respectively. ThUs, though the patterns of water use

exhibit considerable variation, particularly during years 1 through 12,

the feet of saturated thickness remaining at the end of 20 years is

approximately the same for all three alternatives.

Policy makers might ask whether the mean acre inches pumped over the

20-year period under alternative methods of water-use regulation differ

significantly. This question can best be answered by testing the dif­

ference in means for statistical significance, rather than by making

subjective evaluation based on the graphs in Figure 9. The Wilcoxon

Matched-Pairs, Signed Ranks Test is a powerful nonparametric test that

may be used to test whether two related groups differ significantly [94,

pp. 75-83]. A detailed discussion of the Wilcoxon Matched-Pairs, Signed

Ranks Test is included in [54, pp. 275-277].

Statistical tests between each set of mean values of total acre inches

pumped under the three institutional alternatives reveal no significant

differences among any of the distributions at the five percent level. Thus,

even though Figure 9 indicates a seemingly large difference in acre inches

pumped from year 3 through 7 under the unrestricted and quantity limitation

alternatives, the means are not significantly different, from a statistical

standpoint.

Since timeliness of application in relation to critical stages of

plant development is more important to final yield and net returns than

is the total number of acre inches applied, the possibility of significant

differences among net farm income and net worth means still exists.
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Net Farm Income-----
Mean values of net farm income over the 20-year period under

unrestricted, quantity restriction and graduated tax alternatives are

presented graphically in Figure 10. Several outstanding features merit

attention. By far the most important is that net farm income under the

graduated tax alternative exceeds net farm income under the unrestricted

pumping alternative during every year except year 5. From year 1 through

year 5, net farm income under both alternatives increases and the level

of net farm income is approximately the same for both. Beginning with

year 6, net farm income under the graduated tax alternative exceeds net

farm income under unrestricted pumping by a wider margin. Several inter-

related factors create this phenomenon. First, the unrestricted irrigator

tends to operate his irrigation system at its maximum capacity. In respond-

ing to soil moisture levels throughout the growing season, the tendency is

to apply more water than is profitable. By reducing applications of water

during some periods, applying water on grain sorghum during irrigation

period 4 only if it is profitable and insuring a preplant irrigation of

wheat every year, the irrigator operating under the graduated tax alter-

native is able to pay the tax and still achieve higher net farm income.

A second factor contributing to higher net farm income under the

graduated tax alternative is that less water is pumped during earlier

periods thus enabling the taxed irrigator to achieve more timely irriga-

tions in relation to plant needs during later critical periods of develop-

ment. More timely applications lead to higher final crop yields for the

same amount of irrigation water. Since pumping costs rise more slowly,

net returns per acre and net farm income are higher. A third related
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factor is that higher yields are reflected in higher government payments,

particularly from years 11 through 20, for the irrigator under the grad­

uated tax alternative. Higher government payments contribute directly to

hijlher net farm income.

Net farm income under the quantity restriction is of interest also.

It is lower than net farm income under the graduated tax during every year

and exceeds net farm income under unrestricted pumping conditions during

year 10 and from year 17 through year 20. Net farm income under unrestricted

and quantity restriction alternatives are almost identical from year 16

through 20, however, higher remaining pumping capacity enables the quantity

restriction alternative to maintain a higher net farm income during this

period.

An analysis of Figure 10 suggests that mean net farm income under the

graduated tax alternative differs significantly from mean net farm income

under a quantity restriction. This hypothesis, among others, was tested

through the use of the Wilcoxon Matched-Pairs, Signed Ranks Test. Three

tests were conducted on mean values of net farm income. All three allow us

to reject the null hypothesis of no difference between the mean values of

net farm income at the .01 probability level. Mean net farm income under

the graduated tax alternative is above that under either the unrestricted

pumping or quantity limitation alternatives. Mean net farm income under

unrestricted pumping is above that under the quantity limitation.

Figure 11 illustrates the effects of the three water-use regulatory

alternatives on variability of net farm income, as measured by the coeffi­

cient of variation. The coefficient of variation resulting from a quantity

restriction on water use is consistently higher from year 1 to year 18.
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This is not an unexpected result. The quantity restriction is often reached

during irrigation period 4 when grain sorghum is in the boot-heading and

grain-filling stages of plant development. Failure to apply needed mois­

ture during this period reduces final yield unless natural rainfall is suf­

ficient to compensate for the lack of irrigation water. In addition, when

the quantity restriction is reached, preplant irrigations on irrigated

wheat are eliminated. The existence of a stand on wheat is then determined

by Fall soil moisture conditions. About 20 percent of the time no stand is

achieved and wheat yield is assumed to be zero. Both of the above factors

combine to increase variability of net farm income relative to mean net

farm income under the unrestricted and graduated taxation alternatives.

Coefficients of variation of net farm income under the unrestricted

and graduated tax alternatives are approximately the same for the first

few years of the simulated time period. Coefficient of variation for

unrestricted pumping is larger than that of the graduated tax for year 2,

approximately equal during years 6 and 7, and then is larger for years 8

through 20. Thus, after year 7, the coefficient of variation for the

graduated tax alternative is lower than for either the unrestricted or

quantity restriction alternatives.

The marked increase in coefficients of variation during years 18, 19

and 20 reflects the declining pumping capacity, declining proportion of

irrigated acres and increased variability resulting from dryland produc­

tion. Extreme variability occurring in year 19 relative to years 18 and

20 results from the random occurrence of very dry years across replica­

tions of year 19. The reduced variability under the graduated tax alter­

native results from timely applications of irrigation water during
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irrigation periods 4 and 5. These applications stabilize wheat and grain

sorghum yields, and government payments, thus reducing variability of net

farm income.

Net Worth

Mean values of net worth over the 20-year simulated time period under

unrestricted, quantity restriction and graduated tax alternatives are pre-

sented in Figure 12. Graphs of the three sets of means leave no doubt

that net worth under the graduated tax alternative is higher throughout

the period. Net worth under the unrestricted alternative is second largest

over the 20-year period followed by net worth under the quantity limitation

alternative. The differences appear significant, particularly after about

year 10. The means were tested for statistical significance using the

Wilcoxon Matched-Pairs, Signed Ranks Test. Application of the testing pro-

cedure substantiates this intuitive conclusion [54, pp. 169-171].

Effects of Unrestricted Water Use on
Resource Situation 2

Resource Situation 2 represents the adequate water situation within

the study area. The weighted average saturated thickness of the under-

ground formation is 325 feet. Only about 125 feet of saturated thickness

are required to maintain an irrigation system pumping capacity of 1,000

g.p.m. Consequently, irrigation operators represented by Resource Situa-

tion 2 may lower the static water level by approximately 200 feet before

well yields begin to decline and a significant rise in pumping costs

occurs. Thus the well yield remains constant at 1,000 g.p.m. for the

20-year period and no additional wells are required to maintain irrigated

production of 315 acres of cropland. No expansions or contractions of
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irrigated cropland are assumed for representative farms in Resource

Situation 2. Other assumptions are similar to the starting situation for

Resource Situation 1.

Effects ~ Acre Inches Pumped

A summary of total acre inches pumped under the unrestricted water-use

alternative is presented in Table XXXVI. The mean, standard deviation,

maximum, minimum and range of acre inches pumped are given for each year.

Since well capacity remains at 1,000 g.p.m. throughout the 20-year simulated

time period, there are no significant changes in system capacity as there

were for Resource Situation 1. Variability in quantity of water pumped

results from random variation in rainfall and evapotranspiration rather

than variations in pumping capacity and number of acres irrigated.

Mean values of total acre inches pumped range from 6,662 in year 10 to

7,233 in year 14. The maximum number of acre inches pumped during any of

the simulation runs is 7,925 pumped during year 11, and again during year

18. Minimum quantity of water pumped is 3,007 acre inches in year 1. The

greatest range in acre inches pumped is 4,806 in year 1. The considerable

variability in total acre inches pumped is one indication of the weather

variability existing in the study area and of the ability of the Production

Subset to simulate these variable weather conditions.

Saturated thickness at the end of the 20-year period under unrestricted

pumping ranges from a minimum of 230.49 feet to a maximum of 240.62 feet,

averaging 235.03 feet. In terms of feet of decline in saturated thickness,

the mean decline over 15 replications at the end of 20 years is 89.89 feet

for an average rate of decline of 4.50 feet per year.



TABLE XXXVI

SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR
RESOURCE SITUATION 2 WITH NO RESTRICTIONS ON WATER USE*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Total Acre Inches Pumped

Mean 6692 6711 6835 6777 6861 6743 7065 7043 6900 6662 6948 7181 6963 7233 6871 7061 6974 6843 6972 6823

Std. Dev. 1249 971 622 910 1134 806 429 739 833 795 866 635 1095 596 916 741 710 1127 846 705

Maximum 7813 7745 7474 7862 7921 7921 7670 7865 7742 7865 7925 7835 7802 7895 7685 7835 7865 7925 7791 7862

Minimum 3007 4297 5602 4770 3911 5325 6142 5878 5051 4740 4950 5681 4005 5947 4567 4791 4860 3352 5130 5227

Range 4806 3448 1872 3092 4010 2596 1528 1987 2691 3125 2975 2154 3797 1948 3118 3044 3005 4573 2661 2635

Net Fanu Income

Mean 10598 12434 14413 14767 16754 17192 16421 15353 16601 18563 17420 16172 17506 16974 18548 17794 19644 18908 17364 19293 N.....
Std. Dev. 3872 5526 3340 4307 4152 5243 4112 4191 4764 4613 4545 3490 5950 4022 3774 3374 3744 4423 5045 3336 .....
Maximum 16403 24868 21941 22167 26548 26226 24518 23334 25546 26076 26156 22400 31737 23400 27602 22434 27433 26993 24284 25059

Minimum 4330 4443 9930 7454 11030 8516 7454 9988 8612 10998 10232 12213 8665 10124 13451 12118 13455 9660 9324 13491

Range 12073 20425 12011 14713 15518 17710 17064 13346 16934 15078 15924 10187 23072 13276 14151 10316 13978 17333 14960 11568

Coef.of Var. 0.37 0.44 0.23 0.29 0.25 0.30 0.25 0.27 0.29 0.25 0.26 0.22 0.34 0.24 0.20 0.19 0.19 0.23 0.29 0.17

Net Worth

Mean 123260 126540 131612 137033 143829 150914 157618 163414 170317 178998 187035 194557 203181 211904 221762 231107 242128 252870 262853 274723

Std. Dev. 3087 5496 6776 8404 8697 11432 13379 14393 14915 16441 18423 20073 20889 22453 23291 24673 25219 26488 27195 27653

Maximum 127823 139113 146822 158384 164767 172328 178578 183586 190288 199919 206092 215627 230909 238398251790 263616 276946 290089 305424 318245

Minimum 118215 117570 120917 127959 134297 134381 138461 140193 146150 152712 154236 159291 168613 174833 182991 188138 197833 204098 212925 223685

Range 9608 21543 25905 30425 30500 37947 40117 43393 44138 47207 51856 56336 62296 63565 68799 75478 79113 85991 97499 94560

*The values in this table are based on 15 replications. The values for each replication are reported by Mapp [54, pp. 174, 176, 178].
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Effects on Net Farm Income

The effects on net farm income of unrestricted pumping by represen­

tative farms in Resource Situation 2 are presented in Table XXXVI. The

mean, standard deviation, maximum, minimum, range and coefficient of

variation of net farm income are shown by year.

Mean values of net farm income, while fluctuating widely from year

to year, have a general upward trend over the 20-year period. The rise

is rapid during the first five years as the result of high crop yields

per acre and a corresponding rise in government payments. Mean net farm

income rises from $10,598 in year 1 to $16,754 in year 5. Over the same

period, mean values of government payments (wheat certificates plus feed

grain payments) rise from $8,218 to $13,625. So, of the $6,156 increase

in net farm income, $5,403 results from an increase in government payments.

Government payments, which are computed on the basis of a five-year moving

average, stabilize after year 5 and remain in the $13,200 to $13,700 range.

Mean net farm income continues its upward trend as chattle debts are paid

off and the beginning real estate debt is retired. Cash reserves above

the $10,000 minimum specified in the Farm Firm Simulation Model earn

interest also. The maximum mean net farm income is $19,644 in year 17 and

mean net farm income in year 20 is $19,293.

Variability of net farm income fails to follow a definite pattern over

the 20-year simulated time period. Relative variability, as measured by

the coefficient of variation, ranges from a high of 0.44 during year 2 to

a low of 0.17 during year 20. In general, the coefficient of variation is

low, and is expected to be lower in this unrestricted simulation than for

either the graduated tax or quantity limitation alternatives.
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The maximum yearly value of net farm income is $31,737 generated in

year 13. The minimum value of net farm income is $4,330 generated in

year 1. The greatest range in net farm income levels for a single year

occurs during year 13 when $23,072 is the difference between a maximum of

$31,737 and a minimum of $8,665. Although variability from year to year

is significant, the unrestricted pumping alternative under adequate water

conditions leads to relatively stable, increasing net farm income over

time.

Effects on Net Worth

Table XXXVI also presents the effects on net worth of unrestricted

pumping for representative farms in Resource Situation 2 based on 15 repli­

cations of a 20-year simulation of the firm. The mean, standard deviation,

maximum, minimum and range in net worth are given for each year of the

simulation run.

Mean values of net worth increase steadily from year 1 through year 20

of the simulated time period. The minimum mean net worth is $123,260 in

year 1. Maximum mean net worth is the ending net worth of $274,723.

Ending net worth has a range of $94,560. This figure is the difference

between the maximum ending net worth of $318,245 in replication 5 and the

minimum net worth of $223,685 in replication 2. Two factors contribute

to rising net worth over the 20-year period. The first is gradual retire­

ment of chattle and real estate debt, which reduces liabilities. The

second is gradual accumulation of cash assets.
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Effects of a Quantity Restriction on
Resource Situation 2

The quantity restriction limits the individual irrigator to pumping

1.5 acre feet per acre of water rights. For the representative farm firm

with 315 irrigated acres, the limitation is 5,670 acre inches per crop

year, the same quantity limit used in Resource Situation 1. It is

assumed the irrigator, rather than pump water with abandon in every criti-

cal irrigation period, also follows the same decision rules regarding use

of his limited water supply as the irrigator in Resource Situation 1.

Effects .9.!!. Acre Inches Pumped

The effect of a quantity restriction on acre inches pumped per crop

year is reflected in Table XXXVII. The table presents the mean, standard

deviation, maximum, minimum, and range of total acre inches pumped per

year over the 20-year simulated time period.

Mean values showed little variability, as expected, ranging from a

minimum of 5,472 acre inches in year 1 to a maximum of 5,699 acre inches

in year 7. Individual yearly observations show considerably more varia-

tion. The maximum number of acre inches pumped during any year is 5,730

in year 1. The minimum number of acre inches pumped, 3,008, also occurred

during year 1, resulting in a maximum range of 2,722 acre inches during

year 1.

Saturated thickness remaining at the end of the 20-year simulation

runs varies from a minimum of 250.82 feet to a maximum of 254.26 feet.

Mean saturated thickness after 20 years under the quantity restriction is

251.81 feet. Assuming a beginning saturated thickness of 325 feet, this

represents an average decline in saturated thickness of 73.19 feet or



TABLE XXXVII

SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR RESOURCE
SITUATION 2 WITH A QUANTITY RESTRICTION ON WATER USE*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Total Acre Inches Pumped

Mean 5472 5560 5679 5599 5636 5643 5699 5696 5642 5597 5638 5691 5537 5673 5590 5627 5637 5545 5659 5665

Std. Dev. 697 397 54 267 536 154 17 19 166 309 192 15 467 52 293 232 216 607 147 141

Maximum 5730 5722 5722 5722 6639 5722 5722 5722 5722 5722 5722 5722 5716 5716 5692 5715 5722 5722 5723 5722

Minimum' 3008 4297 5490 4770 3911 5130 5673 5672 5051 4545 4950 5677 4005 5490 4567 4791 4860 3352 5230 5160

Range 2722 1425 232 952 2738 592 49 50 671 1177 772 45 1711 226 1125 924 462 2370 593 562

Net Farm Income

Mean 9576 10791 12367 12200 13440 13787 12984 11561 12885 15079 13497 12311 13352 12874 14451 13427 15762 14816 13429 15632 N

4528 6180 4362 5094 6768 5439 5879 6316 4536 6467 5293 4614 4608 4347 5963 6252 3761
.....

Std. Dev. 5303 5299 5558 V>

Maximum 16468 24380 21365 22255 24923 24587 23574 20881 23940 25220 25314 20194 26891 20889 23891 20475 24905 25061 22218 22632

Minimum 2950 2056 5955 4676 6450 2323 952 3046 5108 6979 4019 7922 2797 4388 8898 6207 8768 757 3955 10572

Range 13518 22324 15410 17579 18473 22264 22622 17835 18832 18241 21295 12272 24094 16501 14993 14268 16137 24304 18263 12060

Coef.of Var. 0.47 0.57 0.35 0.43 0.38 0.49 0.41 0.48 0.42 0.39 0.47 0.37 0.48 0.41 0.32 0.34 0.28 0.40 0.47 0.24

Net Worth

Mean 122422 124338 127707 130959 135085 139384 143197 145803 149548 155118 159566 163292 167938 172412 178031 184999 189558 195606 200897 208230

Std. Dev. 3645 6531 8685 11109 12248 16215 19241 21047 21922 24186 26861 29457 30820 33197 34851 37023 38707 41322 43073 44598

Maximum 127874 139167 146925 158560 163443 171039 173098 173151 177219 184875 186774 193090 206940 210573 222820 231064 240426 250272 263798 273540

Minimum 116961 113611 114148 116986 121293 116013 114903 111556 114290 114120 112121 111747 115898 115480 119606 117778 123374 121680 120504 125291

Range 10913 25556 32677 41574 42150 55026 58195 61595 62929 70755 74653 81343 91042 95093 103214 113286 117052 128592 143294 148249

*The values In this table are based on 15 replications. The values for each replication are reported by Mapp [54, pp. 181, 183, 185].
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3.66 feet per year. This rate of decline under the quantity restriction

compares to the 4.50 feet per year decline for the unrestricted pumping

alternative. The implications of various water-use rates for different

regulatory alternatives is discussed in detail in a subsequent section.

Effects ~ Net Farm Income

The mean, standard deviation, coefficient of variation, maximum,

minimum and range of net farm income were computed for each crop year and

are also shown in Table XXXVII. Net farm income under quantity restric­

tion follows essentially the same pattern as under the unrestricted water­

use alternative except that the level of income is considerably lower

under the quantity restriction. Mean values of net farm income increase

from the minimum level of $9,576 for year 1 to $15,632 in year 20, however,

the highest mean net farm income is $15,762 in year 17. A major proportion

of the increase results during the first five years and is attributable to

increased yields leading to increased government payments. From year 1

to year 5, net farm income increases from $9,576 to $13,440, or by $3,864.

During the same period, government payments, composed of wheat certificate

and feed grain payments, increase from $7,610 to $11,406, or $3,796. After

year 5, total government payments, which are computed on the basis of

five-year moving averages for the individual crops concerned, stabilize

in the $10,700 to $11,500 range. Net farm income continues to rise, in

general, but with considerable variability.

Relative variability, of net farm income, as measured by the coeffi­

cient of variation, fluctuates from year to year. The maximum value is

0.57 in year 2 and the minimum value is 0.24 in year 20. Variability of

net farm income is related to yield variability. The quantity restriction
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results in failure to fully irrigate grain sorghum during boot-heading and

grain-filling stages of crop development and failure to preplant irrigate

all irrigated wheat acreages. During years in which full irrigation appli-

cations cannot be completed, final crop yield is more dependent upon highly

variable natural rainfall. Thus, restricting the quantity pumped to 5,670

acre inches per year reduces crop yield, increases yield variability and,

as a result, increases variability of net farm income.

Effects on Net Worth---
The final portion of Table XXXVII summarizes the effects of a quanti ty

restriction on net worth for representative farms in Resource Situation 2.

The mean, standard deviation, maximum, minimum and range of net worth for

each year are given.

Net worth increases continuously from year 1 through year 20. Beginning

net worth at the end of year 1 is $122,422. Ending net worth is $208,230.

Between the two points, mean values of net worth increase approximately

linearly. The maximum value of net worth generated during any simulated

year ($273,540) occurs as expected, during year 20. The minimum net worth

value for any year ($113,611) is generated in year 2.

Effects of a Graduated Tax on
Resource Situation 2

The third water-use regulatory alternative considered is the imposition

of a graduated tax on each unit of irrigation water pumped above the quantity

limitation. The irrigator is allowed to pump as much water as he desires,

however, a tax of $0.50 per acre inch is charged for each acre inch pumped

above the 5,670 acre inch limit. The decision rules followed in allocating
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water during the growing season are the same as those used under Resource

Situation 1.

Effects ~ Acre Inches Pumped

Table XXXVIII presents a summary of total acre inches pumped under the

graduated tax alternative for 15 replications of a 20-year simulation of

Resource Situation 2. The mean, standard deviation, maximum, minimum and

range of acre inches pumped are shown for each of the 20 years.

Mean values of total acre inches pumped range from a low of 5.875 in

year 1 to a high of 6,274 in year 12. Fluctuations between these extremes

follow no definite pattern. Variation in acre inches pumped per year exceed

that of the quantity restriction, but are not as great as under unrestricted

pumping. The maximum number of acre inches pumped is 6,795 and occurs during

three different years--years 1, 12 and 19. The minimum number of acre inches

pumped is 2,722 in year 1, thus the maximum range in acre inches pumped also

occurs in year 1.

Saturated thickness at the end of the 20-year simulation runs ranges

from 242.88 to 249.19 feet, averaging 245.61 feet. Assuming a beginning

saturated thickness of 325 feet, the average decline in saturated thickness

is 79.39 feet, or about 3.97 feet per year. This rate of decline compares

with 4.50 feet per year for the unrestricted alternative and 3.66 feet per

year for the quantity limitation alternative.

Effects ~~ Farm Income

The middle section of Table XXXVIII presents the mean, standard

deviation, maximum, minimum, range and coefficient of variation of net

farm income under the graduated tax alternative for Resource Situation 2.



TABLE XXXVIII

SUMMARY OF TOTAL ACRE INCHES PUMPED, NET FARM INCOME AND NET WORTH FOR RESOURCE
SITUATION 2 WITH A GRADUATED TAX PER UNIT PUMPED ABOVE THE QUANTITY LIMIT*

Year

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Total Acre Inches Pumped

Mean 5875 6010 6035 6070 5931 6000 6249 6157 6107 5960 6131 6274 6173 6209 6073 6209 6161 6032 6099 6130

Std. Dev. 1046 668 391 651 696 488 225 458 576 645 451 343 765 460 559 436 410 806 511 416

Maximum 6795 6750 6495 6780 6735 6735 6660 6735 6735 6570 6735 6795 6735 6735 6645 6645 6645 6645 6795 6645

Minimum 2722 4297 5265 4695 3911 5130 5850 5402 4699 4320 4950 5535 3915 5310 4477 4791 4860 3352 4950 5160

Range 4073 2453 1230 2085 2824 1605 810 1333 2036 2250 1785 1260 2860 1425 2168 1854 1785 3293 1845 1485

Net Farm Income

Mean 10866 12380 14314 14604 16383 16790 61651 14990 16298 18456 16871 15739 16798 16501 18036 17216 19572 18631 16921 19020
N
f-'

Std. Oev. 4294 5722 3917 4933 4557 5966 4582 4761 5225 4984 5215 3985 6265 4698 '"4269 3871 3945 4923 5827 3730

Maximum 17467 24866 22849 23613 26549 26348 24667 23944 26176 26617 25974 22849 31541 23656 2 7520 22035 26908 26596 24582 24621

Minimum 4629 4428 8132 7479 10173 6705 5236 8493 8161 11051 9148 11093 7631 7678 11608 10126 12841 7567 7869 12329

Range 12838 20438 14717 16134 16376 19643 19431 15451 18015 15566 16826 11756 23910 15978 15912 11909 14067 19029 16713 12292

Coef .of Var. 0.40 0.46 0.27 0.34 0.28 0.36 0.28 0.32 0.32 0.27 0.31 0.25 0.37 0.28 0.24 0.22 0.20 0.26 0.34 0.20

Net Worth

Mean 123468 126713 131705 136975 143491 150247 156733 162247 168920 177506 185138 191906 200203 208430 217774 226535 237395 247674 257181 268714

Std. Oev. 3416 5913 7635 9573 10055 13322 15712 16875 17470 19297 21553 24467 24636 36286 27381 28991 29756 31502 32494 33184

Maximum 128627 139948 148184 160773 166971 175788 180248 184081 190531 200388 205715 217482 233771 241188 255038 266398 280915 294494 310292 323366

Minimum 118464 116832 119772 124094 132114 131737 132641 133200 138895 144216 144810 148885 157447 162519 171583 176140 186929 186838 195235 205603

Range 10163 23116 23412 36679 34857 44051 47607 50881 51636 56172 6090'> 6B~97 76324 78669 83455 90258 93986 107657 114967 117763

*The values in this table are based on 15 replications. The values for each replication are reported by Mapp [54, pp. 188. 190, 192].
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Mean values of net farm income under the graduated tax alternative increase

generally over the 20-year period, though not without yearly fluctuations.

The lowest mean net farm income is $10,866 in year 1 and the highest is

$19,572 in year 17. Mean net farm income in year 20 is $19,020. A rapid

rise in mean net farm income occurs from year 1 ($10,866) to year 6

($16,790), largely because of a rapid increase in government payments (from

$8,217 in year 1 to $13,296 in year 5). Government payments are relatively

stable (between $12,900 and $13,300 per year) after year 5, but the mean

values of net farm income continue to rise. Relative variability, as

measured by the coefficients of variation, is greatest in years 1 and 2

(0.40 and 0.46, respectively) and declines as a larger portion of net farm

income is received from government payments. It remains in the 0.20 to

0.37 range after year 5.

The maximum value of net farm income generated is $31,541 in year 13,

while the minimum value is $4,428 in year 2. The maximum range in net farm

income, $23,910, occurs in year 13.

Effect on Net Worth---
The lower portion of Table XXXVIII presents a summary of net worth

resulting from 15 replications of a 20-year simulation of Resource Situation

2 under the graduated tax alternative. Mean values of net worth increase

steadily from $123,468 in year 1 to $268,714 in year 20. The increase is

approximately linear. The combination of increased government payments

during the initial five years, retirement of chattle and real estate debts

over the next ten years and accumulation of excess cash reserves above

$10,000 combine to increase net worth at a relatively constant rate over

time.
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The maximum value of net worth generated is $323,366 in year 20. The

minimum value of $116,832 occurs in year 2. The maximum range in net worth

(of $117,763) occurs in year 20.

Statistical Comparisons of Unrestricted
Pumping, a Quantity Limitation and a
Graduated Tax on Resource Situation 2

Acre Inches Pumped

Figure 13 illustrates the effect on total acre inches pumped for each

water-use regulatory alternative. Several features are obvious at first

glance. First, the number of acre inches pumped under the unrestricted

alternative exceed total acre inches pumped under the graduated tax alter-

native by a wide margin. Second, acre inches pumped under the graduated

tax alternative likewise exceed acre inches pumped under the quantity

restriction by a wide margin. Third, there is considerably more vari-

ability associated with the unrestricted alternative. Of the three alter-

natives, the quantity restriction has the smallest variation in total acre

inches pumped, as expected.

Of critical importance to policy makers is whether the three water-use

regulatory alternatives differ with respect to total acre inches pumped

from a statistical standpoint. To answer this question, mean values of

total acre inches pumped over the 20-year period are tested for signifi-

cant differences using the Wilcoxon Matched-Pairs, Signed Ranks Test.

A detailed discussion of the hypothesis tested in each case, the

critical level and the computed value of the statistic is reported by

Mapp [54, pp. 195-196]. The tests reveal a significant difference between

mean values of acre inches pumped for the unrestricted pumping versus
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quantity limitation alternatives, unrestricted pumping versus graduated

tax alternatives and graduated tax versus quantity limitation alternatives.

Referring to Figure 13, statistical tests reveal that each set of means of

total acre inches pumped is above the set or sets of means underlying it.

Net Farm Income-----
A graphic presentation of mean net farm income over a 20-year period

under unrestricted, quantity restriction and graduated taxation alterna-

tives appears in Figure 14. The graph illustrates the effect on net farm

income of increased yields and increasing government payments over the

initial five years of the simulated time period. From year 5 through year

20, the increase in net farm income is moderate, reflecting gradual retire-

ment of chattle and real estate debts and accumulation of cash in excess

of the $10,000 minimum specified at the beginning of the simulation analysis.

The level of farm income under the graduated tax alternative is only

slightly less than under unrestricted pumping. Both unrestricted pumping

and the graduated tax alternative have levels of net farm income which

greatly exceed the level under the quantity restriction. Based on the

graphic analysis, three statistical tests are conducted to test three hypo-

theses. The first test conducted is to determine whether or not signifi-

cant differences exist between mean net farm income under unrestricted

pumping and the quantity restriction. The second test conducted is to

determine whether or not a significant difference exists between mean net

farm income under the graduated tax alternative and a quantity restriction

on pumping. The final statistical test concerning net farm income tested

the null hypothesis of no difference between the mean under unrestricted

pumping and the mean under graduated taxation.
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For Resource Situation 2, the three statistical tests substantiate

that mean net farm income under unrestricted pumping exceeds that under

either the graduated tax alternative of the quantity limitation. The

mean under a graduated tax is significantly larger than under the quantity

limitation.

A comparison of Figures 13 and 14 reveals that the difference between

mean acre inches pumped over the 20-year period for unrestricted pumping

versus graduated taxation is greater than the difference between correspond­

ing means of net farm income. That is, irrigators pumping without restric­

tions tend to apply irrigation water to the point where its marginal value

product is very low. Thus, the irrigator operating under graduated taxa­

tion is able to apply significantly less water, pay the tax on additional

water pumped above the quantity limitation and achieve a level of net farm

income which appears reasonably close to that achieved under unrestricted

pumping. From a policy maker's standpoint, the graduated tax might appear

preferable to unrestricted pumping since it reduces pumping significantly

while maintaining net farm income at a reasonable level. The farmer would

prefer to pump without restrictions, not only because of the additional

freedom afforded by that alternative, but because net farm income is larger.

The quantity restriction results in significantly lower total acre

inches pumped and lower net farm income than the other two alternatives.

Variability of net farm income is much greater than under the other two

alternatives. The quantity restriction is likely to be the least preferred

alternative by irrigators in the area. Policy makers wishing to pursue

this alternative must build their case by evaluating two important factors.

(1) The quantity limitation lengthens the life of the aquifer and provides
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a longer, though lower stream of net income. (2) Unrestricted pumping

shortens the economic life of the aquifer and thus provides a shorter,

higher stream of net farm income for individual irrigators. By discounting

the streams of net returns over the life of the aquifer under alternative

policies, a rational economic decision can be made. The life of the

aquifer is not projected in this analysis. However, a discounting model

is utilized in a subsequent section to compare net income streams under

alternative policies over the 20-year span of this analysis.

Figure 15 compares relative variability of net farm income in terms

of the coefficient of variation. As expected, coefficients of variation

hold the opposite relationships of levels of net farm income. That is,

the quantity restriction on water use results in the greatest relative

variability of net farm income. The unrestricted water-use alternative

results in the lowest relative variability in net farm income, with the

graduated tax alternative falling between the two.

Net Worth

Figure 16 presents the mean values of net worth over the 20-year

simulation period graphically. Net worth increases almost linearly, but

at a slightly increasing rate, for all three water-use alternatives.

Net worth levels under unrestricted pumping and graduated taxation are

nearly identical and both exceed net worth under the quantity restriction

by a large margin. Application of the Wilcoxon Matched-Pairs, Signed

Rank Test to the mean values of net worth data indicates mean net worth

for both unrestricted pumping and the graduated tax differ significantly

from mean net worth under a quantity limitation. Also the two former

means differ significantly from one another.
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Comparison of Net Farm Income
and Government Payments

The importance of government payments as a component of net farm

income is mentioned above. This section presents direct comparisons of

net farm income and government payments under three water-use alternatives

for the two resource situations. The payments shown are the maximum for

which the operator would be eligible. Not all operators participate in the

price support programs and many of those that do participate do so at less

than the maximum level. Thus the amount of payments shown for the represen-

tative farm overstates the proportion of net farm income farmers in the area

derive from government payments.

Comparisons between mean values of net farm income under unrestricted

pumping, a quantity restriction and graduated taxation for Resource Situa-

tion 1 are presented in Table XXXIX. Government payments are a significant

portion of net farm income under all three water-use alternatives. Under

unrestricted pumping, net farm income exceeds government payments from year 1

through year 6. Beginning in year 7, government payments exceed net farm

income. That is, without government payments, net farm income would be

negative from year 7 through year 20 for the unrestricted alternative.

Comparisons on net farm income and government payments under both the

quantity limitation and graduated taxation lead to the same conclusion. The

impact of government payments is the difference between positive and negative

net farm income. Under the quantity restriction, government payments exceed

net farm income beginning in year 7. Under the graduated tax alternative,

net farm income exceeds government payments for the first seven years of

the simulation run. However, from year 8 through year 20, with the excep-

tion of year 10, government payments exceed net farm income.
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TABLE XXXIX

COMPARISON OF NET FARM INCOME AND GOVERNMENT PAYMENTS UNDER
THREE WATER-USE ALTERNATIVES FOR RESOURCE SITUATION 1

No Restrictions Quantity Restriction Graduated Tax
Net Farm Government Net Farm Government Net Farm Government

Year Income Payments Income Payments Income Payments

1 9,019 8,048 8,791 7,838 9,473 8,084

2 9,809 9,043 9,715 8,808 10,461 9,144

3 13,546 10,565 11,250 9,876 13,595 10,647

4 13,839 12,107 11,131 11,001 14,042 12,189

5 15,045 13,615 12,270 12,086 14,966 13,624

6 14,624 13,761 12,707 12,073 15,346 13,699

7 13,593 13,827 11,417 11,778 14,333 13,737

8 11,454 13,331 9,913 11,534 12,995 13,384

9 10,870 13,048 10,234 11,367 12,842 13,084

10 11,324 13,035 11,899 11,545 13,368 13,105

11 8,780 12,789 7,815 11,393 10,477 12,968

12 6,406 12,477 5,613 11,366 8,018 12,995

13 7,502 12,270 6,204 11,449 8,865 12,638

14 6,838 11,822 5,621 11,512 8,288 12,450

15 7,719 11,051 5,586 11,205 9,270 11,972

16 5,714 10,405 5,335 11,045 8,065 11,639

17 7,503 10,152 7,581 11,112 9,956 11,446

18 4,351 9,792 4,591 10,655 6,944 10,920

.19 1,031 9,315 1,253 10,072 3,867 10,370

20 2,183 8,911 2,447 9,634 5,056 9,952
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The model used did not afford the irrigation operator an opportunity

to expand his operation. It appears that irrigators in Resource Situation

1 are faced with the alternative of expanding the size of operation, or

going out of business. Even with substantial government payments, net farm

income is quite low by the time the water supply reaches economic exhaus­

tion. These implications hold for Resource Situation 1, regardless of the

water-use alternative followed.

Government payments are important to the irrigation operator represented

by the adequate water position in Resource Situation 2. A comparison of

mean values of net farm income and government payments under the three water­

use regulatory alternatives is presented in Table XL.

Under unrestricted pumping, government payments increase from $8,218

in year 1 to $13,648 in year 6 and remain stable for the remainder of the

simulated time period. Net farm income exceeds government payments every

year. Thus, positive net farm income is possible under unrestricted pump­

ing for irrigators in Resource Situation 2. However, without government

payments net farm income would range from less than $2,000 to about $6,000.

Under the quantity restriction, both the level of net farm income and

government payments are lower than under unrestricted pumping. Net farm

income exceeds government payments during every year of the simulation

run. However, the difference between the two is smaller than for the

unrestricted alternative. Net farm income exceeds government payments by

a minimum of about $300 and a maximum of just under $5,000.

The relationship between net farm income and government payments under

the graduated tax alternative compares favorably with the relationship under

unrestricted pumping. Net farm income exceeds government payments under
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TABLE XL

COMPARISON OF NET FARM INCOME AND GOVERNMENT PAYMENTS UNDER
THREE WATER-USE ALTERNATIVES FOR RESOURCE SITUATION 2

No Restrictions Quantity Restriction Graduated Tax
Net Farm Government Net Farm Government Net Farm Government

Year Income Payments . Income Payments Income Payments

1 10,598 8,218 9,576 7,610 10,866 8,127

2 12,434 9,431 10,791 8,512 12,380 9,305

3 14,413 10,776 12,367 9,407 14,314 10,571

4 14,767 12,166 12,200 10,382 14,604 11,924

5 16,754 13,621 13,440 11,406 16,383 13,196

6 17,192 13,648 13,787 11,451 16,790 13,293

7 16,421 13,554 12,984 11,332 16,151 13,237

8 15,353 13,456 11,561 11,256 14,990 13,150

9 16,601 13,438 12,885 11,238 16,298 13,129

10 18,563 13,534 15,079 11,320 18,456 13,260

11 17,420 13,446 13,497 11,253 16,871 13,160

12 16,172 13,381 12,311 11,126 15,739 13,094

13 17,506 13,431 13,352 11,075 16,798 13,115

14 16,974 13,400 12,874 10,937 16,501 13,041

15 18,548 13,320 14,451 10,816 18,037 12,925

16 17,794 13,296 13,427 10,737 17,216 12,904

17 19,644 13,449 15,762 10,882 19,572 13,069

18 18,908 13,407 14,816 10,866 18,631 13,047

19 17,364 13,356 13,429 10,907 16,921 13,022

20 19,293 13,395 15,632 10,980 19,020 13,070
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every year of the 20-year simulation run. The difference between the two

ranges from about $1,800 to over $6,000.

The impact of government payments is of great significance to

irrigators in both the poor and adequate water situations for the repre-

sentative farm defined in this study. Without government payments, many

individual operators would be forced to either reduce current consumption

or borrow heavily to maintain that consumption level. Their alternatives

are to expand the operation or migrate from the farm.

The implications drawn here are based upon the simulation of 640-acre

representative farms defined for this study. Assumptions regarding prices,

irrigation strategies and expansion of irrigation facilities are quite

specific. Extrapolation from these resource situations to others in the

study area must be made with caution.

Relative Rates of Water Withdrawal
for Each Water-Use Alternative

Table XLI summarizes saturated thickness remaining at the end of the

20-year simulation run. For Resource Situation 1, the mean values of feet

of remaining saturated thickness are 35.84, 38.37 and 37.72 for unrestricted

pumping, quantity restriction and graduated tax alternatives, respectively.

Water is used at different rates for each alternative. That is, unrestricted

pumping results in more rapid pumping in early periods and slower withdrawals,

due to. declining pump capacity, in later periods. The quantity restriction.

results in lower rates of withdrawal in early periods, but lower rates in

later periods because greater pumping capacity remains for the irrigation

system. Pumping or withdrawal rates for the graduated tax alternative remain

between those for the unrestricted and taxed alternatives. Regardless of

the alternative utilized, the ending position is approximately the same.

The individual either completely returns to dryland farming or is maintaining



TABLE XLI

REMAINING SATURATED THICKNESS OF OGALLALA FORMATION AT THE END OF 20-YEAR SIMULATION RUNS

Resource Situation 1 Resource Situation 2
Number Quantity Graduated Number Quantity Graduated

Replication Restrictions Limitation Tax Res trictions Limitation Tax

Mean 35.84 38.37 37.72 235.03 251. 81 245.61 N
co
.".

Maximum 37.53 41.57 40.97 240.62 254.26 249.19

Minimum 33.42 36.08 34.67 230.49 250.82 242.88

Range 4.11 5.49 6.30 10.13 3.44 6.31

Av. Feet Decline 64.16 61.33 62.28 89.97 73.19 79.39

Av. Decline/Year 3.21 3.07 3.11 4.50 3.66 3.97
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about 80 acres of irrigated grain sorghum and attempting to spread fixed

costs of the irrigation system over 40 to 65 acres of irrigated wheat

during portions of the crop year not devoted to intensive irrigation of

summer crops. The decline in saturated thickness is 64.16, 61.33 and 62.28

feet for the unrestricted, quantity restriction and graduated tax alterna­

tives, respectively. The average decline is 3.21, 3.07 and 3.11 feet per

year for the three alternatives. From the standpoint of the underground

water supply, all alternatives will lead to economic exhaustion within

Resource Situation 1 in about 20 years, given the assumptions of the model.

Based on water-use rates in Resource Situation 1, there is little

reason for policy makers to restrict water use with a quantity limitation

of 1.5 acre feet per acre of water rights. It results in lower levels of

net farm income while depleting the water supply at approximately the same

point in time as for the other two alternatives. The policy maker might

lean toward a graduated tax if water-use regulation is deemed desirable.

Higher levels of net farm income are due primarily to individual action to

restrict water use in earlier periods of the crop year, and to utilize

economic decision rules in allocating water once the quantity limitation has

been reached. One might argue against any type of water restriction in the

poor water situation on the grounds that rational irrigators merely need to

be informed that applying economic decision rules in the allocation of

water can lead to higher levels of net farm income. An educational program

to encourage voluntary application of rational economic decision rules to

allocating the existing water supply would be more palatable to individual

operators as well as to policy makers within the study area. The model

developed in this study is capable of providing information regarding

various irrigation strategies and their impact on net farm income.
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Table XLI also presents feet of remaining saturated thickness for

each water-use alternative for Resource Situation 2. Mean levels of

saturated thickness are 235.08, 251.81 and 245.61 for the unrestricted,

quantity restriction and graduated tax alternatives. The feet decline in

saturated thickness are 89.97, 73.19 and 79.39 for the three water-use

alternatives, respectively.

An 89.97-foot decline in saturated thickness for the unrestricted

alternative is an average of about 4.50 feet per year. With approximately

110 feet of saturated thickness before well yields begin to decline, the

unrestricted irrigator in Resource Situation 2 may be able to pump for an

additional 24 years (a total of 44 years) before encountering significant

changes in pumping capacity, and for perhaps an additional 35 years (a

total of 55) before facing a reduction in irrigated acres.

The graduated tax alternative results in a 79.39-foot decline in

saturated thickness, averaging 3.97 feet per year. At the end of 20 years,

approximately 121 feet of saturated thickness remain before well reductions

begin to occur. If the water table continues to decline at 1.97 feet per

year, an irrigator in Resource Situation 2, operating under the graduated

tax alternative, may be able to pump an additional 30 years (a total of 50

years) before well yield declines commence, and for perhaps an additional

41 years (a total of 61 years) before facing a reduction in irrigated acreage.

Pumping under a quantity restriction results in a decline of 73.19

feet in saturated thickness for an average of 3.66 feet per year. Almost

127 feet of saturated thickness remain before yield reductions begin. If

the water table continues to decline at a rate of 3.66 feet per year,

perhaps 35 years (a total of 55 years) of pumping remain before the irrigator
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in Resource Situation 2, pumping under a quantity restriction, is faced

with declining well yields and rising pumping costs. Perhaps an additional

46 years (a total of 66 years) pumping exists before any reduction in irri-

gated acreage is necessary.

These statements apply strictly to the individual irrigator with a

beginning saturated thickness of 325 feet, depth to water of 125 feet, well

depth of 450 feet and pump depth of 400 feet. They also assume the irrigator

is pumping from a closed basin one section in size with a given 1,000 g.p.m.

well and constant production organization. One must exercise great care

when extrapolating from the assumed situation to all irrigators who are

classified in Resource Situation 2. Some individuals in Resource Situation

2 have just above 200 feet of saturated thickness and experience an impact

on well yield and pumping cost before 20 years have expired, assuming a

decline of 4.5 feet per year in saturated thickness. Other individuals in

Resource Situation 2 have perhaps 500 feet of saturated thickness and a

seemingly endless water supply. At least, barring extraordinary and unfore-

seen circumstances, their water supply is sufficient for this generation.

Thus, statements regarding the water situation for Resource Situation 2 must

be viewed as applying to the modal representative farm firm defined for this

study. Considerable variation exists among individual operators. Unfor-

tunately, only a limited number of situations could be simulated with the

availab Ie funds.

Discounting Net Income Streams
to Their Present Value

The streams of net farm income resulting under the unrestricted,

quantity restriction and graduated tax alternatives are discounted to



238

their present value at several interest rates. Present values of net farm

income for each regulatory alternative at four different interest rates for

Resource Situations 1 and 2 are presented in Table XLII.

The discounting model is appropriate because income in the current

time period is worth more than income in future time periods due to uncer­

tainty about the future and a preference by most individuals for current

rather than future income. Through time, the discounting factor, (i~l)n ,

increases. Thus, the value of future net income is reduced relative to

the value of current net income. The magnitude of present values increases

as interest rates decline because the discounting factor declines with the

interest rate. Thus, the value of net income, when discounted, is larger.

Implications to be drawn from the analysis do not vary with interest

rates. For Resource Situation 1, present value of net income is greatest

for the graduated tax alternative. This finding is not surprising since

net farm income under the graduated tax alternative exceeds net farm income

under the unrestricted pumping alternative during every year but one.

Present value of net farm income under unrestricted pumping exceeds that

under the quantity limitation. Net farm income under unrestricted pumping

greatly exceeds net farm income under a quantity restriction during early

years of the simulated time period. During early years, the discount

factor is small, and discounted values of net farm income large. It is

only during year 10 and years 17, 18, 19 and 20 that net farm income under

a quantity restriction slightly exceeds net farm income under unrestricted

pumping. In late periods, the discount factor is large, and contributions

to the present value of net farm income by these excesses of income under a

quantity restriction over income under unrestricted pumping are small.



TABLE XLII

PRESENT VALUE OF NET FARM INCOME FOR THREE WATER-USE
REGULATION ALTERNATIVES AT FOUR INTEREST RATES

Resource Situation 1 Resource Situation 2
Water-Use Regulation Alternative Water-Use Regulation Alternative

Interest No Quantity Graduated No Quantity Graduated
Rate Regulation Limitation Tax Regulation Limitation Tax

.08 101,264 89,695 112,843 155,056 124,868 151,760 N
co

'". 05 123,421 109,469 139,711 200,776 160,733 196,366

.03 142,643 126,696 163,444 242,817 193,728 236,743

.01 166,761 148,392 193,694 298,321 237,257 291,736
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For Resource Situation 2, the present value of net farm income under

unrestricted pumping exceeds present values under both graduated taxation

and a quantity limitation. This result is expected since the level of net

farm income under unrestricted pumping exceeds that under the graduated

tax every year except year 1. Since the levels of net farm income remain

homologous over time, the present values are nearly the same. Present values

of net farm income under both unrestricted pumping and graduated taxation

exceed present value of net farm income under the quantity limitation. This

finding is consistent with the significant differences found between distri­

butions of net farm income under unrestricted pumping and graduated taxation

when tested against the distribution under the quantity restriction.

Based on computation of present values of net farm income over the

20-year simulated time period, one can conclude that the timing aspects of

the streams of net farm income do not differ enough for the implications of

this analysis to be changed. A more valid basis of comparison would be to

compute the present value of the longer, smaller stream of net farm income

under the quantity restriction and compare it with a shorter, larger stream

resulting under unrestricted pumping. Unfortunately, this study does not

lend itself to that type of analysis.



ESTIMATING PRIMARY ECONOMIC BENEFITS UNDER ALTERNATIVE
METHODS OF WATER-USE REGULATION

The final objective of this study is to estimate the primary economic

benefits from irrigation under projected use of the stock water supply

with current restrictions and the effect of each method of water-use regu-

lation on the pattern of primary benefits realized. Primary economic bene-

fits are defined in this study as the increase in net returns to land and

management resulting from irrigated crop production. That is, aggregate

net return to land and management with irrigation minus aggregate net re-

turn to land and management without irrigation is the measure of primary

economic benefits that is used.

The primary economic benefits estimated in this study are those ac-

cruing to residents of the study area. They were estimated using "adjusted

normalized prices" issued by the Water Resources Council for the crops pro-

duced [Ill]. These are prices adjusted to remove the direct price support

effects of government programs. While it is argued these are primary eco-

nomic benefits to the study area, it is certainly admitted they may be

offset to some extent by a reduction in primary benefits derived from feed

grain, food grain and forage production in other areas of the country. Es-

timates of the net primary benefits to the U.S. of irrigation development

in the Central Ogallala is the subject of another research project. Such

a project should also consider the benefits of development in other areas

of the country as well as those in the Central Ogallala.

The analysis under the first objective of this study projected the

rate of irrigation development, estimated net farm income of crop production

241
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and estimated the primary economic benefits of irrigation development in

the study area. These estimates were developed using an aggregate model

for the study area. The analysis under objective 3 used a micro-level

simulation model to determine the effect of two methods of water-use

regulation on the amount of water used and net farm income of represen­

tative farm firms. The analysis in this section reviews the estimates

of primary economic benefits developed under objective 1, and discusses

implications of Objective 3 results for estimates of the primary eco­

nomic benefits.

Primary Economic Benefits With Current Restrictions

The aggregate increase in net crop income (primary economic bene­

fits) was estimated for the projected development of irrigation in the

Central Ogallala as part of the analysis under objective 1. The analy­

sis was completed using a recursive linear programming model for the

study area. The aggregate model assumed constant technology and used

adjusted normalized prices to remove the direct effects of government

price support programs.' Development of the model, the assumptions, and

the input data are given in pages 10 through 43 of this report and are

not repeated here. The recursive linear programming model was used to

project production levels, water use, income and primary economic bene­

fits over time under two broad assumptions. The projections obtained

under the two sets of assumptions are referred to as Model I and Model II

results, respectively.

Model I assumes the area is restricted to its historic share of

the projected national supply. The supply of crops projected by the

USDA for the years 1980 and 2000, and the proportion of national supply
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produced in the study during the 1965-67 period were used to develop the

production targets [Table VI]. Model I projections indicated the study

area's historic proportion of U.S. domestic needs can be met over the

period with about 1.4 to 1.6 million acres of irrigated production (Table

XII). This is approximately the number of acres that were irrigated in

1965. Thus the Model I estimates of primary economic benefits approxi­

mate the level of primary benefits that would be projected if restrictions

are imposed limiting irrigation development to approximately the 1965

level (1.5 million acres).

Model II assumes the area is permitted to increase its share of U.S.

production of feed grains, food grains and forages. The area is restricted

to the historic share of national domestic needs for cotton and sugar beets,

however. The development of irrigation in each resource situation depends

on the profitability of such development. It is also limited to a maximum

growth rate per year reflecting the effect of capital rationing, labor

availability, availability of well drillers, and sociological factors on

the rate of irrigation development. Thus Model II results reflect a pro­

jected rate of irrigation development that is constrained by the major fac­

tors judged to constrain actual development in the Central Ogallala under

the current institutional constraints.

The annual net income from crop production and the estimates of the

primary economic benefits of irrigation development for both Models I and

II are presented in Table XLIII. Estimates of primary economic benefits

derived from Model I projections indicate annual benefits of $18.4 million

to $21.9 million will result over the 35-year period if irrigation is

limited to approximately 1.5 million acres per year. Production at this



TABLE XLIII

PROJECTED AGGREGATE ANNUAL NET INCOME FROM CROP PRODUCTION
AND PRIMARY ECONOMIC BENEFITS OF IRRIGATION

Madella Model lIb
Estimated Estimated

Total Annual Primary Total Annual Primary
Annual Net Returns Net Returns Irrigation Annual Net Returns Net Returns Irrigation

Year Irrigated Dryland (000' s of dol.) Benefits Irrigated Dryland (OOO's of dol.) Benef its

1965 40,639 9,743 47,382 18,418 49,725 44,820 94,545 23,345

1970 40,662 15,587 56,248 18,443 79,273 36,716 115,990 49,257
N..,.

1980 45,622 19,049 64,672 20,316 77,726 36,246 113,972 47,710
..,.

1990 48,197 24,333 72,530 21,869 81,020 32,197 113,217 51,004

2000 42,263 33,722 75,985 19,275 57,555 36,532 94,087 27,539

a The net returns and irrigation benefits for Model I are the same as those shown in Table XIII.

b and irrigation benefits for Model II are the same as those shown in Table XVII.The net returns
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level will use approximately 23 percent of the stock water supply by 2000

(Table X).

Information on the profitability of irrigation in the study area and

the availability of capital. labor and managerial resources indicate strin­

gent institutional restrictions would be required to limit the acreage ir­

rigated in the Central Ogallala Basin to 1.5 million annually. It should

be noted in passing that the method of restricting irrigated acreage will

significantly affect the distribution of primary economic benefits among

residents of the study area. For instance. if irrigation is limited to

the acreage developed prior to a specified date. the benefits can be ex­

pected to accrue to the owners of land on which irrigation is permitted.

To the extent the irrigated area is operated by land owners, the benefits

will accrue to the irrigation farmers. Furthermore. when a piece of land

carrying the right to irrigate is sold. the increased anticipated income

due to irrigation will tend to be capitalized into the sale price. Thus.

limiting development by restricting it to specific tracts of land can be

expected to result in the current owners of those tracts receiving the

major part of the area's primary economic benefits of the stock water sup­

ply. Many alternative means of imposing an acreage limitation can be

developed. A second possibility is the establishment of a regulatory

agency. such as a water district, which is given the authority to sell

the right to irrigate for a specified number of years (say 10 or 15) in

specified block sizes (say 160 acres) under competitive bidding. A pro­

portionate share of the irrigation rights could be sold each year. with

the proceeds of the sale used to support public services for the region.
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In this case the distribution of benefits would depend on the price re­

ceived for the right to irrigate and the type of services provided with

the proceeds.

The primary economic benefits estimated from Model II results in­

crease from $23.3 million for 1.5 million irrigated acres in 1965 to

$49.0 million for 2.7 million acres in 1970. The level of primary bene­

fits remain relatively constant due to the increased irrigation costs as

the acreage irrigated increases to 3.4 million in 1990. Projections

developed with Model II indicate 43.5 percent of the stock water supply

will be exhausted by 2000 (Table XIV), resulting in increased pumping

costs, reduced well yields, declining irrigated acreage (2.8 million in

2000) and rapidly declining primary economic benefits ($27.5 million in

2000).

Both Models I and II assume the same level of prices and technology

over time. However, the primary economic benefits estimated from the

results of the two models prOVide an interesting contrast. Model I sug­

gests restricting irrigated production to 1.5 million acres annually will

result in a relatively constant stream of annual economic benefits during

the remainder of this century. It will also preserve a larger portion of

the water supply for use after 2000 and hence a larger portion of the

economic benefits also can be expected to be derived after the turn of

the century. Model II results indicate the projected rate of development

will result in annual primary economic benefits approximately $30 million

greater than those projected by Model I for the 1970-1990 period, with

rapidly declining benefits during the last decade of the century. Because

a large portion of the stock water supply has been depleted by 2000,
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relatively little of the primary benefits can be expected to be derived

after the turn of the century.

Both Models I and II assume current irrigation technology and hold

it constant over the 1965 through 2000 period. Thus estimated primary

benefits for development restricted at other levels, such as 2.0 or 2.5

million acres, will fall within the range of benefits bounded by the

Model I and II estimates.

The Impact of Alternative Restrictions

Both Models I and II assume no real incentive is provided encourag­

ing farmers to maximize efficiency of water use at the firm level. Model

I assumes restrictions are placed on production levels, but as much water

can be pumped as desired by simply paying the pumping and distribution

costs per acre inch. Model II permits production levels to increase over

time, but no incentive is provided to increase production per acre foot

of water used. Thus a moot question is, what is the impact of alternative

means of water-use regulation on the stream of primary economic benefits

that could be derived from the stock water supply? The analysis completed

under objective 3 provides some information of interest in answering this

question.

Aggregation Problems

A comparison of the results developed under objectives 1 and 3 must

be approached with caution. The aggregate recursive linear programming

model is an effective means of incorporating regional constraints on pro­

duction levels and water use in developing the study area projections.



248

However, the detailed specifications (concerning response to moisture condi­

tions by season, weather uncertainty and irrigation strategies) required to

analyze water-use alternatives at the firm level cannot be easily incorpo­

rated into an aggregate modeL Thus the detailed simulation model was

developed for use under objective 3.

Unfortunately, some of the detail included to develop meaningful

results at the firm level prevent aggregating the representative firm

analyses into regional totals comparable to those estimated under objec-

tive 1. Four features are particularly important. First, the available

resources permitted developing representative firm results for only two

water resource situations under objective 3, instead of the 48 included in

the recursive linear programming modeL Thus aggregation of figures pre­

sented in previous sections is based on data available relating the potential

for irrigation development to specific saturated thickness intervals.

Development of irrigation facilities depends upon a great many factors

including age of the operator, years of farming experience, years of irri­

gation experience, financial condition, managerial ability, borrOWing

capacity, labor availability and others, in addition to the existence of a

water supply sufficient for current needs. Thus, it may be argued that

irrigators in the less than 200-foot saturated thickness interval are as

likely to develop or expand irrigation facilities as irrigators in the

greater than 200-foot saturated thickness interval, as long as saturated

thickness is sufficient to irrigate the production organization. If this

is the case, those portions of the study area represented by Resource

Situation 1 may be expected to continue to develop as rapidly as the

adequate water situations. It is assumed, based upon the above argument,
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that irrigation development in each of the resource situations is propor­

tional to the number of irrigable acres in the two resource situations.

Weights of .4659 and .5341 for Resource Situations 1 and 2, respectively,

were used to develop aggregate results (Table XXVIII).

A second reason that aggregation of the firm simulations will not

yield comparable results to those obtained from Models I and II is that

the specification of the firm model incorporates some detail that cannot

be included in the recursive linear programming model. Most operating

irrigated units in the study area have a real estate mortgage. Thus the

representative firms simulated started with $42,000 of real estate debt.

As a result, the farm incurred interest charges in each year on the unpaid

principal, reducing the net farm income figure reported. Government program

participation was considered in the firm level model because it represents

an important source of income. Inclusion of the program affects both the

level of income received and, to some extent, the combination of enter­

prises. The effect of payments can be removed for comparison with the

results under objective I, but the effect on the combination of enterprises

cannot.

A third problem in aggregating the firm level results is that the

simulation model incorporates very specific behavioral assumptions con­

cerning the use of irrigation water under each method of water-use regulation.

These assumptions appear to represent the way farmers in the area facing a

limited supply allocate the available water. Nevertheless, one must ques­

tion if farmers in the area, given time, more experience and the benefits

of educational programs would not develop irrigation strategies resulting

in more efficient water use than those simulated under objective 3 for the

unrestricted and quantity restriction alternatives.
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A particularly important problem in developing regional aggregates

from the firm simulation results in that only the modal size of irrigated

farm--a 640-acre unit-_as simulated. The impact of economies of size is

expected to increase the primary economic benefits derived per section of

irrigated land as the size of farm increases. The opportunity to spread

machinery ownership costs, other overhead costs and make more efficient

utilization of the operator's labor indicates farms in the area obtain

substantial economies as the size of the farm (measured in acres) is in­

creased. Thus net farm income per section increases as the size of the

farm increases. However, the same economies are expected to occur regard­

less of the method of water-use regulation used. Economies of size are

not expected to affect the water used per section, yield level, government

payments per section and the difference in net farm income per section

under the three water-use alternatives. Thus the estimates of net farm

income are expected to underestimate the actual net farm income farmers

received. But the estimates are considered a good measure of the difference

in net farm income and the amount of water withdrawn for the three water­

use alternatives.

The Impact of 2; Quantity Restriction

Based on the above discussion, the analysis in this section compares

the net farm income obtained using a method of water-use regulation with

the net farm income derived without restrictions to provide a measure of

the difference in net primary benefits obtained annually per section of

land. The difference in the amount of water used must also be considered

to estimate the difference in the primary economic benefits for a fixed

water supply. The results developed under objective 3 indicate net farm
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income varies over the 20-year planning horizon simulated. Since some

firms have been irrigating for many years, while others are just devel­

oping irrigation, perhaps the most reasonable measure of difference in

net farm income to use is the average over the 20-year petiod. Average

net farm income over the 20-year period simulated is presented in Table

XLIV for two resource situations. Resource Situation 1 is considered

representative of a "poorJl water si tuation. It has an initial saturated

thickness of 100 feet and an initial pumping capacity of 780 g.p.m.

Resource Situation 2 represents a "good" water situation. It has an

initial saturated thickness of 325 feet and an initial pumping capacity

of 1,000 g.p.m. Information in Table XXVIII indicates 46.59 percent of

irrigable soils in the study area have 200 feet or less of saturated thick­

ness (Resource Situation 1), with the remaining 53.41 percent having more

than 200 feet (Resource Situation 2). These percentages were used to

weight Resource Situation 1 and 2 results to obtain the aggregate situation

shown in Table XLIV.

The net farm income shown for the resource situations under no

restrictions can be used as a basis for comparison or 100 percent. It

represents the restrictions farmers face at the current time and can be

considered as comparable firm level results for the projections developed

under recursive linear progrannning Model II. As noted in the previous

section, payments received under the current government program may be an

important source of potential income for a farm of this size, but the

period over which the program will remain in effect is uncertain. Further­

more, the estimates of primary economic benefits developed under objective

1 do not include government program payments. Thus net farm income without
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government program payments is used to estimate the effect of alternative

methods of restriction on the primary economic benefits.

TABLE XLIV

AVERAGE NET FARM INCOME SIMULATED FOR A 640-ACRE FARM
UNDER ALTERNATIVE WATER-USE SITUATIONS a

2 Aggregate
Resource Situation b

1Unit

No Restriction

Net Farm Income w/o Govt.
Payments

Average Annual Water Used

Dol.

Ac. In.

-2,411

4,896

3,850

6,908

933

5,971

Quantity Restriction

Net Farm Income w/o Govt.
Payments Dol.

Average Annual Water Used Ac. In.

-2,799

4,733

2,536

5,624

50

5,209

Graduated Tax

Net Farm Income w/o Govt.
Payments Dol. -1,391 3,845 1,406

Average Annual Water Used Ac. In. 4,774 6,094 5,479

Average Annual Tax Payment Dol. 71 212 146

~e 640-acre representative farm has 315 acres of irrigated crop
production.

bThe weights used for aggregation are .4659 for Resource Situation 1
and .5341 for Resource Situation 2.

The figures indicate imposing the quantity restriction of 1.5 acre feet

per acre irrigated would reduce annual net farm income $388 and $1,314 for

Resource Situations 1 and 2, respectively, when program payments are not

considered. Weighting the two resource situations indicates imposing the



253

quantity limitation would reduce net farm income $883 per unit. Imposing

the quantity restriction would reduce water use per unit by much larger

amounts on Resource Situation 2 than 1. Aggregating the two situations

indicates imposing the quantity restriction would reduce average annual

water withdrawal 12.76 percent for a given irrigated acreage.

The change in net farm income per acre of irrigated land resulting

from the imposition of a method of water-use regulation provides a basis

to estimate the corresponding change in primary economic benefits for the

study area. The firm simulation estimates indicate primary economic bene­

fits resulting from the imposition of a quantity limitation (of 1.5 acre

feet per acre irrigated) would decline $1.23 per irrigated acre ($388 f 315)

in Resource Situation 1, $4.17 ($1,314 f 315) per irrigated acre in Resource

Situation 2 and $2.80 ($883 f 315) per irrigated acre as an average over

the study area. Primary economic benefits projected by Model II decline

from $18.44 per acre in 1970 ($49.257 million f 2,670,965 acres) to $15.16

per acre in 1990 ($51.004 million f 3,363,921 acres). A reduction in net

benefits or $2.80 per acre represents a decline of more than 15 percent

(15.2 percent to 18.5 percent). If one accepts the irrigation strategies

followed as being a reasonable approximation of the way farmers would

operate under a quantity restriction, then it can also be concluded imposing

such a restriction would result in a larger reduction in the primary eco­

nomic benefits per acre irrigated (15 percent or more) than in the amount

of water used (12.76 percent). Thus the analysis suggests imposing the

quantity restriction would result in reduced primary economic benefits both

per acre irrigated and per unit of water used.
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The Impact of AGraduated Tax

A comparison of the net returns under the graduated tax alternative

appears to hold more promise as a method of increasing primary irrigation

benefits per year and also over time. This alternative imposes a tax of

$6.00 per acre foot on all water pumped in excess of 1.5 acre feet per acre

irrig9Red. The results indicate that the more rational water use would

result in an annual increase of $1,020 per unit on Resource Situation 1,

but restriction through taxation has little effect on net farm income for

units in Resource Situation 2. These results suggest that imposition of

a graduated tax would not adversely effect annual net farm income and the

increased efficiency of water use it encourages may actually increase it.

The increase in net farm income per acre of irrigated land resulting

from the imposition of the graduated tax to restrict water use is $3.24

per acre in Resource Situation 1 ($1,020 f 315), nil in Resource Situation

2, and $1.50 per irrigated acre as an average over the study area. This

represents an increase of more than 8 percent (8.1 percent to 9.9 percent)

in benefits per acre irrigated when compared to the primary economic bene­

fits of $18.44 to $15.16 per acre projected by Model II for the 1970 to

1990 period. The graduated tax would restrict water use per year by a much

larger amount on Resource Situation 2 than 1. Aggregating the two situa­

tions suggests a reduction of 8.24 percent in water use per acre irrigated.

Thus the figures indicate the use of a graduated tax will increase primary

economic benefits per acre irrigated and per unit of water used. In addi­

tion, the analysis indicates average annual tax collections of $.46 ($146

f 315) per irrigated acre would be available to defray administrative costs

of the regulatory program and to provide other services of benefit to

irrigators as well as other residents of the community.
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The analysis clearly suggests that a graduated taxation plan may be

an effective means of limiting water use per acre irrigated and increasing

primary economic benefits per unit of water used without adversely affecting

net farm income. However, additional analysis is needed with alternative

sizes of farms on a wider range of resource situations to thoroughly

analyze this tax alternative. In addition, similar analyses are needed

using alternative taxing arrangements and levels before a specific taxing

arrangement is recommended for use.



LISTING OF SIGNIFICANT CONCLUSIONS

1. The acreage of irrigated crop production in the semi-arid region

overlying the Central Ogallala Formation has increased from approximately

70,000 in 1950 to 1.5 million in 1965. Annual water withdrawals for irri­

gation and other uses in the study area have been estimated to increase

from .23 million acre feet to 2.7 million acre feet over the fifteen-year

period. Natural recharge occurs primarily through percolation from the

surface and is estimated to average .27 million acre feet per year. Esti­

mated withdrawals have exceeded estimated recharge each year since 1954.

The quantity of water in storage in 1965 in the study area was estimated

at approximately 370 million acre feet. These figures suggest the aquifer

is being mined at an increasingly rapid rate from year to year, but that a

sufficient amount of water is currently in storage to permit such mining

for sometime to come.

2. Estimates developed in this study indicate approximately 8.0 million

of the 11.1 million acres of land in the study area are suitable for irriga­

tion. Of the 8.0 million, approximately 6.3 million are suitable for surface

irrigation while the remainder should only be irrigated with sprinkler systems.

3. Estimates of the land area for each of eight depth to water and six

saturated-thickness intervals were developed in this study. The estimates

indicate approximately 24 percent of the area has less than 100 feet of

saturated thickness and an additional 23 percent has from 101-200 feet. An

additional 26 percent has from 201-300 feet of saturated thickness with less

than 28 percent having more than 400 feet of saturated thickness. While the

portion of the study area having 200 feet or less of saturated thickness

256
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comprises approximately 46 percent of the total land area and 44 percent of

the total irrigable land, it has only 21 percent of the total water supply.

The portion of the study area having more than 400 feet of saturated thick­

ness comprises approximately 10 percent of the total land area and 11.7 per­

cent of the irrigable acres, but overlies 22 percent of the stock water supply.

4. The aVailability of land and water resources suggest irrigation will

expand in the area if the demand for irrigated crop production is sufficient

to maintain the profitability of these alternatives. A related study com­

pleted at the Oklahoma Agricultural Experiment Station indicated the demand

for food grains, feed grains and forages to feed cattle in the study area

will provide the necessary market for increased irrigation production.

5. The first objective of this project was to project irrigation

development, the rate of water use and aquifer depletion over time for the

Central Basin of the Ogallala Formation. The projections were made using

an aggregate linear programming model for the study area. One set of pro­

jections was completed assuming the study area is limited to its historic

share of U.S. domestic production requirements as estimated by the U.S.

Department of Agriculture. These projections, referred to as Model T,

indicate the area could produce its historic share of U.S. needs with rela­

tively minor increases in irrigated acreage. The projections indicated

producing at this level would result in irrigated acreage increasing to

1.6 million acres by 1990 and a declining irrigated acreage in later years.

The average cumulative water table decline over the study area would be 54

feet by the year 2000. A decline of this magnitude would eliminate irri­

gation on the part of the study area having less than 100 feet of saturated

thickness (about 24 percent of the study area) and significantly reduce the

profitability of irrigation in areas having 101 to 200 feet of saturated
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thickness (an additional 22 percent of the study area). Estimated net

returns from irrigation for the study area increased from 40.6 million in

1965 to a high of 48.2 million in 1990 and then declined to 42.3 million

by the year 2000. Defining annual primary irrigation benefits as the

increase in area net farm income resulting from irrigation, indicates

primary economic benefits remain in the $18.4 to $21.9 million range

through out the period. Significant declines would be anticipated after

the year 2000 however.

6. A second set of projections completed under objective 1 used the

recursive linear programming model, but assumed irrigation development is

restricted only by the profitability of irrigation, the availability of

land, labor, water, capital and managerial resources and the current insti­

tutional restrictions on development. The results of this analysis, re­

ferred to as Model II results, indicate the number of acres irrigated

annually will increase to a peak of 3.4 million in 1990 and then decline

to 2.8 million in the year 2000. Water withdrawn annually increases from

2.8 million acre feet annually in 1965 to 6.0 million acre feet in 1990

and decreases to 5.0 million by the year 2000. The amount of water remain­

ing in storage declines from the initial level of 370 million acre feet to

about 209 million acre feet--approximately 56.5 percent of the original

level--by the year 2000. The water table decline will average approximately

100 feet by the turn of the century. The well capacity in the 0-100-foot

saturated-thickness class declines rapidly and becomes inadequate to maintain

irrigation systems by 1980. This is an area of 1.8 million acres or about

24 percent of the study area. Well yields in the second saturated-thick­

ness class--an area of 1.7 million acres or 22 percent of the area--approach
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uneconomic levels by 2000. Thus, development at the rate projected by

Model II will result in about 44 percent of the land area not having an

adequate water supply for profitable irrigation by the year 2000. Esti­

mated net returns from irrigation increase from $49.7 million in 1965

to $79.3 million for the 2.7 million acres irrigated in 1970. Irri-

gated net returns remain relatively constant, reaching a peak of 81.0

million as irrigation increases to 3.4 million acres by 1990 and then

declines to $94.1 million for the 2.8 million acres irrigated by the year

2000. The increase in net income attributable to irrigation (primary eco­

nomic benefits) increases from 23.3 million in 1965 to 49.3 million in

1970. It remains relatively constant until 1990 and then declines rapidly

to $27.5 million by the year 2000.

7. The results of Models I and II exhibit similar trends over time.

In both cases growth of irrigation in the study area occurs from 1965 to

1990. The extent of irrigation in both models declines during the closing

years of the twentieth century. In both models the direction of change in

the level of crop production, water use, underground water storage and well

capacities is the same. The results differ only in magnitude and timing

which arise from differences in the basic assumptions of the two models.

Modell's basic assumption, that the production of the study area will not

surpass its historic share of the projected national supply of the eight

crops, effectively restricts a rapid growth of irrigation. Consequently,

the ground water supply is depleted at a slower rate than in Model II.

Model II places no upper restriction on production of irrigated crops,

except for sugar beets and cotton, but does impose restrictions limiting

growth in irrigation to a somewhat slower rate than experienced in the
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recent past. Model II increases the irrigated acreage of crops at a more

accelerated rate than Model I which results in a faster depletion of the

water resources. The assumptions of Model II are judged to more closely

approximate the restrictions on irrigation development in the Central

Ogallala. Thus the projections resulti.ng from Model II are considered

more indicative of the irrigation development that will result providing

further institutional constraints on development are not imposed.

8. Because the solution to Model I includes irrigation on only 1.4

to 1.6 million acres, the water withdrawals, the net income from irriga­

tion and primary economic benefits can be used to indicate the effect of

limiting irrigation development in the area to approximately the 1965

level--l.5 million acres. A comparison of Model I and II results indicates

the tradeoff between water saved for the future and economic benefits to

be derived during the remainder of the twentieth century.

9. The second objective of this project was to test whether the

projected rate of basin-wide withdrawals represents a potential misalloca­

tion of the water resource over time. The moot question is, "Can irriga­

tion firms making a decision as a group increase the present value of net

irrigation benefits by reducing the current rate of water use?" A multi­

stage sequential decision model was used to select the rate of water use

which would maximize the present value of the stream of future net farm

income for the area. The model assumed no change in teChnology over the

100-year planning horizon and hence constant benefits per unit of water

used over time. It was solved for discount rates of 4 and 8 percent to

test the sensitivity of the solution to the level of the discount rate

used.
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The withdrawal rates projected by the recursive linear programming

model (Model II) are substantially less during the periods 1970-79 and

1980-89 than those selected as optimal by the multi-stage sequential deci­

sion model for discount rates of either 4 or 8 percent. The multi-stage

sequential decision model indicates an additional 21 million acre feet of

water should be withdrawn annually during the 1970's and 17 million acre

feet more should be withdrawn during the 1980's than is projected by the

recursive linear program. Although the projected rate of ground water

withdrawal (Model II) exceeds the rate selected as optimal after 1989, the

projected levels of storage are greater than those resulting from optimal

withdrawal rates for the remainder of the twentieth century. The projected

storage level in the year 2000 is 204.9 million acre feet (with Model II).

The year 2000 study area levels of storage resulting from withdrawal poli­

cies prescribed by the multi-stage sequential decision model are 176.0 and

174.0 million acre feet for 4 and 8 percent discount rates, respectively.

The conclusion that can be drawn is that the projected rates of withdrawal

do not exceed the rate required to maximize the present value of primary

irrigation benefits over the next 20 to 30 years under the assumptions used

in this study.

10. A comparison of the results of the recursive linear programming

model and the multi-stage sequential decision model indicates the misallo­

cation of ground water is not a direct corollary of its being a common pro­

perty stock resource. Whether such a resouce will be intertemporally mis­

allocated depends to a large degree on whether or not it is the most

limiting factor of production at the margin. Factors such as (a) a high

discount rate, (b) constraints on the quantity of crops produced due to
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market or government program conditions, and (c) limited aVailability of

capital and labor that complement the expansion of irrigated production

may sufficiently constrain expansion by individual operators so that the

mining of ground water from the closed exhaustible aquifer does not result

in automatic intertemporal misallocation.

11. Although the analysis under the second objective indicates the

projected rates of withdrawal for the next twenty years do not exceed the

optimum withdrawal rates, many area residents and policy makers are inter-

ested in the effect of alternative methods of water-use regulation on the

amount of water used over time and its effect on primary economic benefits

to the stock water supply. Some individuals place a high value on the

conservation of water and other natural resources. Others may question the

procedures used

water supply in

in objective 2 to establish the "true value" of the stock

16future years. To the extent future values are under-

estimated, the multi-stage sequantial decision model will tend to recommend

using larger quantities in the near future and saving smaller quantities for

the more distant future than are actually optimum. For these reasons three

alternative methods of water-use regulation on representative farms in the

study area were evaluated under the third objective of this study.

12. A simulation model which estimates the yield of crops as a

function of soil moisture conditions throughout the growing season was

16In general, any change in technology which either reduces the water
and distribution costs or increases production per acre foot of water used
(such as improved varieties or reduced evapotranspiration) would tend to
increase the value of water in the future. Changes in demand and supply
conditions resulting in higher prices for the products would also increase
the value of water in the future. Given the current federal farm programs
designed to reduce production of feed and food grains,it can also be argued
that the current value of water used in production of irrigated crops in
the study area is much lower--perhaps even zero--when considered from a
national standpoint.
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developed to evaluate the alternative methods of water-use regulation.

This model is referred to as the Production Subset and determines final crop

yields as a function of the length and severity of soil moisture and atmo­

spheric stress in relation to critical stages of plant development for each

dryland and irrigated crop included in the analysis. Components of the

model include discrete probability distributions for rainfall, lognormally

distributed pan evaporation distributions, a set of relationships between

pan evaporation and evapotranspiration for each crop, a series of equations

composing a soil moisture balance system and coefficients relating soil

moisture and atmospheric stress to yield reductions for each crop. Daily

values of rainfall and pan evaporation are generated probabilistically.

Daily soil moisture values are maintained for each crop. Daily yield reduc­

tions are a function of severity of soil moisture and atmospheric stress for

each crop. Daily yield reductions are summed across three critical stages

of grain sorghum development, four critical stages of wheat development and

five critical stages of corn development. Final yield for each crop is

determined by subtracting yield reduction from a potential yield which may

be reached under adequate soil moisture conditions throughout the growing

season. The Production Subset was given an extensive evaluation by agrono­

mists familiar with crop production in the study area and judged to be a

"very good" predictor of yield levels for alternative moisture and atmo­

spheric stress conditions prevailing in the study area. Specification and

development of this model are certainly significant results of this study,

but are not repeated in this section as they are covered in detail in the

body of this report.
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13. Three water-use alternatives were simulated in this study. The

first alternative is continued development and pumping without restrictions.

This alternative assumes irrigators base irrigation decisions on the level

of available soil moisture and provides no incentive to conserve water use

at the current time for future use. The second alternative requires irri­

gators to restrict pumping to 1.5 acre feet per acre of water rights. The

third water-use alternative simulated assumes the irrigator can pump as much

water as desired providing he pays a tax of $.50 per acre inch for each acre

inch pumped above 1.5 acre feet per acre of water rights. These three water­

use alternatives were simulated for a 640-acre farm with 315 acres of irri­

gated crops for each of two resource situations.

Resource Situation 1 represents the "poor water" situation within the

study area. It was assumed the weighted average saturated thickness of 100

feet will support a well yield of approximately 780 g.p.m. Well yields

decline rapidly over time causing the operator to add a second and third

well, and then reduce the number of acres devoted to irrigated crop produc­

tion as it becomes uneconomic to irrigate the entire acreage. The effects

of unrestricted pumping, quantity limitation and graduated taxation on total

acre inches pumped, net farm income and net worth for the irrigators in

Resource Situation 1 were evaluated.

An analysis of the simulation results indicates that the total acre

inches pumped over the 20-year period under the three institutional alterna­

tives do not differ significantly. However, the distribution of water use

over the 20-year planning horizon does differ to some extent. The unrestric­

ted irrigator pumps more water during early years of the 20-year period,

depleted his pumping capacity rapidly and pumps the smallest number of acre
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inches in years 12 through 20. The quantity limitation results in fewer

acre inches pumped during early years, but leaves the irrigator the capa­

city to pump the greatest number of acre inches per year from years 12

through 20. Water use under the graduated tax alternative is between the

two extremes. The three water-use alternatives, though differing somewhat

in timing of applications, result in essentially the same saturated thick­

ness and decline in the water table at the end of the 20-year period. The

average feet of saturated thickness remaining after 20 years of operation

are 35.8, 38.4 and 37.7 for the unrestricted, quantity restriction and grad­

uated tax alternatives, respectively.

Mean net farm income under the graduated tax alternative is significantly

above mean net farm income under unrestricted pumping and a quantity limita­

tion. Also the mean under unrestricted pumping is significantly larger

than the mean under a quantity restriction on water use. The somewhat sur­

prising conclusion that mean net farm income under the taxing alternative

is greater than under unrestricted pumping results from more rational use of

irrigation water when a tax on additional use is imposed. The taxed irriga­

tor achieves more timely irrigation in relation to plant needs and higher

crop yields for the same amount of water. Since pumping costs rise more

slowly, net returns per acre and net farm income are higher despite the tax

payments. It is also significant to note that the variability of net farm

income as measured by the coefficient of variation is greatest under the

quantity restriction and least under the graduated tax alternative.

The mean net worth of the firm under graduated taxation also exceeds

the mean net worth under unrestricted pumping or the quantity limitation.

This is not surprising given the results concerning net farm income above.
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Mean net worth with unrestricted pumping exceeds that under the quantity

limitation.

14. Resource Situation 2 represents the "adequate" water situation

within the study area. The weighted average saturated thickness of the

Ogallala Formation for this resource situation is 325 feet--a sufficient

saturated thickness to maintain a pumping capacity of 1,000 g.p.m. through­

out the 20-year planning horizon. Irrigators in this situation experience

some increase in pumping costs as the water table declines, but are neither

required to add additional wells to maintain their pumping capacity nor to

revert a portion of their acreage to dryland production over the 20-year

period.

The effects of unrestricted pumping, quantity limitation and graduated

tax alternatives on total acre inches pumped, net farm income and net worth

for the representative firm were simulated over a 20-year period. Operation

with the unrestricted alternative allows the irrigator to pump at the capa­

city of the system for the entire growing season and thus pump significantly

more water than the firm operating under either the quantity limitation or

the graduated tax. The amount of water pumped under the graduated taxation

alternative is significantly greater than the amount pumped under the quan­

tity limitation. Since capacity does not decline over time, the firm has

the same ability to pump water during the latter years of the planning

horizon as during the initial years. The amount of water pumped per year

does vary depending on the weather conditions simulated for the year. Vari­

ability of acre inches pumped is greater under the unrestricted pumping al­

ternative. The least relative variability is observed under a quantity

limitation because the irrigator is prohibited from pumping more than the

upper limit, even during very dry years.
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The feet of decline in saturated thickness are 90.0, 73.2 and 79.4 for

the three water-use alternatives, respectively. The three policies result

in declines of 4.5,3.7 and 4.0 feet per year, respectively. Projecting

these rates of decline linearly, the irrigator pumping without restriction

should have an additional 24 years (a total of 44) before encountering signi­

ficant declines in pumping capacity. The graduated tax alternative should

provide an additional 30 years of pumping (a total of 50 years) before sig­

nificant reductions in well yields occur. The quantity limitation should

provide an additional 35 years pumping (a total of 55) before significant

reductions in well yields occur. The difference between the maximum (55)

and minimum (44) number of years prior to encountering well yield reductions

is sizable (11 years).

Mean net farm income under unrestricted pumping is significantly

greater than mean net farm income under either the graduated tax of the

quantity limitation for Resource Situation 2. Also, mean net farm income

under the graduated tax is above that under the quantity limitation. Thus

the unrestricted irrigator in Resource Situation 2 is able to maintain the

highest level of net farm income while pumping the greatest quantity of

water. Mean net farm income under graduated taxation, while significantly

lower from a statistical standpoint, remains at a reasonable level. The

relative variability of net farm income, as measured by the coefficient of

variation is greatest under the quantity limitation and least under unre­

stricted pumping.

An analysis of the net worth generated under the three water-use

alternatives indicates that the net worth under unrestricted pumping exceeds

that of both the graduated tax and quantity limitation alternatives. Mean

net worth under the graduated tax exceeds that under the quantity limita­

tion. These results are expected based upon the difference in net farm

income for each alternative.
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15. Converting the streams of income over the 20-year period of the

analysis to their present value does not change the general conclusions

based on the undiscounted patterns of net farm income. Discount rates of

1 to 8 percent were used to test the sensitivity of the results to the

discount rate. For Resource Situation 1, the present value of net farm

income was greatest under graduated taxation, followed by unrestricted

pumping and the quantity limitation regardless of the discount rate used.

For Resource Situation 2, the present value of net farm income under unre­

stricted pumping exceeds present values under both graduated taxation and

a quantity limitation. Thus the time pattern of net farm income under the

three alternatives does not change the conclusions reached above.

16. The fourth objective of this study was to estimate the primary

economic benefits from irrigation under projected use of the stock water

supply with current restrictions and the effect of each method of water-use

regulation on the pattern of primary benefits realized. Primary economic

benefits were defined as the increase in net returns to land and management

resulting from irrigated crop production that accrue to residents of the

study area.

17. The primary economic benefits corresponding to the projected

rates of irrigation development, production levels and water use under

objective 1 were made. The first set of projections (Model I) indicated

the study area's historic proportion of U.S. domestic needs can be met

over the period with about 1.4 to 1.6 million acres of irrigated produc­

tion. This is approximately the number of acres that were irrigated in

1965. Thus the Model I estimates of primary economic benefits approximate

the level of primary benefits that would be projected if restrictions are
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imposed limiting irrigation development to approximately the 1965 level

(1.5 million acres). Estimates of primary economic benefits derived from

Model I projections indicate annual benefits of 18.4 million to 21.9

million will result over the 35-year period if irrigation is limited to

approximately 1.5 million acres per year. Production at this level will

use approximately 23 percent of the stock water supply by the year 2000.

18. Removing the limitation on area production and restricting the

development of irrigation only on the basis of resource availability in

the study area resulted in a relatively rapid rate of irrigation development.

The primary economic benefits estimated under these assumptions (Model II)

resulted in a projected increase from $23.3 million for the acres irrigated

in 1965 to $49.0 million for 2.7 million acres irrigated in 1970. The level

of annual primary benefits remain relatively constant due to the increase of

irrigation costs as the acreage increased to 3.4 million in 1990. Projec­

tions developed with Model II indicate 43.5 percent of the stock water

supply will be exhausted by the year 2000, resulting in rapidly declinin~

primary economic benefits.

19. The projections of primary economic benefits made using Models I

and II assume current irrigation technology and hold it constant over the

1965-2000 period. They assume no real incentive is provided encouraging

farmers to maximize efficiency of water use at the firm level. The firm

level simulation results completed under objective 3 provide some informa­

tion concerning the difference in efficiency of water use and primary econo­

mic benefits to be expected under two alternative methods of water-use

regulation. The figures indicate imposing a quantity restriction of 1.5

acre feet per acre irrigated on farms having approximately 100 feet
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saturated thickness would reduce net farm income approximately $1.23 per

acre irrigated. Imposing the quantity restriction on firms having 325 feet

of saturated thickness would reduce net farm income approximately $4.17 per

acre. Applying weights to these two representative situations suggests

that imposing the quantity restriction would reduce net farm income an

average of $2.80 per acre irrigated in the study area. The reduction in

annual primary economic benefits would be of approximately the same magni­

tued as the reduction in net farm income.

The reduction in net primary economic benefits resulting from imposing

the quantity restriction would reduce primary economic benefits derived by

more than 15 percent per acre irrigated, while reducing the amount of water

used by 12.76 percent. Thus the analysis suggests imposing the quantity

restriction would result in reduced primary economic benefits both per irri­

gated acre and per unit of water used.

20. An analysis of the primary economic benefits per acre irrigated

under the graduated tax indicates an increase of more than 8 percent in

primary economic benefits would result. The graduated tax would also

restrict water use per acre irrigated by an estimated 8.24 percent. Thus

the analysis indicates the use of a graduated tax would increase primary

economic benefits per acre irrigated and per unit of water used. In addi­

tion, the analysis indicates annual average tax collections of approxi­

mately $.46 per irrigated acre would be available to defray administrative

costs of a regulatory program and to provide other services of benefit to

irrigators as well as other residents of the community.

21. The analysis suggests that a graduated taxation plan may be an

effective means of limiting water use per acre irrigated and increasing
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primary economic benefits per unit of water used without adversely affecting

net farm income of individual farmers. However, additional analysis is

needed with alternative arrangements and levels before a specific taxing

arrangement is recommended for use in the Central Ogallala Formation.
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