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Section I

Introduction and Executive Summary

Abstract

This report presents the hierarchy of sub-problems
involved in modelling the demand for conjunctive use. An
historical description of the development of conjunctive
user irrigation and a review of current policy initiatives
of local water management institutions support the contention
that the prime determinants of the demand for new conjunctive
use systems for irrigation are their profitability and local
water policies. The possible future implementation of
comprehensive water management policies needs to be explored
by 1) examining the institutional objectives of local water
management agencies, and 2) developing a predictive model
of the acceptance of conjunctive use policies by irrigators.
The research needs identified in this section are further
developed in Section II (Institutional Objectives in Conjunc-
tive Management of Surface and Groundwater) and Section III
(Predicting the Acceptance of Water Conservation Policies
by High Plains Irrigators: An Application of Probabilistic

Choice Modelling).
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I. Introduction

Because surface water and groundwater posses different
temporal, spatial, and legal characteristics, it is often desirable
to exploit these differences to improve water supply system
performance. Many studies have combined physical and economic
models to design economically optimal and technically feasible
operating policies for conjunctive use systems. This study
examines the issue of the demand for using both surface water and

groundwater by irrigation farmers. The goals of the project are

as follows:
1. To understand the role of conjunctive use in the
overall picture of irrigated agriculture,
2. To understand the demand for conjunctive use;

- who needs conjunctive use,

- identify the critical factors limiting this
demand, and

3. To identify and pursue research needed to model
the irrigation demand for conjunctive use.

1.2 Format of Presentation

This research is presented in the following three volumes:
Section I - Introduction and Executive Summary

Section II - Institutional Objectives in Conjunctive Manage-
ment of Surface and Groundwater.

Section III - Predicting the Acceptance of Water Conservation

Policies by High Plains Irrigators: An
Application of Probabilistic Choice Modelling.
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Section I addresses the first two goals. It develops and
understanding of the role of conjunctive use in irrigated agri-
culture and examines the nature of the demand for it. Based on
this. understanding of the demand for conjunctive use Sections .II
and III identify and pursue two related areas of research needed
to model this demand. Section II provides an analysis of the nature
and objectives of water management agencies and paves the way for
the construction of detailed conceptual models of the decision
making processes of these institutions. Section III develops an
understanding of the water policy accptance problem and investi-
gates the suitability of behavioral decision methods for
predicting water policy acceptance within the scenario of the

High Plain.

II. Conjunctive Management

Much of the previous work on conjunctive use has dealt with
improving water supplies for irrigated agriculture. Section II-1.1
presents a review of conjunctive use literature.

Nearly all studies reviewed address the problem of designing an
optimal operating policy for an irrigated region using a physical
model of the stream-aquifer system and an economic model of the
farming business. Although the methodologies differ between studies
most invoke the assumption that there exists a basin manager with
centralized control of all surface and groundwater allocations.

This assumption is invalid in much of the United States where
ownership of fafms, wells, and water rights are quite dispersed

and control of water is decentralized.
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The present study attempts to back up from these highly
focused, "optimal operating policy' studies and examine irrigation
water supplies in general. It seeks to understand the origins
of conjunctive use in agriculture and to define its present and
future possibilities. In order to understand which farmers desire
conjunctive use, and why, it is necessary to look at the history
of irrigated agriculture. This is presented below in the scenario

of the High Plains.

ITI. Historical Perspective

Much of the area which today relies on irrigation water to make
farming possible, was considered to be a desert for most of history.
The Homestead Act of 1862 and the Desert Land Act of 1875 encouraged
many settlers to move west and take advantage of free or cheap
government farm land. Most of this early development took place
in the bottom lands near rivers and streams because of the need for
wood and water. Those settlers locating west of the 98th meridian
found it too dry to raise crops successfully every year. The
drought of the 1890's caused these farmers, where possible, to begin
irrigating their fields using surface water diverted from the
rivers. An extensive network of diversion damsAand canals which
ran nearly parralel to the rivers was developed (see Figure Al.1,
Section III, Appendix I). Surface water became institutionalized
as Qell. Water rights and water doctrines were developed and
irrigation companies and agencies were formed. Later improvements
and reservoirs helped increase the reliability of surface water
irrigation systems. However, since most of the canals were gravity-

flow, only the lands fairly close to the streams could be irrigated.



The Dust Bowl of the 1930's reinforced the opinion that the land
could not be farmed without irrigation.

In the 1930's pump and well technology continued to advance
to the point where it was soon possible to irrigate using ground-
water. This allowed lands which were previously not irrigated,
especially land far from streams, to be farmed. The first major
surge in well drilling occurred in Texas in the 1950's (Bittinger
and Green, 1980). Groundwater had less temporal variation than
surface water and thus provided a dependable supply for those
with wells. Such users were not dependent upon the weather or
irrigation éompanies. In most states very few legal constraints
on groundwater existed for many years, until the mid 1970's.

Thus, originally, there were no conjunctive use irrigators,
only surface water irrigators and groundwater irrigators. The
first conjunctive use in agriculture occurred when surface water
irrigators drilled wells to augment and stabilize their water
supplies. Figures 2.la and 2.1b in Section III demonstrate
graphically the inverse relationship between well drilling activity
and stream flows in the South Platte River Basin in Colorado.

More recently, surface water irrigators along the Platte River in
Nebraska have begun pumping groundwater to lower the water tables.
Leakage from canals and laterals caused the groundwater levels to
rise and begin flooding some low-lying areas. Pumping groundwater
for this reason is less common and considered a luxury by those
who need water.

Conjunctive use by groundwater irrigators is much less common

mainly because surface water is not usually available to them.



Recall that groundwater irrigators were originally located away
from streams and thus using surface water was not an o%tion to
them. However, as groundwater levels continue to drop conjunctive
use is becoming more popular. In the mid 1960's elaborate plans
were made to impart water via canals, pipes, etc. from Alaska

and the Mississippi River to the High Plains (see Appendix II of
Section III). Recéntly attempts have been made to recharge aquifers
using playa lake water, treated wastewater, and spreeding flood
flows for infiltration. Cloud seeding has also been tried many
times in attempts to bring more water to the land.

The most important factor causing irrigators to seek conjunctive
use 1s simply to obtain more water. It appears doubtful that
farmers actively seek new sources of water in order to exploit
the different characteristics of the sources to optimize their
efficiency. Therefore, it is expected that the demand for
conjunctive use parallels the demand for water with the character-
istics of the source of water being a secondary consideration

only.

IV. Comprehensive Water Management

The legal and institutional systems which govern the use of
groundwater are not catching up to those for surface water. Many
states have created local Groundwater Management Districts (GWMD's)
and have empowered them to govern groundwater use in their districts.
Nebrasks has farmed Natural Resources Districts (NRD's) to have
jurisdiction over all natural resources. Recently, Texas court

cases have addressed the question of determining the rights to
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atmospheric moisture which is being sought through cloud seeding
(Templer, 1980). Therefore, before too long, rules and
regulations will be in effect governing the use of water in all
phases of the hydrologic cycle. Much of this legal system is in
effect already. However, tremendous problems have arisen from
the failure of state laws to recognize the connections between
water in the various phases of the hydrologic cycle. Appendix I
of Section I discusses a case study in southwest Nebraska where
recent groundwater irrigators have severely reduced the surface
water supplies to long established irrigation districts. No
legal connection between surface and groundwater is recognized
in Nebraska.

It seems unavoidable that eventually the connections between
the various components of the hydrologic cycle will be legally
recognized and that new comprehensive water management policies
will be phases in. Whether such policies arise from the legislatures
or from the courts, it is likely that implementation of such
policies will be best accomplished through the local NRD's or
GWMDS's since they enjoy the most popular support among the
irrigators. The final form of such comprehensive management
policies to be implemented will certainly reflect the objectives
of the NRD's and irrigation districts, GWMD's and the objectives

of the farmers.

V. Modelling the Irrigation Demand for Conjunctive Use

To pursue the second goal of this research it was necessary to
zero in on: 1) who in irrigated agriculture wants conjunctive use?,

and 2) what are the critical factors limiting this demand? This
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phase of the research is best summarized by the hierarchy of con-
junctive use demands shown in Figure 1.

The demand for conjunctive use by irrigators breaks down
into 1) demands by existing conjunctive use systems, and 2) demands
for new conjunctive use systems (i.e., capacity expansion).
Studying the demands by existing conjunctive use systems includes
at least two stages, 1) designing economically optimal operating
policies and 2) implementation of conjunctive use policies. Much
previous research has been devoted to designing efficient operating
policies and it is reviewed in Section II - 1.1. The
present study did not pursue this because 1) it has already been
studied extensively and 2) several unrealistic assumptions (e.g.,
centralized watér authority) are required.

However, studying the implementation of conjunctive use
policies was pursued. It seems likely that economic efficiency
will be only one of a number of criteria which become important in
attempting to implement conjunctive management policies. If water
is reallocated among farmers to improve the regional economic
efficiency it is likely that some farmers will gain by this and
others will lose. If there is no trusted mechanism for the gainers
to compensate the losers, such as there is none in many decentralized
farming areas, then such an economically optimal regional plan is
politely infeasible. Instead policies which compromise efficiency
with equity will be more acceptable. In addressing this branch of
the hierarchy in Figure 1, Section II examines the institutional
objectives in conjunctive management and Section III develops a model

to predict new water policy acceptance by irrigators.
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The demands for new conjunctive use systems (capacity expansion)
by single source users breaks down into: 1) demands for surface
water by groundwater irrigators and 2) demands for groundwater by
surface water irrigators. Often surface water is not available
to groundwater irrigators because of their distance from surface
supplies. Also, most western streams have been fully appropriated
for many years making it difficult for new users to obtain surface
water. Unusual sources of surface water, such as treated waste water,
water, do exist but are often of limited availability. Finally,
water importation plans to provide surface water to groundwater
irrigators are sufficiently unlikely to make this branch of the
demand hierarchy less important to demand modelers than other
branches. This research did not pursue this branch.

The demand for new groundwater capacity by surface water
irrigators seems to have two very different causes: 1) use of ground-
water to lower a rising water table and 2) use of groundwater
because surface water is scarce and unreliable. The first reason
is less common than the second and is seen as a luxury by those
who fall into the second category. In several places where there is
extensive surfacewater irrigation with plentiful supplies (near
the Platte River in mid-Nebraska) canal leakage ﬁas elevated water
tables to the point where they must be pumped to prevent flooding.
However, this surplus of water is much less common than-the scarcity
which exists throughout the High Plains. Therefore, this type of
demand was not pursued in this study.

The demand for groundwater because surfacewater is scarce and

unreliable is quite high and quite a common occurrence. This problem

27



was vigorously pursued by this research by exploring predictive
modelling possibilities for groundwater capacity expansion.

A field study was conducted in McCook, Nebraska to gain familiarity
with this problem. Many conversations with farmers and local

water officials helped to clarify the problem and identified two
very simple but key questions that affect groundwater capacity
expansion: 1) "Does it pay?" and 2) "Is it allowed?"

It appeared that farming businesses and agencies were in much
better positions to determine the profitability of capacity
expansion (installing a new well and pump) than the authors.
Discussions with agricultural extension agents revealed their own
personal knowledge of agribusiness and the computerized resources
at their disposal. It was assumed that if a farmer could afford
to pay for a new well and pump on his own that he probably possessed
the necessary skills to find out if it would be profitable or not.
Conversely, it was assured that if a farmer had to borrow money,
the bank loan office would only cooperate if the venture was expected
to be profitable, and the bank would make this determination.
Therefore, this study focused on the other key question, '"Is it
allowed?"

The study of the legal structures governing the use of ground-
water revealed a changing situation in many parts of the West,
especially in the High Plains. Because of decreasing groundwater
supplies and conflicts between surface and groundwater users, many
states, via their local GUMD's or NRD's are moving toward stricter
groundwater controls. Chapter 5 of SectionIII reviews all the

rules and regulations of the 29 GWMD's on the High Plains, and
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discusses possible water policy alternatives. The question of

"Is it allowed?" 1is best addressed by predicting which new ground-
water, surface water, and farming policies will be implemented by
the local GWMD's and NRD's. The remainder of this study addresses
this question from two sides. Section II examines the objectives

of the various management instiutions involved in water policy.
Section III explores methods to predict the acceptability of alterna-
tive water policies to the farmers. Thus, this study reduces
"Modelling the Irrigation Demand for Conjunctive Use'" down to

examining the implementation of alternative water policies.

VI. Implementation of Conjunctive Use Policies

To address the third goal of this research, '"'to identify and
pursue research needed to model the irrigation demand for conjunc-
tive use', it is necessary to identify critical issues concerning

water policy implementation.

6.1 Decision Components

The first step in understanding policy formation and implementa-
tion is to identify the decision components in the irrigation
management system. It is necessary to schematicize the hierarchy
of institutions and agencies and to decide the legal and practical
extent of their authority. Many states (e.g., Nebraska, Kansas,
Colorado, and Texas) have established local GWMD's or NRD's which
are governed by a board of 8-10 members which the water users elect
from among their peers. Since these boards generally enjoy local
support, higher level agencies often seek to work through them to

achieve their goals. On the other hand the local boards often
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reflect only a slightly more regional viewpoint of various problems
than the individual farmers. It is also necessary to determine
what role the farmers play legally and practically in the imple-
mentation of new water policies. Chapter 2 of Section II and III
both discuss the decision components of the irrigation management

system.

6.2 Objectives of Decision Components

The surface and groundwater problems which affect the farmers
and the water management agencies stimulate the creation of
objectives by these decision components. It is necessary to under-
stand the problems which instigate new policies and the objectives
of the decision makers who will design and judge the new policies.
Chapter 3 of Section II discusses objectives of local irrigation
institutions including 1) profit maximization, 2) local control,

3) conflict resolution, 4) equity, and 5) maximization of internal
utility. Chapter 5 of Section III describes some of the objectives

used by farmers to judge new policies including:

1) Elimination of uncertainty about future water supplies,
2) equity,

3) effectiveness in halting groundwater mining,

4) effectiveness in stretching existing supplies,

5) 1inexpensive,

6) convenience,

7) traditional,

8) privacy, and

9) short term production outputs.



6.3 Equity Versus Economic Efficiency

Discussions with GWMD and NRD managers, State and Federal
officials, and farmers overwhelmingly confirmed the opinion that
no water policies can be successfully implemented without the
popular support of the farmers. It is, therefore, not surprising
that many GWMD's and NRD's conduct extensive public information
campaigns including everything from distributing educational comic
books in the schools (Texas' High Plains Underground Water
Management District No. 1) to broadcasting their monthly board
meetings over the radio (Upper Republican NRD, Imperial, Nebraska).
The aim of these campaigns is to expose the individual irrigators
to a much more regional discussion of their problem in hopes that
they will adopt more regional objectives and thus accept proposed
water management policies.

Chapter 5 of Secticn III reviews the rules and regulations
currently in effect in each GWMD and NRD on the High Plains. These
usually consist of measures such as well spacing requirements,
pumping rotations, and groundwater allocations. Of the various
objectives mentioned above, equity is perhaps the most important
factor affecting policy acceptance. Examination of the policies
of the 29 GWMD's shows that they all attempt to treat farmers
equally and fairly. For instance in the Upper Republican NRD
(Nebraska) groundwater is allocated uniformly to all irrigators
on the basis of their number of irrigable acres. In addition all
wells must be metered. The minutes of the board meetings of this
district reveal that they are very reluctant to grant variances

to individuals who claim a '"special case' on the grounds that it
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would be unfair to others. Thus equity is seen as a major concern
of the local instifutions.

Most of the literature on conjunctive use policies to date have
dealt with designing operating policies which maximize the economic
efficiency of the region. It is herein proposed that in actual
practice a tradeoff is made between various objectives. For instance
Figure 2 shows a hypothetical tradeoff between economic efficiency
and equity objectives. Whatever conjunctive use policy is finally
implemented will represent a compromise between the various objec-
tives. Points A-E depict the  locations in objective space of»S non-
dominated hypothetical conjunétive use policies. If these were
the only two objectives then the decision concerning which of the
policies A-E will be implemented would depend on the acceptability
of the policies to the irrigators. Similar tradeoffs are made
implicitly between all objectives whenever a policy is finally
implemented.

Section II of this study concentrates on defining the objectives
of local irrigation institutions. Section III concentrates on
developing a model to predict which of the alternative groundwater,
surface water, and farming policies will be the most acceptable to
the irrigators. Together these sections attempt to define the
nature of Figure 2 for irrigation management systems and to predict

which compromise solutions are the most acceptable to the

irrigators.

VII. Remainder of Report

The contents of Sections II and TIII are described below.
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Figure 2: Tradeoffs Between Regional Economic Efficiency and
Equity as Perceived by Individual Farmers
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7.1 Institutional Objectives in Conjunctive Management
of Surface and Groundwater (Section II)

by

Richard Revesz, David H. Marks, Roman Krzysztofowicz,
John L. Wilson and Bruce C. Arntzen

7.1.1 Executive Summary

A comprehensive study of the conjunctive use of surface and
groundwater should address three interrelated issues:

1. The role of irrigation institutions in the supply of
water.

2. the demand of farmers for water from different sources,
and '

3. the physical characteristics of surface-groundwater
systems.

In general, the engineering literature on this subject, has
focused on the third issue and ignored the first two. In doing
so, it has failed to recognize that the major unanswered questions
in the conjunctive management and use of surface and groundwater
involve institutional and behavioral problems.

The engineering literature on the conjunctive management of
surface and groundwater has failed to incorporate realistic
representations of the operation of irrigation institutions into
an overall management model. A great deal of the effort of in-
vestigators has been devoted to solutions which are mathematically
interesting, but which are bad predictors of the behavior of real

systems.
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Ironically, the importance of better representations of
reality has been recognized (Knopman, 1978; Flores et al., 1978)
and good descriptions of the operation of irrigation institutions
have been provided in case studies of semi-arid regions (Maass
and Anderson, 1978), but little effort has been devoted to find-
ing ways to link this information to other components of studies
on the conjunctive management of surface and groundwater.

An accurate analysis of the nature and objectives of irriga-
tion agencies paves the way for the construction of detailed
conceptual models of the decision-making process of these insti-
tutions. These models can either predict or describe the be-
havior of a particular agency and can be incorporated into a gen-
eral framework suitable for the analysis of most issues relating

to the conjunctive management of surface and groundwater.

7.1.2 Findings and Conclusions

A systematic analysis of the literature on the conjunctive
management of surface and groundwater revealed five serious de-
ficiencies, two of which were analyzed in depth. The assumption
of centralized control does not accurately describe the operation
of local irrigation agencies, since the powers of these institu-
tions are limited to very specific areas. Ironically, the recent
formation of National Resources Districts (NRD) in Nebraska might
herald a transition to more centralized control. Indeed, these
Natural resources Districts replace all existing special purpose

public districts in the state and have the power to supply surface

(93]
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water and to declare groundwater control areas (Axthelm, n.d.).
However, even these districts do not conform to the descriptions
provided by most engineering studies because they do not have
complete control over groundwater withdrawals. Single objective
functions in general, and aggregate profit maximization in par-
ticular, are not successful at explaining the decisions of irri-
gation agencies. In addition, other important objectives were
identified: 1local control, equity, conflict resolution, and
maximization of "internal utility." However, a comprehensive
list of objectives can be elucidated only through a case study
of a particular irrigation agency.

This study shows how the knowledge obtained from studying
the nature and objectives of irrigation agencies can be used to
build a prescriptive or descriptive model of such an agency.
Section II also discussed the ways in which a model of this
type can be incorporated into an overall decision model used to
study problems involving the conjunctive management of surface
and groundwater. The hypothetical example presented in Section
II-4.3 illustrates which alternatives may be available to a
particular agency to deal with declining groundwater levels and
how agencies might assess the impact of their policies on their

objectives.

7.1.2.1 Contributions of the Research

The central contributions of this report are that it shows

that:
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1. Institutional problems need to be studied in any overall
examination of the conjunctive management of surface and
groundwater.

2. Reasonably complex multi objective organizational models
may be incorporated with relative ease into these studies.

3. The term '"conjunctive management of surface and groundwater"
is actually misleading because in most cases, an irriga-
tion agency can only regulate groundwater withdrawals by
indirect methods.

4. Most of the components of the model of a political insti-
tution discussed by Easton and the multi objective tech-
nique used to find a preferred alternative should be de-
fined to be compatible with the case study being planned.

7.1.2.2 Suggestions for Further Research

This study has discussed some areas in detail, outlined others
and hinted at the importance of yet others. Thus, it opens up
countless opportunities for further research. First, a case study
of either a public irrigation district would illustrate the
methods to elucidate objectives and rank alternatives presented
in this paper. Second, a model of an irrigation agency could be
incorporated to an existing study of conjunctive use of surface
and groundwater. The study best suited for this attempt is that
of Young and Bredehoeft (1972) because it recognized that farmers,
and not a centralized agency, make most of the groundwater with-
drawal decisions. In any event, the study used should be one
which employs linking as the method for combining hydrologic
and economic models. Embedding models should not be used because
they cannot account for the physical behavior of overdeveloped
aquifers. Response function models cannot be used because it 1is

not possible to derive precise mathematical expressions linking
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surface and groundwater levels with the degree of attainment of
the various objectives. In the more distance future, this study
should be coupled with works on farmer demand for surface and
groundwater currently in progress (Section III).
7.2 Predicting the Acceptance of Water Conservation Policies

by High Plains Irrigators: An Application of

Probabilistic Choilce Modelling, by Bruce C. Arntzen
Roman Krzysztofowicz, David Marks and John Wilson

7.2.1 Executive Summary

This study addresses the groundwater depletion problem in
the Ogallala aquifer beneath the High Plains and examines the
suitability of probabilistic choice models for predicting the
acceptability of alternative water conservation policies to the
irrigators. The nature of the policy acceptance problem is dis-
cussed and the social, institutional, and legal environments pres-
ent on the High Plains are described. An overview of choice
models and behavioral factors of individual information process-
ing is presented. Use of the Elimination by Aspects (EBA) model
and the Luce choice model is explored in the context of predict-
ing the degree of acceptance of alternative water conservation
policies by irrigators. The existing and proposed policies of
the groundwater management districts on the High Plains are re-
viewed and their characterization terms of aspects 1is proposed.
These alternatives are then used in an experimental application
of the EBA and Luce choice models. Two laboratory experiments
are conducted to examine the performance of these models in the

contexts of predicting water conservation policy acceptance.
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The experiments confirm the validity of the regularity and
moderate stochastic transitivity assumptions (EBA model) and
the multiplicative inequality (both models) but do not confirm
the validity of the similarity hypothesis (EBA model), or the
constant ratio rule and strong stochastic transitivity (Luce's
model). In the experiments, the EBA model was a more accurate
predictor of the choice probabilities than Luce's model.
Furthermore, use of the EBA model appears to be most appropriate
for problems characterized by many feasible alternatives which
can be described by many concrete aspects which are easily
recognized by the decision makers. Recommendations are made
concerning field applications of the EBA model and future re-

search needs of predictive choice modelling.

7.2.2 Findings and Conclusions

The major findings and observations which have been made
throughout Section III are presented as follows. The first
section presents a discussion of observations made concerning
1) the nature of policy acceptance, 2) developing a method to
predict policy acceptance, and 3) tests of predictive models.

The second section presents the results of the laboratory experi-
ments. The third section describes the contributions made by

this research. The fourth and final section makes recommendations
concerning a field application of the EBA model and future re-

search needs of predictive choice modelling.
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7.2.2.1 Discussion

Much was learned about the accpetance of water conservation
policies in the High Plains and predictive modelling which can
provide valuable insight for those interested in the problem.

These observations are discussed below.

Concerning the Nature of Policy Acceptance

A. The High Plains seems to consist of two distinct regions
with the Platte River and the North Platte River forming the
boundary. Different water conservation policies are relevant in
each region (See Section II1I-1.2.2).

B. As the Ogallala problem and the various legal and insti-
tutional constraints were better understood, it appeared that
High Plains irrigators and managers have fewer options for ob-
taining and transferring -ater than was originally supposed.

C. It was also discovered that the irrigators, as indi-
viduals acted economically rationally to use up the groundwater
resources. Similarly, the state legislatures were too slow to
react to the problem and missed their chance to curb over-
development. Importation plans, even within the same state ap-
pear to be politically unpopuiar. It seems that strict water
conservation policies will be an important component of any
solution, with or without importation.

D. Because of the traditional resentment by farmers of any
state or federal policies, it appears that the major role in
developing and implementing new conservation policies will be
played by the local groundwater management districts (GWMD's)

(See Section III-1.2.4).
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Concerning Developing a Method to Predict Policy Acceptance

A. A literature search was conducted and revealed that no
previous attempts have been made to model and predict policy
acceptance; public opinion polls were the closest thing (See
Section III-1.3).

B. Slovic, Fischhoff, and Lichtenstein (1977) in their
review of behavioral decision theory note that: recent pre-
dictive research has moved away from regression and other
"Black box'" models and has moved toward 1) using disaggregate
(individual) data, 2) accounting for the randomness of utility
functions, and 3) developing conceptual models of human decision
making behavior (See Section III-3.2.2).

C. Choice models (including the EBA model) seem more appro-
priate than aggregate black box models because of 1) the highly
individual and subjective nature of policy acceptance, 2) the
lack of previous data required for aggregate models, and 3) the
desire to incorporate psychological decision theory into the
model (See Section III-3.1).

D. For some problems, Tversky's EBA model has theoretical
advantages over many more common choice models (including Luce's
model) (See Section III-4.2).

E. Policy acceptance by its very nature usually lacks con-
crete aspects and thus the EBA model will probably never be as
good of a predictor of policy acceptance as it would be at pre-
dicting the choice probabilities among tangible objects. It

should accurately predict automobile sales, for instance.

41



Concerning Tests of Predictive Models

A. The choices which were predicted on the basis of the
subjects' stated (uncommitted) preferences did not seem to
agree well with their actual choices (committed behavior) among
conservation policy alternatives (See Section III-6.3.7).

B. The predictive experiment results exhibited considerable
disagreement between individuals concerning the possession func-
tions (See Section III-6.3.7). When '"fuzzy'" aspects are involved,
it is necessary for the subjects to realize a priori that posses-
sion of aspects is a relative matter which depends on the offered

set of alternatives.

7.2.2.2 Major Findings

The following statements were shown to be trye in the experi-
ments performed during this research:

A. Tversky's experiment showed that 1) the regulariyy
hypothesis (EBA model) held slightly more often than the constant
ratio rule (Luce's model) which held much more often than the
similarity hypothesis (EBA model), 2) the moderate form of
stochastic transitivity (EBA model) held consistently with the
strong form (Luce's model) holding about half of the time, and
3) the multiplicative inequality (EBA and Luce models) was
confirmed. The constant ratio rule and strong stochastic transi-
tivity assumptions of Luce's model were shown to be weak.

B. The predictive experiment demonstrated that the expert's
possession function should be used instead of individual posses-

sion functions and that the raw data should be aggregated first

42



and then the model run, not vice versa.

C. The predictive experiment showed that the EBA model is
a good predictor of choice probabilities when a large number
of alternatives is available. It is a poor predictor when there
are few alternatives or when individuals' possession functions
are used.

D. Luce's model (additive utility function) is a good pre-

dictor of ratings but a poor predictor of choice probabilities.

7.2.2.3 Contributions of the Research

This research supports the view that the groundwater deple-
tion problem in the Ogallala aquifer has now become a problem
of conservation policy acceptance. Supply-side alternatives
are now being thought of in conjunction with or replaced by
controls on demand.

This research presented the first attempt known to the
author to frame the managers, the farmers, their decisions, and
the various physical and decision components into an irrigation
Management System. Much more work needs to be done, however,
in further specifying this system.

This study presented the first attempt ever to model and
predict policy acceptance of any kind. This seems very ironic
in 1ight of how much time and effort is devoted to formulating
and implementing new policies. Considering and predicting ac-
ceptance a priori has long been neglected.

This research provides the first application of Tversky's

EBA model to a real problem and the first comparison of EBA to



Luce's model in an actual experiment. It also presented the
first replication of Tversky's experimental test of the EBA
model's assumptions.

Finally, the study presented many valuable recommendations
for future applications of the EBA model, future improvements

in choice and policy acceptance modelling.

7.2.2.4 Recommendation for Future Research

It seems that the phenomenon of switching from supply alter-
natives to demand alternatives (as is the case in the High Plains)
because of political and economic resistance to supply alterna-
tives 1s occurring more and more in many public services which
provide water, power, waste disposal, etc. Since capacity ex-
pansion is opposed, controls on demands of all sorts of public
goods will be necessary and thus predicting policy acceptance
will become increasingly important.

The EBA model should be used on problems which lend them-
selves to the EBA strategy and not holistic judgments. Since
most policy alternatives are not concrete enough for the EBA
strategy, research should be done to either 1) devise a method
for describing policy alternatives in more concrete terms in
order to use the EBA model, or 2) to pursue other models. The
EBA model should be tested under conditions which seem optimal
for the EBA strategy (such as an automobile sales experiment)
to confirm that it does indeed perform well under those condi-
tions. Also, the EBA model should be compared to more sophisti-

cated choice models, notably the Logit model, to confirm or
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refute the superiority of the EBA model for specific decision
problems. Finally, a word on the future of choice modelling.

The EBA strategy is just one of many possible heuristics which
might be used in making a choice (see Section III, Table 3.1).
These heuristics require that the alternatives and aspects (or
attributes) of the decision problem be clearly defined and

known to the decision maker. The key to future improvement in
choice modelling and policy acceptance modelling lies in develop-
ing a processing model which would predict when and why decision

makers use each heuristic and when they make holistic decisions.

VIII. Chronology of the Project

Pursuant to grant number 14-34-001-9430 from the Office of
Water Research and Technology, U.S. Department of the Interior
this project commenced on September 1, 1579. Professors David
H. Marks and John L. Wilson (M.I.T., Department of Civil Engineer-
ing) were the co-principal investigators and Professor Roman
Krzysztofowicz (M.I.T., Department of Civil Engineering) also
supervised much of the research. Sections I and III were written
by Bruce C. Arntzen (edited by Roman Krzysztofowicz) and Section
II was written by Richard L. Revesz (edited by David H. Marks).
Four progress reports were submitted to O.W.R.T. dated:

December 21, 1979; March 14, 1980; March 31, 1980; and August
20, 1980.

In May of 1980, Professor David H. Marks and Bruce C. Arntzen

travelled to Lincoln, Nebraska and discussed the possibility of

a case study in Nebraska with members of the Nebraska Water



resources Center. The authors would like to thank Mr. Gary
Lewis, Darryl Pederson, Ray Bental, Don Swoboda, Susan Welch,
Vince Dreezen, and Mike Jess for their hospitality in Lincoln.
Field work was done by Bruce C. Arntzen whovspent two weeks in
McCook, Nebraska and Denver, Colorado during June 1980, meeting
with local water officials and the U.S. Water and Power

Resources Service. The authors would like to thank Bob Klein
(Agricultural Extension Agent, Red Willow County, Nebraska),

Bob Jumps and Norman Sitzman (Frenchman Valley and H&RW
Irrigation Districts), Dennis Aleker and Bob Kutz (U.S. Water

§ Power Resources Service, McCook, Nebraska), Fred Zabel (Depart-
ment of Water Resources, Cambridge, Nebraska), Vernon Laverick
and Lorene Stroud (Frenchman-Cambridge Irrigation Districts;
Cambridge, Nebréska), Wayne Heathers (Middle Republican NRD,
Curtis, Nebraska), Fred Kréuss, Barry Anderson, George Wallen,
and John Peterson (U.S. Water & Power Resources Service, Denver,
Colorado), Ron Milner (Upper Republican NRD, Imperial, Nebraska),
Jim Goeke (Agricultural Experiment Station, North Platte,
Nebraska) all of whom were very helpful during the field work

in Nebraska.

In november, 1980 two seminars describing this project were
given by Bruce C. Arntzen at M.I.T. and the two laboratory experi-
ments which are reported in Section III, Chapter 6 were conducted.
The experiments used M.I.T. students who has permanent residences
on farms or in small towns on the High Plains.

Finally, the authors would like to thank Mr. John Campbell

and Mr. Ted Roeffs at O.W.R.T. for their cooperation with this

project.
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Section I

Institutional Objectives in Conjunctive Management
of Surface and Groundwater

Abstract

Local irrigation agencies are not centralized institutions
with complete power over all surface and groundwater decisions
in their basins. Instead, the three major types of irrigation
agencies: public irrigation districts, mutual water companies
and commercial water companies have different and relatively
limited powers. Most importantly, with certain exceptions, they
cannot directly control excessive groundwater withdrawals and
have to resort to indirect methods to achieve this goal.

The study of the decision-making process of two important
types of local irrigation agencies, public'irrigation districts
and mutual companies can be simplified by hypothesizing that
these agencies have similar objectives. However, single objec-
tive models should be discarded because they fail to predict
actual decisions. Instead, multi-objective models should be
used: aggregate profit maximization, local control, conflict
resolution, equity and internal motives play an important role
in shaping the choice between different policies.

An accurate analysis of the nature and objective of irrigation
agencies paves the way for the construction of detailed conceptual
models of &he decision-making process of these institutions.

These models can either predict or describe the behavior of a
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particular agency and can be incorporated into a general frame-
work suitable for the analysis of most issues relating to the

conjunctive management of surface and groundwater.
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Chapter |

Introduction

A comprehensive study of the conjunctive use of surface and ground-
water should address three interrelated issues:
1. The role of irrigation institutions in the supply of
water.

2. the demand of farmers for water from different sources,
and

3. the physical characteristics of surface-groundwater
systems.
In general, the engineering literature on this subject, has focused on
the third issue and ignored the first two. In doing so, it has failed
to recognize that the major unanswered guestions in the conjunctive
management and use of surface and ground water involve institutional
and behavioral problems.

The engineering literature on the conjunctive management of surface
and groundwater has failed to incorporate realistic representations of
the operation of irrigation institutions into an overall management
model. A great deal of the effort of investigators has been devoted
to solutions which are mathematically interesting, but which are bad
predictors of the behavior of real systems.

Ironically, the importance of better representations of reality
has been recognized (Knopman, 1978; Flores et al., 1978) and good
descriptions of the operation of irrigation institutions have been
provided in case studies of semi-arid regions (Maass and Anderson, 1978),
but little effort has been devoted to finding ways to link this
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information to other components of studies on the conjunctive management
of surface and groundwater.
The contributions of this report lies in three areas:
1. Systematic analysis of the more serious deficiencies
of previous works,

2. description of the constitution, operation, attributions
and objectives of local irrigation agencies, and

3. discussion of ways in which knowledge of the nature of
irrigation institutions can be used to analyze the policy
alternatives available to a given agency, define the
criteria that it will use in ranking these alternatives and
speculate on the effects of its decisions on the state
of the basin.

This paper does not present an overall management model, but rather,
identifies the important issues and discusses ways in which these
issues might be treated by future researchers attempting to construct
a detailed model of this system.

In a concurrent study, Arntzen (1980) analyzes the decision-making
processes of individual farmers and constructs a predictive model of
farmers' water demand and water choice decisions. He employs a case
study to compare the accuracy of this model to that of existing
models. Thus, these two studies fill an important gap, and pave the

way for future comprehensive studies of the conjunctive use of surface

and groundwater.
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1.1 Review of the Literature

The literature on the conjunctive use of surface and groundwater
addresses a wide variety of issues: groundwater mining, salt-water
intrusion, low flow maintenance in a stream connected to an aquifer,
inter-aquifer water transfer, groundwater quality, artificial recharge,
etc. Most of the studies to date have concentrated on issues of supply
and, in particular, on the supply of water in semi-arid agricultural
areas. Among the topics presented are the efficient allocation of
resources, the externalities of groundwater withdrawal when a stream
and an aquifer are hydraulically connected, the non-linearity of
pumping costs and the stochasticity of stream flows.

A comprehensive review of this literature was performed by Burges
and Maknoon (1975). Despite its usefulness in other contexts, the
historical épproach developed by the authors does not shed light on
the fundamental differences among the various studies. These
differences may be analyzed more effectively when the studies are
classified according to the characteristics of their components.

In general, studies on the conjunctive use of surface and ground-
water employ both hydrologic and economic models. The scphistication of
a hydrologic model depends, to a large extent, on the method through
which it is coupled with an econcmic model. Therefcre, the interaction
between these models provides a good basis for the classification of
conjunctive use studies. Three approaches have been used to couple

hydrologic and economic models: esmbedding, linking and response
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functions. These approaches are illustrated in Figure 1.

1.1.1 Embedding

Embedding is by far the simplest coupling technique: the total
capacities of the aquifer, the river and the surface distribution
system are incorporated as constraints in the economic model. In its

simplest form, the embedding technique can be expressed as follows:

Min

(]

.
O
%

i iy - J
z xij-i 5
J
X 20 i) (1
where:
xij - is the water transported from source i to user j
iy " is the unit cost of transporting xij
dj - is the total demand of user j
s. - is the total available supply of surface and/or

groundwater from source i
As is readily apparent, this problem formulation corresponds to that
of a '"transportation' problem, commenly used in resource allocation
sutdies (Bradley et al., 1977). A major shortcoming of this formula-
tion is that it ignores both the physical characteristic of the

aquifer and the interaction between the aguifer and the stream.
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Figure 1:

Conjunctive Use Studies - Classification

Representative

Model Interaction Hydrologic Model Economic Model Studies
Embedding Total Capacity of the Aquifer - - . Dracup (1966)
Total Capacity of the Surface Optimization Nieswand and
Distribution System Granstrom (1971)
Optimization
(becentralized DM) — -
Linking Simulation Optimization Young and

Optimization

(Decentralized DM)

Centralized DM

Bredehoeft (1972)
Daubert (1978)

Response Functions

Simulation

> Optimization

|

L
| | I
Lumped Distributed Centralized
Parameter Parameter DM

Multilevel
bM

Maddock (1974)
Yu & Haimes (1974)
Flores et al. (1978)




Despite its crudeness,this approach has been widely used (Castle
and Lindeborg, 1961; Buras, 1963; Chun et al., 1964; Aron, 1969;
Nieswand and Granstrom, 1971; Hamdan and Meredith, 1975). C(Castle
and Lindeborg (1961) present a linear programming model that allocates
surface and groundwater to two agricultural areas. B8uras (1963) uses
dynamic programming to determine design parameters for surface water
facilities, the service area and operating policies for combined
reservoir releases and aquifer pumping rates for a conjunctively
managed system. Chun et al., (1964) employ simulation technigues to
find ways of meeting the growing water demand in a region and at the
same time correcting some of the undesirable effects of extraction,
such as salt-water intrusion. Aron (1969) uses dynamic programming
to determine the optimal allocation of surface and groundwater from
sources to several users. Nieswand and Granstrom (1971) employ chance
constrained linear programming to maximize the water delivered to a
system with stochastic demands. Finaliy, Hamdan and Meredith (1375)
present = model that uses both linear and dynamic programming solution
techniques.

While the method of embedding might prove useful for screening
models in which the problem of groundwater depletion could be ignored,
it provides inaccurate results when the effects of well interference
and changes in the piezometric head of the agquifer are important. In

these cases, models which explicitly incorporate the characteristics

of the physical system have to be emploved.
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1.1.2 Linking

Linking provides an '‘ad~hoc'' procedure for combining a ground-
water simulation model with an economic optimization model. This
method has been applied to a groundwater management problem by
Bredehoeft and Young (1970) and to a conjunctive surface and ground-
water problem by Young and Bredehceft (1972). In the latter paper,
the authors develop a basin-wide planning model that couples the
physical relationships between the stream and the aquifer, the stochas-
tic properties of surface flows and the response of individual water
users. The study can be divided into the following four parts:

1. A hydrologic simulation model that describes the physical

interactions in the stream-aquifer system,

2. an agricultural linear orogramming model that determines
the allocation of land to different crops,

3. a monthly operating model!l that predicts the response
of irrigators: their surface water diversion, groundwater
use, etc. and

L, an overall simulation model that orovides a structure

for the coupling of the preceding three models. This
mode!l ranks alternative policies according to their impact
on aggregate profits and can be used by a decision maker
to evaluate the effects of his policies.

Figure 2 illustrates the structure of the Young and Bredehoeft
(1972) study. Each season, the agricultural linear programming model
computes the allocation of the existing land to the different crops.
Each month, the operating linear programming model! calculates the

allocation of water to the different crops and the groundwater simula-

tion model computes the aquifer response to the pumping and diversions.



Figure 2: Linking Technique as Used by Young and Brehehoeft (1972)
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1.1.3 Response Functions

A more recent and powerful technigue than linking, the response
function method, directly incorporates a hydrologic mode! into an
economic optimization medel. This method (Maddock, 1974; Morel Seytoux,
Morel Seytoux and Daly, 1975) relates the drawndown at each well to the
pumping rates at other wells and to the stream aquifer intersection.

Under assumptions of essentially horizontal flow and fully penetrating

wells, the drawndown S(k,n) at the kth well at the end of the nth
period is
n m
S(k,n) = ¢ I 8(k,j, n-i + 1) a(j, 1) (2)
=1 =1
where:
Q(j,i) = is the guantity of water supplied by the jth well
during the ith time period,
3(k,j,i) = is the response at well k to unit pumping at well j
during the ith time period, and
m =~ is the number of wells.

These functions are incorporated directly into the econcmic optimization
model! by expressing the energy costs of lifting water to meet demands
in terms of the various drawdowns.

Flores et al., (1978) propose a lumped parameter model! as an alter-
native to this distributed parameter model. Vhile the farmer considers
only spatial variations in aquifer properties, the latter includes both
spatial ana temporal variations. A typical lumped parameter model can

be represented by the continuity equation:

59



Q.
5

- (3)

o
-+

w
1]
™

where:
S - is the average storage coefficient
h - is the average water level in the aquifer, and

€ - is an average set inflow which includes natural recharge,
pumping etc.

g - is the‘stream-aquifer interaction

Figure 3 shows a schematic representation of this model. The authors
defend their use of this method by citing a previous study (Young and
Bredehoeft, 1972) which showed that management decisicns were relatively
insensitive to changes in the physical parameters of the aquifer.
However, lumped carameter models should only be used as screening models
for regional problems. When ''near-field''effects are important, or when
a high level of detail is required, distributed parameter models are

clearly oreferable.

1.2 Analysis of the Literature

At present, the economic models constitute the weakest component
of studies on the conjunctive use of surface and groundwater because
they do not adequately represent the political, economic and behavioral
reality of irrigation systems in the United Staes, or in other