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ABSTRACT 

Groundwater overdraft in Arizona has imposed significant costs on 

society and has precipitated a number of social responses. One of the 

most significant of these responses is Arizona's Groundwater Management 

Act of 1980 (GMA). The GMA established a water conservation program by 

restricting the uses and quantities for which water may be legally 

employed and by prescribing the ways in which groundwater rights may be 

transferred. The Arizona Department of Water Resources (DWR) is charged 

with implementing the GMA and achieves compliance by allocating 

conservation enforcement and rights retirement through time. The 

distributive equity characteristics of these policy tools suggest that 

irrigated agriculture will be most affected by DWR's efforts. This study 

examines the major economic issues associated with GMA compliance by 

focusing on the various combinations of irrigation conservation 

enforcement and irrigation rights retirement that achieve GMA compliance, 

holding the level of conservation in non-irrigation uses fixed. 

The general result of this study is that DWR faces an inherent 

conflict between its two overdraft management considerations of compliance 

and efficiency. That is, the required use of irrigation conservation 

enforcement frustrates the efficient achievement of zero overdraft. A 

reexamination of the GMA's provisions is indicated to resolve this 

inconsistency and thereby promote water resources management in Arizona. 

Incidental to this result, the hydrologic characteristics of the regulated 

aquifer and the discount rate are identified as critical determinants of 

an optimal overdraft reduction policy. 
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CHAPTER 1 

INTRODUCTION 

The Groundwater Overdraft Problem 

Arizona's principal and most fundamental water problem is the 

disparity between consumption and dependable supply (Arizona Water 

Commission 1975). Dependable supply is defined as the amount of water 

that can be continually used without lowering the storage levels of either 

surface water or groundwater over a long period of time. It is the sum of 

surface water flows, groundwater recharge, and water imports. Arizona has 

an estimated dependable supply of surface water and groundwater equal to 

2,600,000 acre feet (AF) per year (Johnson 1981). However, Arizona 

consumes 4,800,000 AF annually resulting in an annual groundwater 

overdraft of 2,200,000 AF. Even with the importation of approximately 

1,200,000 AF each year via the Central Arizona Project (CAP), present 

levels of water consumption would result in an annual groundwater 

overdraft of 1,000,000 AF, over 25 percent of the total dependable supply 

available from surface water, groundwater, and the CAP (ibid.). 

The overdraft of groundwater aquifers has become a major component 

of water consumption in Arizona's most urbanized areas. In 1985, 

groundwater overdraft in the Phoenix area was approximately 662,913 AF, 28 

percent of total water consumption (Arizona Department of Water Resources 

1988). Of the total consumption of 2,368,390 AF in this area, 66 percent 

was used by agriculture and 28 percent was used by municipalities and 

industry; other uses accounted for the remaining 6 percent (ibid.). The 
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relative significance of groundwater overdraft is even greater in another 

part of the State. Tucson was once considered to be one of the largest 

cities in the world entirely dependent on groundwater for its water supply 

(Pontius 1980). Groundwater overdraft in 1980 was over 50 percent of the 

total water consumed in the Tucson area (Arizona Department of Water 

Resources 1984b). 

While there are still large amounts of groundwater remaining at 

various depths, the continuing overdraft has imposed substantial costs on 

Arizona. One cost of overdraft is the increased pumping cost related to 

a declining groundwater level. In the eastern portion of the Phoenix 

area, pumping has resulted in groundwater level declines of more than 400 

feet north of the Santan Mountains, more than 350 feet east of Mesa, and 

more than 300 feet near scottsdale (Arizona Department of Water Resources 

1984a). A second cost of overdraft is property damage related to land 

subsidence. Land subsidence is caused by the de-watering and subsequent 

compaction of an aquifer. In Paradise Valley within the Phoenix area, 

land subsidence in one location is estimated to have been 5 feet between 

1962 and 1982 (ibid.). A third cost of overdraft involves groundwater 

quality. Groundwater quality problems in the Phoenix area are usually 

associated with naturally occurring contaminants (ibid.). Groundwater 

overdraft and the resulting groundwater level decline are generally 

expected to aggravate existing groundwater quality conditions by 

contributing to the lateral and vertical movement of groundwater. Such 

movement may cause poor quality groundwater to migrate into areas of 

better quality. 

Obviously, the problems associated with an un-sustainable level of 

water consumption are manifest in a variety of ways. Arizona has 

attempted various remedies in response to the economic and political 

pressures related to these problems. These responses are outlined in the 
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following section. 

Social Response to the Problem 

Past Legal Doctrine 

Arizona's groundwater overdraft problems have been recognized since 

the early 1930's (Arizona Department of Water Resources 1984a). Concern 

for these problems was demonstrated by the proposal of the CAP, a system 

of aqueducts designed to transport Colorado River water from Lake Havasu 

on the Arizona/California border for delivery in central and southern 

Arizona. Construction of the CAP represented the supply augmentation that 

would relieve the demand pressure on Arizona's groundwater aquifers. 

However, the unregulated use of groundwater in Arizona led the Bureau of 

Reclamation to threaten approval of the CAP (Dunbar 1977). The Bureau 

argued that if groundwater pumping was not controlled, the importation of 

Colorado River water would stimulate more irrigation development. 

Eventually, groundwater aquifers would be depleted to the point of driving 

irrigation water users out of business. These water users would then be 

unable to repay their share of the CAP construction cost. 

The Critical Groundwater Code was enacted in 1948 by the Arizona 

Legislature in response to these concerns (Arizona Department of Water 

Resources 1984a). This code authorized the State Land Commissioner to 

designate critical groundwater areas where the groundwater was 

insufficient to provide a reasonably safe supply for the irrigation of 

land then in cultivation. Although new wells to irrigate land not 

previously irrigated were prohibited in critical groundwater areas, no 

limits were placed on the quantity of water that could be pumped from 

existing irrigation wells. Further, the code placed no restrictions on 
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non-irrigation uses. 

The rule of reasonable use evolved after 1948 in the Arizona courts 

(Pontius 1980). Under this rule, landowners had the right to use the 

groundwater beneath their land for reasonable and beneficial uses, but 

they could not transport the water off their land if damage to neighboring 

properties resulted. 

The Groundwater Management Act 

The Critical Groundwater Code and the rule of reasonable use failed 

to abate groundwater overdraft in Arizona (Arizona Department of water 

Resources 1984a). This situation led the Secretary of the Interior to 

once again threaten continued funding for the CAP. until a strong water 

conservation law was enacted (Connall 1982). In response, the Arizona 

Legislature enacted the Groundwater Management Act (GMA) in 1980. 

The legislative intent of the GMA was to control groundwater 

overdraft by managing water demands. The GMA states that groundwater 

overdraft is "threatening to destroy the economy of certain areas of this 

state and is threatening to do substantial injury to the general economy 

and welfare of this state and its citizens", (Arizona Revised Statutes, 

section 45-401). The Legislature invoked its "police power to prescribe 

which uses of groundwater are most beneficial and economically effective", 

(ibid.). The GMA was intended to be a comprehensive framework for the 

"management and regulation of the withdrawal, transportation, use, 

conservation and conveyance of rights to use the groundwater", (ibid.). 

The distinguishing feature of the GMA is its goal to achieve the "safe

yield" of groundwater supplies in specific areas of the State, including 

the Phoenix and Tucson areas, by the year 2025. Safe-yield is widely 

interpreted as zero groundwater overdraft. 



The GMA established four active management areas 

intensive groundwater management was prescribed due 
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(AMAs) in which 

to large and 

continuing groundwater overdrafts. The four AMAs included most of the 

areas designated as critical under the Critical Groundwater Code, 

approximately 80 percent ~f the State's population, 70 percent of the 

State's groundwater overdraft, and 60 percent of the State's groundwater 

pumping (Arizona Department of Water Resources 1984a). In three of these 

areas, the Phoenix, Prescott, and Tucson AMAs, zero groundwater overdraft 

is required by 2025. This goal is not required in any other area of the 

State. Within all AMAs, however, the GMA established quantified 

groundwater rights and mandatory water conservation measures. As a result 

of these requirements, incentives were created for water users within AMAs 

to import water from outside AMAs where such measures do not apply. So 

called "water farms" are being created by municipalities, developers, 

investors, and utilities through the purchase of irrigated land outside 

AMAs for its appurtenant water rights (Checchio 1988). This phenomenon is 

an unanticipated outcome of the GMA. 

The Arizona Department of Water Resources (DWR) was created to 

implement and administer the GMA. The GMA consolidated almost all water 

management authority and responsibility in DWR. This department was given 

jurisdiction over the management of groundwater, surface water, flood 

control, dam safety, interstate streams, the CAP, and to a limited degree, 

water quality (Pontius 1980). The GMA did not change the surface water 

code other than to give administrative responsibility to DWR. The 

responsibilities of DWR include the quantification of all groundwater 

rights, the development and implementation of specific conservation 

measures for all water users, and the enforcement of GMA provisions. 

The GMA provides only general conservation and procedural guidelines 

for the achievement of zero overdraft by 2025. In order to establish a 
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specific set of guidelines, the GMA requires DWR to develop and promulgate 

a series of five successive management plans. These management plans will 

be implemented during the five management periods of 1980 through 1989, 

1990 through 1999, 2000 through 2009, 2010 through 2019, and 2020 through 

2024 and will impose increasingly stringent conservation measures on all 

water users. Of particular interest is the provision for purchasing and 

retiring water rights beginning in 2006 during the third management 

period. This provision is to be implemented if enforcement of the water 

conservation measures fails to make satisfactory progress toward zero 

groundwater overdraft. Rights retirement is intended to permanently 

extinguish water demands in order to achieve this goal. 

The director of Dw"R has been given broad enforcement powers to 

achieve compliance with the GMA and specific management plans (Pontius 

1980). The GMA authorizes DWR to monitor water use and to investigate and 

adjudicate violations. Toward this end, the director can issue cease and 

desist orders and levy civil penalties. Additionally, the director can 

apply to Superior Court for a temporary restraining order or injunction if 

a violation continues after a cease and desist order is issued. Criminal 

penalties are provided by the GMA for individuals who knowingly violate 

the law. Finally, DWR is authorized to collect a groundwater withdrawal 

fee, a portion of which can be used for the purchase and retirement of 

water rights. 

The GMA established a water conservation program by restricting the 

uses and quantities for which water may be legally employed and by 

prescribing the ways in which groundwater rights may be transferred. DWR 

has been given the responsibility and authority to achieve GMA compliance. 

DWR achieves compliance by employing conservation enforcement and rights 

retirement. Therefore, Arizona has three policy tools with which to 

control groundwater overdraft: the choice of a water conservation program, 
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enforcement of the conservation program, and retirement of water rights. 

The Legislature exercised the first policy tool by enacting the GMA. DWR 

employs the remaining two policy tools of conservation enforcement and 

rights retirement to achieve GMA compliance. 

Therefore, achievement of GMA compliance can be viewed as a 

production process in which two inputs are employed: conservation 

enforcement and rights retirement. It is possible that several input 

combinations capable of achieving compliance exist. For example, the 

retirement of water rights alone might achieve zero groundwater overdraft. 

Likewise, some combination of conservation enforcement and rights 

retirement might also achieve this target. But, these two input 

combinations would likely have different efficiency implications as well 

as different distributive outcomes. These efficiency and distributive 

equity issues are discussed below. 

Efficiency and Distributive Equity Issues 

It is clear from the above discussion that groundwater in Arizona 

had common property characteristics prior to the passage of the GMA and 

the establishment of quantified rights. Even in areas designated as 

critical under the Critical Groundwater Code, no limits were placed on the 

quantity of groundwater that could be legally pumped from existing 

irrigation wells. Hence, groundwater had no asset value since individuals 

were unable to exert control over a given stock. Intuitively, "The blade 

of grass that the manorial cowherd leaves behind is valueless to him, for 

tomorrow it may be eaten by another's animal" (Gordon 1954). This common 

property characteristic provided the incentive to exploit groundwater 

beyond the efficient level of use. When individuals can freely use a 

resource and no cooperative agreements are in force, each ignores the user 
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cost and the dis-economies of crowding (Fisher 1981). The dis-economies 

of crowding associated with groundwater are the increased pumping cost, 

land subsidence damage, and aggravated groundwater quality problems 

resulting from overdraft. The user cost associated with groundwater 

overdraft obtains from the declining stock of groundwater. 

The most direct way to correct the over-exploitation of a common 

property resource is to define transferable property rights and rely on 

the self-interests of individual owners (Fisher 1981). This is the 

mechanism employed by the GMA, at least in part. An effective property 

rights system would define transferable rights in the unused stock of 

groundwater as well as the flow of groundwater. Then, individuals would 

have incentives to conserve for the future since the unused stock of 

groundwater retains its value and may be either consumed or sold at a 

later date. With the exception of irrigation groundwater rights, however, 

the GMA defines property rights only in the flow of groundwater. The 

rights of non-irrigation groundwater users are limited to an annual 

allotment of groundwater. Hence, there is no asset value in groundwater 

to provide incentives for these individuals to conserve for the future. 

The GMA provides a "flex account" for irrigation groundwater users 

in which the unused portions of the annual allotment are entered as 

credits and withdrawals in excess of the annual allotment are entered as 

debits. Irrigators are allowed to build up unlimited credits while debits 

must never exceed half the annual allotment. These flex accounts were 

intended to give irrigators some flexibility in the event of a shortfall 

in expected surface water supplies or CAP deliveries. If an irrigation 

groundwater right is transferred to a non-irrigation use, however, the 

flex account credits cease to exist. Therefore, asset values in 

groundwater exist for the current owner, but evaporate if the right is 

transferred to a non-irrigation use. For this reason, flex accounts do 
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provide some short run conservation incentives but fail to do so in the 

long run. 

Regardless of the economic desirability of the property rights 

system established by the GMA, it is the one chosen by the Arizona 

Legislature to control overdraft. In this sense, it is the collective 

expression of Arizona's preference for dealing with the groundwater 

overdraft problem. Taking this preference as given, the interesting 

questions relate to the levels of conservation enforcement and rights 

retirement employed to achieve GMA compliance. The primary objective of 

this study is to investigate the efficiency and distributive equity issues 

associated with GMA compliance. This is not an institutional analysis in 

which the legislated policy is allowed to vary. Therefore, the GMA, as 

the chosen water conservation program, is held exogenous throughout. 

Efficient Implementation of the GMA 

Efficient implementation of the GMA implies the maximization of the 

present value of net benefits resulting from overdraft reduction. The 

essence of the GMA is to achieve the safe-yield of groundwater supplies by 

the year 2025. Therefore, the above maximand is subject to the physical 

and economic constraints on overdraft reduction and zero overdraft at 

2025. The rationale of this approach is discussed after the following 

characterization of overdraft reduction benefits and costs. 

Overdraft costs decrease as overdraft is reduced. This benefit of 

overdraft reduction has long been recognized since it provided the impetus 

for the social response to groundwater overdraft presented above. 

Therefore, the decrease in overdraft costs from otherwise higher levels 

defines the benefit of overdraft reduction. However, this benefit is not 

fixed by the assumption of GMA compliance. It is important to recognize 
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the temporal relationship of overdraft reduction to overdraft costs. Two 

scenarios illustrate the point. In the early scenario, DWR achieves zero 

overdraft early and maintains it through 2025. In the late scenario, DWR 

does nothing until 2025 when it achieves zero overdraft. GMA compliance 

is achieved in both scenarios; however, the aquifer will contain more 

groundwater in 2025 in the early scenario than in the late scenario. This 

difference in groundwater savings implies different overdraft costs for 

the two scenarios since the level from which groundwater must be pumped is 

different. This point adds another dimension to the problem. DWR not 

only produces overdraft reduction, it also produces groundwater savings. 

DWR's production of overdraft reduction is fixed by the requirement of GMA 

compliance. DWR's production of groundwater savings is not fixed; rather, 

it depends on the rate of overdraft reduction. This point is developed at 

length in the next chapter. 

Compliance costs increase as overdraft is reduced. One cost of 

compliance is the resource cost of employing conservation enforcement or 

rights retirement to reduce overdraft. These policy tools require labor 

and capital resources which must be diverted from other productive 

activities in the economy. A second cost of compliance is the foregone 

net income due to DWR's conservation enforcement and rights retirement. 

Both of these policy tools force water users to either reduce their 

activity levels or use substitutes at presumably higher costs. 

Substitution possibilities include water saving technologies, importation 

of water from outside the AMA, and illegal sources of water. One 

difference between these two policy tools is that conservation enforcement 

partially reduces water use while rights retirement can completely 

eliminate such use. Either way, consumers and producers suffer a loss of 

surplus. 

Now the rationale of the present value maximization approach can be 
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explained. In the sense that DWR produces a fixed level of overdraft 

reduction, this problem is analogous to the producer's output constrained 

cost minimization problem in which the cost to produce a fixed level of 

output is minimized. Efficiency requires only the minimization of costs 

because the benefits of production are fixed and therefore irrelevant. 

Nevertheless, DWR chooses the total production of groundwater savings by 

choosing the rate of overdraft reduction. The present value maximization 

approach was selected because it explicitly recognizes this choice. It is 

important to recognize that the solution to this problem is only second

best. While DWR can choose the production of groundwater savings, this 

choice is constrained by the requirement of GMA compliance. Therefore, 

there are no guarantees that net benefits will be non-negative. 

The present value maximization approach provides a methodology for 

analyzing the various possibilities of GMA compliance. Also important are 

the distributive effects associated with these possibilities. Some 

distributive equity issues related to GMA compliance are discussed in the 

following section. These issues will further define the study objectives. 

Distributive Equity Issues of the GMA 

While the GMA's conservation measures potentially affect all water 

uses, the restrictions on irrigation uses are the most stringent. By the 

year 2000, municipal providers are required to implement only "reasonable 

reductions in per capita use" and industrial users only "conservation 

requirements based on the use of the latest commercially available 

conservation technology consistent with reasonable economic return", 

(Arizona Revised Statutes, section 45-565). However, irrigation users are 

required to implement "maximum conservation consistent with prudent long

term farm management", (ibid.). "Prudent long-term farm management" has 
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been interpreted by DWR to be consistent with economic feasibility, not 

profit maximization or even a "reasonable economic return" (Arizona 

Department of Water Resources 1988). 

After this maximum conservation has been achieved, DWR can further 

reduce allotments of the most consumptive irrigation users. This would 

have the effect of eliminating highly water consumptive crops such as 

alfalfa. And finally, the GMA singles out irrigation as the only water 

use which is prohibited from expansion. Hence, the foregone net income 

associated with municipal and industrial conservation measures, while not 

trivial, can be expected to be much less severe than that associated with 

irrigation conservation measures. 

Rights retirement, in contrast to 

intended to permanently extinguish the 

conservation enforcement, 

right to use water. It 

is 

is 

interesting to note that during the negotiations which resulted in the 

GMA, it was once suggested that the purchase and retirement of irrigation 

water rights be exclusively relied on to achieve safe-yield (Connall 

1982). Non-irrigation interests were opposed to this idea because they 

believed irrigated agriculture was largely responsible for the overdraft 

problem and should not profit from its solution. As one negotiator 

stated, "We're not going to buy farms so the farmers can move to La Jolla 

and raise martinis." (ibid.). Notwi thstanding this opposition, rights 

retirement provisions were included in the GMA. However, both irrigation 

and non-irrigation water rights became subject to purchase and retirement 

by DWR (Arizona Revised statutes, section 45-462.D). 

Irrigation groundwater users will be most affected by this policy 

tool, despite the fact that non-irrigation water rights can be retired. 

This is because irrigation accounts for the vast majority of those rights 

which can be purchased and retired by DWR. In the Phoenix AMA, for 

example, irrigation constitutes approximately 85 percent of all 
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groundwater withdrawals associated with such rights (Arizona Department of 

Water Resources 1990). Glennon (1991) makes the same point by referring 

to the infamous bank robber Willie Sutton. When asked why he robbed 

banks, Sutton responded "Because that's where the money is." (ibid.). 

DWR has provided estimates of the possible impact on irrigated 

agriculture in the Phoenix AMA. According to these estimates, 

approximately 265,197 acres were irrigated in the Phoenix AMA in 1985 

(Arizona Department of Water Resources 1988). It is projected that while 

non-Indian irrigated acreage will be reduced by conversion to urban uses, 

Indian irrigated acreage will be increased for an overall reduction of 

55,059 irrigated acres by the year 2025 (ibid.). It should be noted that 

Indian reservations constitute a reserved use of Federal land and thereby 

have Federal reserved water rights (Sax and Abrams 1986). Hence, Indian 

reservations are exempt from State water law by virtue of the supremacy 

clause in the U.S. Constitution. In spite of this substantial reduction 

in irrigated acreage, groundwater overdraft is projected to be 422,346 AF 

by the year 2025, assuming perfect compliance with all conservation 

measures (Arizona Department of Water Resources 1988). 

DWR must purchase irrigated land to retire the appurtenant water 

rights (Arizona Revised Statutes, section 45-465.C). Much of the 

irrigated land in the Phoenix AMA has both groundwater and non-ground 

water rights. The GMA does not indicate whether or not any of the 

appurtenant water rights may be transferred to other uses; however, such 

transfer would reduce the efficacy of rights retirement in reducing 

overdraft. Rather, it is assumed that DWR will permanently extinguish all 

water rights associated with retired irrigated land. DWR estimated 

362,422 irrigable non-Indian acres in the Phoenix AMA for 1985 (Arizona 

Department of Water Resources 1988). DWR's registry of groundwater rights 

(Arizona Department of Water Resources 1990) lists 387,023 acres in the 
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Phoenix AMA eligible to receive water pursuant to an irrigation 

groundwater right for the same year. Hence, potentially all of the 

irrigable non-Indian acreage in the Phoenix AMA could be idled by the 

GMA's groundwater rights retirement provisions. 

The amount of irrigated land that must be idled to achieve zero 

overdraft depends on the irrigation use rate and the incidental recharge 

rate. The incidental recharge rate is the proportion of water use that 

eventually percolates back into the aquifer to become available for reuse. 

Hence, the complement of the incidental recharge rate is the proportion of 

irrigation use that contributes to overdraft. The product of this 

overdraft contribution rate and the irrigation use rate gives the 

overdraft reduction achieved by retiring one acre of irrigated land. 

During the rights retirement time frame, from 2006 to 2025, DWR estimates 

the irrigation use rate to be 4.23 AF per acre and the incidental recharge 

rate for irrigation to be 12 percent, given perfect compliance with all 

conservation measures (Arizona Department of Water Resources 1988). 

Therefore, DWR reduces overdraft by 3.7224 AF for each acre of retired 

irrigated land. This rate implies a total reduction of 113,461 non-Indian 

irrigated acres to achieve zero overdraft at 2025. 

This reduction is not trivial. It represents a 54 percent decrease 

in the total irrigated acreage estimated for the Phoenix AMA in 2025. 

Although individual right holders will be compensated for any retired 

acreage, the Phoenix AMA could still lose over half the net income 

associated with its irrigated agriculture. Further, the multiplier effect 

of this foregone net income would severely affect local businesses that 

are dependent on irrigated agriculture. Moreover, all of these effects 

would be exacerbated if less than perfect compliance with conservation 

measures is realized. 

Finally, it should be recognized that complete compensation for 
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rights retirement may not be possible. If right holders also value the 

intangible qualities of their activities, then foregone net income may 

understate the losses due rights retirement. However, this study avoids 

this imponderable by assuming profit maximizing behavior on the behalf of 

irrigated agriculture. 

Study Purpose and Definition 

The general purpose of this study is to investigate the efficiency 

and distributive equity issues of GMA compliance. The assumption of GMA 

compliance is maintained throughout. Therefore, the various combinations 

of conservation enforcement and rights retirement that achieve zero 

overdraft by 2025 are examined. 

As discussed above, the distributive effects of conservation 

enforcement and rights retirement are likely to be least favorable for 

irrigated agriculture. Hence, the interesting issues of GMA compliance 

appear to focus primarily on this sector. Therefore, the specific purpose 

of this study is to investigate the various combinations of irrigation 

conservation enforcement and irrigation rights retirement that achieve GMA 

compliance, holding the level of conservation in non-irrigation uses 

exogenous. 

The Phoenix AMA was chosen as a case study primarily because of the 

challenge presented by the GMA to achieve zero groundwater overdraft in 

the largest and most populous urban area in the State. The demand 

pressure exerted by the various competing groundwater uses in the AMA, 

combined with the restrictive conservation measures and potential rights 

retirement effects imposed by the GMA on irrigated agriculture, indicate 

major changes in the size and composition of irrigated agriculture. 

Finally, since the requirements of the GMA apply to AMAs individually, the 
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Phoenix AMA can be studied in isolation from the rest of the State. 
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CHAPTER 2 

CONCEPTUAL FRAMEWORK 

The essence of the GMA is to achieve the safe-yield of groundwater 

supplies by the year 2025. In the Phoenix AMA, this process implies a 

time path of groundwater overdraft beginning with over 660,000 AF in 1985 

and ending with zero in 2025 (Arizona Department of Water Resources 1988) . 

As the agency responsible for achieving GMA compliance, DWR must choose a 

particular time path of overdraft. DWR makes this choice by allocating 

various combinations of conservation enforcement and rights retirement. 

DWR's allocation of these policy tools will imply economic consequences 

for all water users in the Phoenix AMA due to the common property nature 

of groundwater. In this chapter, the economic implications of the various 

time paths of overdraft resulting from the use of these policy tools are 

described and analyzed for their impact on the overdraft management 

decisions of DWR. 

Overdraft Reduction 

DWR's overdraft reduction possibilities are limited by certain 

legal, physical, and economic constraints. These production constraints 

define DWR's technology set or overdraft reduction potential. Hence, the 

overdraft reduction potentials of conservation enforcement and rights 

retirement define the feasible set of overdraft time paths. These 

overdraft reduction possibilities are described in this section. 
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Conservation Enforcement 

DWR has provided overdraft projections for the Phoenix AMA in its 

draft of the second management plan (SMP) , (Arizona Department of Water 

Resources 1988). These projections assume perfect compliance with all 

conservation measures but do not incorporate rights retirement since the 

GMA does not provide for this policy tool until 2006, in the third 

management period. Hence, they represent the time path of overdraft 

obtained by employing sufficient enforcement effort to achieve perfect 

compliance with all conservation measures. 

These projections are illustrated in figure 2-1. Notice that 

overdraft initially decreases and then increases on this time path. This 

pattern is caused by factors that influence future water supply and demand 

such as a growing urban population, importation of CAP water, and 

conservation enforcement. Furthermore, the location of this time path 

reflects the overdraft reduction potential of conservation enforcement 

since water users cannot be compelled to further reduce their withdrawals. 

A more stringent water conservation program would increase the overdraft 

reduction potential of conservation enforcement and thus lower the time 

path while a more liberal program would reduce the overdraft reduction 

potential of conservation enforcement and thereby raise the time path. 

This "max-conservation" time path of overdraft assumes perfect 

compliance with all conservation measures. In contrast to this 

assumption, suppose that conservation enforcement is directed only toward 

non-irrigation uses and that perfect compliance with non-irrigation 

conservation measures is achieved. Then some other time path of overdraft 

would obtain. The "no-conservation" time path would describe overdraft 

given perfect compliance with non-irrigation conservation measures only 

since no irrigation conservation measures would be enforced. The max-
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conservation and no-conservation time paths represent extreme cases of 

irrigation conservation enforcement. As such, they bound the actual time 

path of overdraft. Hence, overdraft reduction is defined by the distance 

between the no-conservation and actual time paths of overdraft. The 

overdraft reduction potential of conservation enforcement is defined by 

the distance between the no-conservation and max-conservation time paths 

of overdraft. 

Heuristic time paths of overdraft are presented in figure 2-2. 

Suppose that conservation enforcement begins at time O. Then, the 

groundwater savings at time 1 equals area ABDC. This area is the 

cumulative increase in the groundwater stock resulting from DWR's 

overdraft reduction efforts. The correspondingly higher groundwater level 

implies lower pumping costs for all current and future groundwater users. 

Overdraft reduction by conservation enforcement at time I, on the other 

hand, is given by the distance BD. This distance is the decrease in the 

groundwater flow below otherwise higher levels. It is important to note 

that GMA compliance is stated in terms of overdraft reduction, not 

groundwater savings. Therefore, groundwater savings is a measure of 

economic benefit while overdraft reduction is a measure of GMA compliance. 

The overdraft reduction potential of conservation enforcement at 

time 1 is given by the distance BE. Hence, the maximum overdraft 

reduction by conservation enforcement has been achieved at time 2. Note 

that actual overdraft must increase from time 2 to 3 since max-

conservation overdraft increases. This increase is due to exogenous 

factors such as an increase in urban population or a decrease in CAP 

deliveries. These concepts are developed more generally in the following 

framework. 

Define t = Time; t=O at the beginning of conservation enforcement 

ODM(t) = Max-conservation overdraft 



Then 

ODN(t) 

ooA(t) 

Z(t) 

No-conservation overdraft 

Actual overdraft 

Groundwater savings 

f:[ODN(U)-ODA(U)]dU 

Overdraft reduction at time t 

Now, consider groundwater savings over a discrete interval of time. 

Z(l) - Z(O) 
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If actual overdraft equals max-conservation overdraft throughout the time 

interval, then the maximum possible groundwater savings would have been 

produced by conservation enforcement. 

If 

Then Z(l) - Z(O) 

Subtracting actual groundwater savings at some point within the time 

interval from the maximum possible groundwater savings yields the 

remaining potential of conservation enforcement. 

Define p(t) f:[ODN(U)-ODM(U)]dU - Z(t) + Z(O) 

Then P(O) f:[ODN(t)-ODM(t)]dt 

P(l) f:[ODN(t)-ODM(t)]dt f:[ODN(t)-ODA(t)]dt 

f: [ODA(t) -ODM (t)] dt 



Now, consider changes in P(t) throughout the time interval. 

Let 

Then 

Where 

dP/dt 

p(l.) 

p(t)P(t) 

p(o)exP(J:p(t)dt) 

exp(·) = The number e raised to a power 
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The expression for P(l.) was obtained by solving the first-order linear 

differential equation for P(t). Groundwater savings production over the 

time interval can now be expressed as a function of p(t) and its rate of 

change. 

Z(l.) - Z(o) J:[ODN(t)-ODA(t)]dt 

P(O) - p(l.) 

p(o) p(o)exP(J:p(t)dt) 

P(O) [l-eXP(J:p(t)dt)] 

DWR produces groundwater savings by influencing the incentives for 

illegal water use a' la Becker (l.974). These incentives vary with the 

different activities in which water can be employed. Assume for the time 

being that irrigation water input demand schedules for individual crops 

are linear. Then, demand drops to zero sequentially for the various crops 

as the marginal cost of water rises. This implies a convex and piecewise 

linear aggregate demand schedule with kinks occurring at limit prices for 

which the optimal mix of crops changes in composition. Figure 2-3 

illustrates an example. Let Uo be the aggregate level of irrigation water 

use given no conservation enforcement and U· the aggregate property right 

level of use. Then, Uo - U· is illegal use gi ven no conservation 
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enforcement. Some portion of all use is assumed to be incidentally 

recharged back into the aquifer to become available for reuse. Hence, the 

overdraft reduction potential of conservation enforcement is that portion 

of illegal use that is not incidentally recharged. 

Note that figure 2-3 refers to irrigation water use and not just 

irrigation groundwater use. The GMA was not intended to affect non-ground 

water rights (Arizona Revised Statutes, sections 45-451.B and 45-466). 

However, conjunctive use of groundwater and non-ground water is subject to 

the GMA's irrigation conservation measures (Arizona Revised Statutes, 

section 45-467.D). Since most non-Indian irrigation in the Phoenix AMA 

occurs in districts where groundwater and non-ground water are used 

conjunctively, the conservation measures imposed on groundwater 

significantly affect non-ground water use. Indeed, approximately 90 

percent of all non-Indian irrigation water in the Phoenix AMA is delivered 

by such irrigation districts (Arizona Department of Water Resources 1988) . 

The remaining 10 percent of non-Indian irrigation water is exclusively 

groundwater which is obviously subject to the GMA (Arizona Department of 

Water Resources 1988). Therefore, throughout this study, GMA irrigation 

conservation measures are assumed to apply to all non-Indian irrigation 

water use in the Phoenix AMA. 

The marginal cost of irrigation water use equals marginal pumping or 

diversion cost plus the marginal expected penalty of illegal use. In 

figure 2-3, MCa is the marginal pumping or diversion cost. It is assumed 

that the probability of detection, and hence the marginal expected 

penal ty, increases with enforcement effort. Then individuals have 

incentives to decrease illegal use as the level of enforcement effort 

increases. In figure 2-3, an increase in enforcement effort would raise 

the marginal cost of irrigation water use above MCa and reduce illegal use 

as individuals adjust to the new marginal cost. It is important to note 
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that conservation enforcement only temporarily influences irrigation water 

use since individuals can be expected to revise their subjective detection 

probabilities given a change in enforcement effort. 

overdraft reduction by conservation enforcement is 

For this reason, 

referred to as 

groundwater savings production since the influence on overdraft reduction 

is not cumulative. 

Figure 2-4 illustrates this process. In the northeast quadrant, 

enforcement effort, E1 , increases the marginal cost of irrigation water use 

by imposing a marginal expected penalty, Mel - Meo, on violators. In the 

southeast quadrant, the aggregate irrigation water input demand schedule 

of figure 2-3 is reproduced with the origin shifted to (u', Mea). The 

increase in marginal cost results in a lower level of illegal use, U1 - U·. 

The southwest quadrant converts the new level of illegal use into 

overdraft reduction. The following relationships explain this conversion. 

Let 

Then 

Irrigation water use 

UN Non-Irrigation water use 

W Groundwater withdrawal 

D Non-Ground water diversion 

~+if=W+D 

All water use is either withdrawn or diverted. This is the first step in 

the water balance methodology employed by DWR to model groundwater 

overdraft (Arizona Department of Water Resources 1988). The next step is 

to define groundwater overdraft as the excess of groundwater withdrawal 

over groundwater recharge. 

Let 

Note 

Then 

00 = Groundwater overdraft 

R = Groundwater recharge 

00 = W - R 

~+if=OO+R+D 
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Next, groundwater recharge is expanded into its two basic components: 

natural and incidental recharge. Natural recharge consists of the 

naturally occurring stream channel and mountain front recharge, as well as 

the natural net underground inflow of water into the aquifer. The affects 

of natural recharge are exogenous to this study. Incidental recharge is 

the portion of water use that eventually percolates into the aquifer to 

become ava.ilable for reuse. All water uses yield some incidental 

recharge; however, non-irrigation water use and its incidental recharge 

are held exogenous in this study. 

Let 

Note 

Then 

N = Natural groundwater recharge 

rI Irrigation incidental recharge rate 

r N Non-Irrigation incidental recharge rate 

R = N + rIUI + rNUN 

UI + 0" = aD + N + rIUI + rNo" + D 

aD = [l_rI] u I + [l_rN] UN - N - D 

Now the effect on overdraft can be observed when conservation enforcement 

reduces irrigation water use. In its conservation efforts, DWR actively 

encourages the full utilization of non-ground water sources (Arizona 

Revised Statutes, sections 45-514.A, 45-514.C, 45-515.A, 45-515.C, and 

45-576 .D). Additionally, since non-ground water is often less costly than 

groundwater in the Phoenix ANA, water users can be expected to switch to 

non-ground water as it is released from its prior irrigation use. Hence, 

it is assumed that non-ground water sources remain fully utilized as 

irrigation water use is reduced. 

Assume 

Then 

dD/dUI == 0 

dOD = [l-rI] dUI 

Hence, in this partial analysis, overdraft reduction by conservation 
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enforcement is a function of the reduction in irrigation water use alone. 

Discarding the superscript denoting irrigation use, the following 

expression obtains. 

If illegal water use were completely eliminated, then the property right 

level of use would remain. Therefore, U1 = U' and [l-r] [Uo-U'] is the 

overdraft reduction potential of conservation enforcement. 

The groundwater savings production relationship in the northwest 

quadrant is concave and piecewise linear. This particular shape obtains 

from the assumptions embodied in figure 2-4. In the northeast quadrant, 

the marginal expected penalty is assumed to increase at a constant rate 

with enforcement effort. However, it would not be unreasonable for the 

marginal expected penalty to increase at a decreasing rate. As 

enforcement effort increases the marginal cost of withdrawal, only those 

violators with high marginal valuations will continue to illegally 

withdraw groundwater. Assuming profit maximization, these individuals 

will equate the marginal cost of detection avoidance with its marginal 

benefit. This behavior implies higher levels of detection avoidance as 

conservation enforcement increases the marginal cost of withdrawal. 

Hence, increases in enforcement effort may produce declining increases in 

the marginal expected penalty. This suggests a neoclassical production 

function for the marginal expected penalty. The production function for 

groundwater savings would then be just a transformation of this production 

function. 

In the southeast quadrant, the aggregate groundwater input demand 

schedule is assumed to be convex and piecewise linear. However, 

individual groundwater input demand schedules could be nonlinear. This 

would imply a nonlinear aggregate demand schedule and production function 
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for groundwater savings. Furthermore, consider how individual demand is 

aggregated. Demand is aggregated over individual crops and individual 

producers. If the demand schedules for all crops and all producers were 

linear, then the aggregate demand schedule would be piecewise linear as 

assumed. But, while the number of crops may be small, the number of 

producers is not. There are approximately 8,000 individual irrigators in 

the Phoenix AMA (Arizona Department of Water Resources 1990). As the 

number of producers gets large, variations in marginal valuation will 

result in an aggregate demand schedule and a groundwater savings 

production function which can be adequately represented by nonlinear 

functions. 

These considerations suggest a nonlinear production function for 

groundwater savings. 

Let A = El 

B(A) 

C(B) 

D(C) 

Assume dB/dA > 

dC/dB < 

dD/dC < 

Then dD/dA 

MCl - MCo 

U1 - u· 

ODo - ODl 

0, d 2B/dA2 

S ° 
0, d 2C/dB2 ~ 0 

0, d 2D/dC2 0 

[dD/dC] [dC/dB] [dB/dA] > 0 

[d2D/dC2 ] [dC/dB] 2 [dB/dA] 2 

+ [dD/dC] [d2C/dB2
] [dB/dA] 2 

+ [dD/dC] [dC/dB] [d2B/dA2
] 

[dD/dC] [d2C/dB2
] [dB/dA] 2 

+ [dD/dC] [dC/dB] [d2B/dA2
] 

s 0 

If either B{A) is strictly concave or C(B) is strictly convex, then the 

production function for groundwater savings is strictly concave. Both 

B (A) and C (B) would have to be linear for D (A) to also be linear. 
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Therefore, it is considered likely that groundwater savings production by 

conservation enforcement increases at a decreasing rate with enforcement 

effort. Further, production is bounded from above by the overdraft 

reduction potential of conservation enforcement since there is no penalty 

to compel irrigators to reduce water use below the property right level, 

and no enforcement effort implies no groundwater savings production since 

the marginal cost of water use would remain unchanged. 

One further point is made with respect to figure 2-4. In the 

northeast quadrant, it is assumed that enforcement effort increases the 

probability of violation detection and thereby increases the marginal 

expected penalty for illegal water use. It is also assumed that DWR's 

ability to influence the marginal cost of water use is enhanced by an 

increase in the overdraft reduction potential of conservation enforcement. 

Given the fixed land area of the Phoenix AMA, a larger potential implies 

an increased opportunity for violation detection by a given level of 

enforcement effort and hence an increased marginal cost of water use. 

Figure 2-4, then, assumes a given overdraft reduction potential of 

conservation enforcement. An increase in potential increases the marginal 

response to enforcement effort in the northeast quadrant resulting in an 

increased marginal productivity in the northwest quadrant. 

To incorporate enforcement effort into the production function 

derived above, assume that the rate of change in P(t) is proportional to 

the level of enforcement effort. 

Note 

Let 

Assume 

dP/dt = p(t)P(t) 

Z(l) - Z(O) P(O) [l-exP(f:p(t)dt)] 

E(t) 

p(t) 

Enforcement effort 

aE(t) 
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Then Z(l) - Z(O) P(O) [l-eXP (aJ:E(t)dt)] 

The parameter a is presumably negative. The suggested discrete time 

production relationship then has the following characteristics. It is 

assumed that DWR allocates enforcement effort at the beginning of each 

time period in order to influence overdraft reduction during the time 

period. 

Let 

Then 

Enforcement effort at the beginning of time period t 

Pt Overdraft reduction potential of conservation 
enforcement at the beginning of time period t 

aF / aEt = -aPtexp (aE t ) > 0 

a2F / aE/ = -a2Ptexp (aEt ) < 0 

a 2FjaEtapt = -aexp (aEt ) > 0 

Groundwater savings production 
during time period t, where a<O 

The overdraft reduction potential of conservation enforcement is 

determined by a number of factors. primarily, conservation enforcement 

can reduce overdraft only to the extent allowed by the water conservation 

program since water users cannot be compelled to further reduce their 

withdrawals. Factors not related to conservation enforcement, and held 

exogenous in this study, also affect the extent to which overdraft can be 

reduced by conservation enforcement. The transfer of irrigated land to 

non-irrigation uses, for example, reduces this potential. Of particular 

interest, however, are the economic incentives that derive from the common 

property nature of groundwater. These are alluded to by Evans (1990). 

Consider a positive level of groundwater overdraft. positive overdraft 
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decreases the groundwater stock and thereby causes the groundwater level 

to decline. The corresponding increase in pumping lifts increases 

marginal pumping costs. Hence, marginal pumping costs are inversely 

related to the groundwater stock. The following framework demonstrates 

how groundwater users respond to changes in the groundwater stock. 

Let S = Groundwater stock 

Wj = Groundwater withdrawal by individual j 

j's marginal pumping cost, where aMCj/OWj>O, 
OMCj/OS<O 

j's marginal benefit of withdrawal, 
dMBj/dWj<O 

where 

Net benefit maximization then implies the following. 

Hence 

Thus 

MCj (Wj,S) = MEj (Wj ), equilibrium condition 

W/ = W/ (S), equilibrium value of Wj 

MCj (Wj', S) == MEj (Wj ') 

dMCj (Wj', S) == dMBj (W/) 

[OMCj/OW/] [dWj'/dS] + OMCj/OS _ [dMB/dWj'] [dWj'/dS] 

dW/ IdS = [OMCj/OS] /[dMBj/dW/ - OMCj/OW/] > 0 

Thus, all individuals have incentives to decrease their groundwater use 

given a positive level of overdraft (negative change in the groundwater 

stock). Groundwater overdraft will also decreases since only a portion of 

groundwater use is incidentally recharged back into the aquifer. 

Therefore, a positive level of overdraft implies a decrease in overdraft. 

This change in overdraft is defined as the "behavioral response to 

overdraft." 

Now, consider a reduction in the level of overdraft. The overdraft 

reduction implies an increase in the behavioral response to overdraft. 

This change in the behavioral response to overdraft is defined as the 
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"behavioral response to overdraft reduction." Hence, the behavioral 

response to overdraft reduction is positive and increasing for positive 

and increasing overdraft reductions. The behavioral response to overdraft 

reduction increases overdraft and thus counteracts groundwater savings 

production by conservation enforcement. 

The overdraft reduction potential of conservation enforcement is 

also affected. The behavioral response to overdraft reduction raises the 

no-conservation time path if actual overdraft is less than no-conservation 

overdraft. Conversely, the behavioral response to overdraft reduction 

lowers the max-conservation time path if actual overdraft is greater than 

max-conservation overdraft. If actual overdraft follows the no

conservation time path, then the behavioral response to overdraft 

reduction would affect only the max-conservation time path. Further, the 

max-conservation time path would achieve its minimum since actual 

overdraft is bounded from above by the no-conservation time path. Hence, 

the behavioral response to overdraft reduction raises the max-conservation 

time path above its minimum as actual overdraft is reduced below the no

conservation time path. The no-conservation time path is also raised. 

Therefore, the affect on overdraft reduction potential depends on the 

relative responses of the no-conservation and max-conservation time paths. 

The behavioral response to overdraft reduction involves increases in 

both legal and illegal withdrawals. Given an overdraft reduction, 

individuals facing non-binding conservation measures will generally have 

incentives to increase legal withdrawals and may have incentives to 

increase illegal withdrawals. Individuals facing binding conservation 

measures will generally have incentives to increase illegal withdrawals. 

These incentives are briefly discussed in appendix A. Hence, the 

behavioral response to overdraft reduction raises the no-conservation time 

path of overdraft by an amount attributable to the increases in both legal 
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and illegal groundwater withdrawals. The max-conservation time path, on 

the other hand, is raised above its minimum by an amount attributable to 

the increases in legal groundwater withdrawals only since perfect 

compliance is assumed. 

reduction tends to 

Therefore, the behavioral response to overdraft 

increase the overdraft reduction potential of 

conservation enforcement. 

At this point, the overdraft reduction potential of conservation 

enforcement has been defined. This potential is determined by legal 

constraints which define the scope of conservation enforcement, physical 

constraints which describe the relationship between irrigation water use 

and groundwater overdraft, and economic constraints which derive from the 

common property nature of groundwater. DWR transforms some portion of 

this potential into overdraft reduction by influencing the incentives for 

illegal water use. This production process was described in detail. 

Overdraft reduction by rights retirement and its potential are discussed 

next. 

Rights Retirement 

The overdraft reduction potential of ri:jhts retirement is also 

determined by legal, physical, and economic constraints. The physical and 

economic constraints described for conservation enforcement also apply to 

rights retirement; however, the legal constraint is different. Rights 

retirement is limited by the GMA to a specific category of rights. 

Therefore, the legal constraint on rights retirement is the availability 

of rights subject to retirement by DWR. As noted in chapter 1, the vast 

majority of these rights are associated with irrigated agriculture. 

Rights retirement reduces overdraft by permanently extinguishing the 

right to use water. Therefore, the influence of rights retirement on 
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overdraft reduction is cumulative. This is a key difference with 

conservation enforcement which requires continual effort to maintain a 

given level of overdraft reduction. DWR must purchase irrigated land in 

order to retire the appurtenant water rights. If the land is voluntarily 

retired, then the compensation paid will not be less than the owner's 

valuation. Presumably, this valuation equals the present value of the 

stream of net income that the land is expected to otherwise generate. If 

the land is involuntarily retired under the State's power of eminent 

domain, then the compensation will equal the "fair market value" as 

determined by DWR and possibly adjudicated in court (Arizona Revised 

Statutes, section 12-1122). Fair market value is also assumed to equal 

the present value of the stream of expected net income. In either case, 

the overdraft reduction potential of rights retirement is directly related 

to the net income generated by irrigated agriculture. 

An example of net income is illustrated in figure 2-5. Profit 

maximizing irrigators choose levels of water use that equate the value 

marginal product of water with its marginal cost. Therefore, the total 

net income generated by a given level of water use equals the area under 

the demand curve above the associated marginal cost of irrigation water. 

The shaded area in figure 2-5 is the compensation required to reduce 

irrigation water use from Uo to U1 by rights retirement. This reduction 

assumes that lower valued production is retired first, which is reasonable 

if DWR desires to minimize the costs of overdraft reduction. Note that 

some portion of irrigation water use is incidentally recharged back into 

the aquifer. Then, the overdraft reduction potential of rights retirement 

equals the portion of current irrigation water use that is not recharged, 

and the area under the demand curve above the current marginal cost is the 

compensation that must be paid to achieve this potential. Additionally, 

certain labor and capital resources must be expended to process rights 
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retirement cases. 

Viewing the required compensation as an input to a production 

process, rights retirement will exhibit declining marginal productivity as 

increasingly higher valued land is taken out of production by DWR. This 

is the expected response when a variable input, compensation, is increased 

in the presence of a fixed input, overdraft reduction potential. The 

marginal productivity of rights retirement can also be expected to decline 

as irrigated acreage is exogenously reduced by urban development. The 

urban development will likely absorb lower valued land first leaving the 

higher valued land for subsequent retirement by DWR. 

The overdraft reduction potential of rights retirement is also 

reduced by an increase in the marginal cost of irrigation water. The 

increase in marginal cost induces profit maximizing irrigators to decrease 

their water inputs leaving less water use for rights retirement to reduce. 

This marginal cost increases as overdraft increases the marginal pumping 

cost of groundwater withdrawal and as conservation enforcement increases 

the marginal expected penalty of illegal use. Some portion of the change 

in the marginal pumping cost is in response to exogenous factors such as 

an increasing urban population while the entire change in the marginal 

expected penalty is endogenous to DWR. The changes in the marginal cost 

of irrigation water that are related to overdraft were described in the 

previous section as the behavioral response to overdraft. 

This discussion suggests the following production characteristics 

for rights retirement. Production is bounded by the overdraft reduction 

potential of rights retirement defined in part by the availability of 

rights subject to retirement by DWR. The influence of rights retirement 

on overdraft reduction is cumulati ve since the right to use water is 

permanently extinguished. Positive production requires a positive level 

of effort since compensation must be paid for retired rights. Marginal 
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productivity decreases with retirement effort since lower valued land is 

likely to be retired by DWR first. Similarly, exogenous and endogenous 

reductions in potential also decrease marginal productivity. 

Similar to conservation enforcement, "max-retirement" and "no-

retirement" time paths of overdraft can be employed to represent these 

exogenous and endogenous influences. These time paths together with the 

actual time path of overdraft define the overdraft reduction potential of 

rights retirement. A production function for rights retirement can then 

be developed within the context of overdraft reduction potential in a 

parallel fashion to that developed for conservation enforcement. 

Define ODM(t) 

ODN(t) 

ODA(t) 

Max-retirement overdraft 

No-retirement overdraft 

Actual overdraft 

Overdraft reduction by rights 
retirement 

The change in overdraft reduction by rights retirement over a discrete 

time interval is given by the following expression. 

If actual overdraft equals max-retirement overdraft at the end of the time 

interval, then the maximum possible overdraft reduction would have been 

produced by rights retirement. 

If ODA (1) = ODM (1) 

Then Y(1) - Y(O) = ODN(1) - ODM(1) - ODN(O) + ODA(O) 

Subtracting actual overdraft reduction at some point wi thin the time 

interval from the maximum possible overdraft reduction yields the 

remaining potential of rights retirement. 



Define 

Then 

Q(t) 

Q(O) 

ODN (1) - ODM (1) - ODN (0) + ODA (0) - Y (t) + Y (0) 

ODN ( 1 ) - ODM 
( 1 ) - ODN ( 0 ) + ODA ( 0 ) 

Now, consider changes in Q(t) throughout the time interval. 

Let 

Then 

dQ/dt 

Q(l) 

q(t)Q(t) 

Q(o)eXP(J:q(t)dt) 
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Overdraft reduction production over the time interval can now be expressed 

as a function of Q(t) and its rate of change. 

Y(l) - Y(O) ODN(l) - ODA(l) - ODN(O) + ODA(O) 

Q(O) - Q(l) 

Q(O) Q(o)exP(J:q(t)dt) 

Q(O) [l-eXP(J:q(t)dt)] 

Finally, it is assumed that the rate of change in Q(t) is 

proportional to the level of retirement effort. 

Let 

Assume 

Then 

R(t) 

q(t) 

Retirement effort 

bR(t) 

Y(l) - Y(O) Q(O) [l-eXP(bJ:R(t)dt)] 

The parameter b is presumably negative. The suggested discrete time 

production relationship then has the following characteristics. It is 

assumed that DWR allocates retirement effort at the beginning of each time 

period in order to influence overdraft reduction during the time period. 
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Retirement effort at the beginning of time period t 

Qe Overdraft reduction potential of rights retirement at 
the beginning of time period t 

oG/ oRe = -bQeexp (bRe) > 0 

o2G/ORe2 = -b2Qeexp(bRe) < 0 

o2G/oReoQe = -bexp(bRe) > 0 

Overdraft reduction production 
during time period t, where b<O 

Another important factor in the rights retirement process is the 

time horizon for irrigated land to otherwise remain in agricultural 

production. The retirement of irrigated land with a long time horizon 

will be associated with a greater foregone net income than similar 

irrigated land with a shorter time horizon. The retirement of irrigated 

land with a long time horizon will also generate a greater groundwater 

savings. This factor becomes important in the vicinity of a growing urban 

area such as the Phoenix conurbation. Therefore, the spacial distribution 

of irrigated land in the Phoenix AMA is important. 

This description of the rights retirement process provides a simple 

but useful definition of its overdraft reduction potential as well as a 

framework for estimating its productivity and its interaction with DWR's 

other policy tool, conservation enforcement. The interaction between the 

two policy tools is the subject of the next section. 

Combined Policy Tools 

An examination of the combined use of DWR's two policy tools is 

facilitated by dividing the time from 1985 to 2025 into two periods. 

During period 1, from 1985 through 2005, DWR can employ only conservation 
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enforcement. Hence, the actual time path of overdraft in period 1 is 

bounded from below by the max-conservation time path. DWR's estimate of 

the max-conservation time path illustrated in figure 2-1 indicates that 

GMA compliance is not possible from conservation enforcement alone. 

During period 2, from 2006 through 2025, DWR can employ a combination of 

conservation enforcement and rights retirement. The actual time path of 

overdraft during period 2, then, is bounded from below by the combination 

of the max-conservation time path and the availability of rights subject 

to retirement. Hence, the feasibility of GMA compliance critically 

depends on the availability of such rights. 

compliance is addressed in chapter 6. 

The feasibility of GMA 

In period 2, each of DWR' s two 

producti vi ty of the other. There are 

policy tools influences the 

three different interactions. 

First, as overdraft is reduced by either policy tool, the behavioral 

response to overdraft reduction increases the overdraft reduction 

potentials of both conservation enforcement and rights retirement. This 

is because the overdraft reduction reduces marginal pumping costs below 

otherwise higher levels, providing incentives for individuals to increase 

withdrawals. Hence, illegal groundwater withdrawals will increase 

providing a greater potential for overdraft reduction by conservation 

enforcement. Similarly, a retired right will generate a greater overdraft 

reduction. 

The second interaction is caused by rights retirement. The 

overdraft reduction potential of conservation enforcement is decreased by 

the portion of overdraft reduction by rights retirement that is associated 

with illegal withdrawals. That is, former violators whose rights have 

been retired are no longer violating conservation measures. This results 

in a reduction of the available irrigated acreage subject to irrigation 

conservation measures. 
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The third interaction is caused by conservation enforcement. The 

overdraft reduction potential of rights retirement is decreased by the 

portion of overdraft reduction by conservation enforcement that is 

associated with rights subject to retirement. If DWR reduces the water 

use associated with a particular right by conservation enforcement, then 

subsequent retirement of that right will produce less overdraft reduction 

than if no conservation measures were enforced. 

Finally, exogenous factors also influence the overdraft reduction 

potentials of conservation enforcement and rights retirement. These 

include changes in urban population, transfers of irrigated land to non

irrigation uses, Indian water rights development, reductions in CAP water 

availability, and climatic variations. All of these factors affect 

irrigation water use in the Phoenix AMA and thereby influence DWR's 

overdraft reduction potential. DWR provides estimates of these influences 

in the SMP. 

Overdraft Management Considerations 

The legal, physical, and economic constraints described above define 

the feasible set of overdraft time paths. DWR's overdraft management 

options are further constrained by the requirements of GMA compliance. In 

fact, DWR was created by the GMA and charged with its administration 

(Arizona Revised Statutes, sections 45-102.A and 45-105.B). Therefore, 

GMA compliance is DWR's primary overdraft management consideration. 

Further, given a limited appropriation with competing financial needs, it 

is likely that DWR is also concerned with the efficiency of its resource 

allocation decisions. Therefore, the costs and benefits of overdraft 

reduction are also valid overdraft management considerations. Since DWR 

is constrained by the requirements of GMA compliance, efficiency implies 
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a second best solution in which the maximized present value of DWR's 

resource allocation decisions can be either positive or negative. In this 

section, the costs and benefits of overdraft reduction are first briefly 

described, then DWR's overdraft management options are evaluated in light 

of these considerations. 

Overdraft Reduction Costs and Benefits 

The costs of overdraft reduction include the resource costs and 

foregone net income resulting from DWR's conservation enforcement and 

rights retirement decisions. The resource costs are the costs of 

diverting the labor and capital resources required for these policy tools 

away from other productive activities in the economy. The foregone net 

income results from a reduction in irrigation water use. Conservation 

enforcement partially reduces irrigation water use while rights retirement 

completely eliminates such use. As water use is reduced, irrigators must 

either decrease their activity levels or use substitutes at presumably 

higher costs. Substitution possibilities include more efficient 

irrigation technologies, deficit irrigation practices, and illegal sources 

of water. 

Also included in the costs of overdraft reduction are some future 

effects of current overdraft reduction. Rights retirement directly 

decreases its own overdraft reduction potential since it permanently 

extinguishes the right to use water. The resulting lower marginal 

productivity of rights retirement, then, will increase future overdraft 

reduction costs. Conservation enforcement, on the other hand, does not 

directly decrease its own overdraft reduction potential since violators 

can be expected to revise their subjective detection probabilities given 

a change in DWR's enforcement efforts. 
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As noted in chapter I, groundwater overdraft imposes costs on 

society associated with increased groundwater pumping lifts, land 

subsidence, and aggravated groundwater quality. Therefore, the benefits 

of overdraft reduction include the reduction of these costs. Also 

included are the future benefits of overdraft reduction that exist by 

virtue of the GMA's requirement of zero overdraft by 2025. Current 

overdraft reduction facilitates a decrease in the future overdraft 

reduction efforts necessary to achieve zero overdraft by 2025. However, 

this benefit accrues only to overdraft reduction by rights retirement 

since its influence on overdraft reduction is cumulative. The influence 

of conservation enforcement on overdraft reduction is not cumulative and 

does not generate these future benefits. 

Overdraft Reduction Options 

DWR's primary overdraft management consideration is GMA compliance. 

If zero groundwater overdraft cannot be achieved by conservation 

enforcement alone, as DWR's estimates suggest (figure 2-1), then rights 

retirement will be required. GMA compliance also requires maximum 

irrigation conservation by the year 2000. However, this requirement is 

relaxed in this analysis to examine conservation enforcement in a more 

general context. The questions to be resolved include whether or not 

conservation enforcement should be employed and whether rights retirement 

should be employed relatively early or late within period 2. Both of 

these questions are important to DWR's planning. Economic efficiency, as 

DWR's other overdraft management consideration, is used in this section to 

evaluate these questions. 

Three hypotheses are used to illustrate DWR's overdraft reduction 

options in light of the efficiency criterion. Then, the alternative 
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states of these hypotheses (true or false) are used to identify 

alternative efficient time paths of overdraft. These hypotheses are 

listed below. 

H1: The marginal cost of conservation enforcement exceeds marginal 
benefit at positive levels of overdraft reduction in period 1. 

H2: The marginal cost of conservation enforcement exceeds that of rights 
retirement at relevant levels of overdraft reduction in period 2. 

H3: Net benefits are negative at positive levels of overdraft reduction 
in period 2. 

Hypothesis H1 is illustrated in figure 2-6. If H1 is true, then 

conservation enforcement should not be employed in period 1. This would 

imply that overdraft reduction is not efficient in period 1 since 

conservation enforcement is the only policy tool the GMA provides in that 

period. If H1 is false, then either the marginal cost of conservation 

enforcement must be lower or the marginal benefit of overdraft reduction 

must be higher than that shown in figure 2-6. In this situation, 

conservation enforcement and overdraft reduction would be efficient in 

period 1. 

Hypothesis H2 is illustrated in figure 2-7. If H2 is true, then 

conservation enforcement should not be employed in period 2. Only rights 

retirement would be used to achieve zero overdraft by 2025. If H2 is 

false, then the marginal cost of conservation enforcement must be lower, 

or the marginal cost of rights retirement must be higher, or the marginal 

benefit of overdraft reduction must be higher than that shown in figure 

2-7. In this situation, a least cost combination of conservation 

enforcement and rights retirement would be used to reduce overdraft. 

Hypothesis H3 is illustrated in figure 2-8. If H3 is true, then 

present value maximization would favor the employment of rights retirement 

relatively late in period 2. This would clearly indicate that overdraft 

reduction is not a first best solution in the sense that all benefits and 
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costs are represented in the model. If H3 is false, then either total 

cost must be lower or total benefit must be higher than that shown in 

figure 2-8. In this situation, present value maximization would favor 

earlier rights retirement in period 2. In either case, unconstrained 

present value maximization is precluded by the requirements of GMA 

compliance. 

The structure of the problem outlined in this chapter has 

implications for one of the hypotheses, H2. This hypothesis may be true 

for three reasons. First, the resource cost of rights retirement could be 

less than that of conservation enforcement since effective conservation 

requires continual enforcement while rights are retired only once. 

Second, the foregone net income due to rights retirement could be 

less than that due to conservation enforcement. Consider a reduction of 

irrigation water use from Uo to U1 in figure 2-9. The foregone net income 

due to rights retirement for this reduction is the area ABC while that due 

to conservation enforcement for the same reduction is the area ABMCoMC1 • 

This difference occurs because rights retirement does not directly 

influence the marginal cost of water use whereas conservation enforcement 

does. A counter argument is that the additional foregone net income 

associated with conservation enforcement represents only a transfer of 

expected penalties from irrigators to DWR. However, this transfer would 

have no efficiency implications only if irrigators perfectly anticipate 

DWR's conservation enforcement capabilities, if all revenue collected by 

DWR in the form of expected penalties remains in the Phoenix AMA, and if 

DWR's productivity equals that of the irrigators. Hence, this 

consideration is at least a distributive issue if not an efficiency issue. 

Finally, the combined use of conservation enforcement and rights 

retirement exacerbates the difference in cost between the two policy 

tools. Given rights retirement, the marginal cost of water use must 
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increase by some positive increment before any water use reduction due to 

conservation enforcement could occur. For example, suppose rights 

retirement is used to reduce water use from Uo to U1 in figure 2-9. The 

marginal cost of water use is not directly affected and remains at MCo• 

Hence, this marginal cost must increase to MC1 before any subsequent water 

use reduction would be achieved by conservation enforcement. Given a 

continuing program of rights retirement, then, conservation enforcement 

would be continually "catching up" in order to affect any overdraft 

reduction at all. This is particularly significant in light of the 

necessity of rights retirement to achieve zero overdraft. 

These reasons suggest that rights retirement could achieve any 

overdraft reduction that conservation enforcement is capable of, and at a 

lower cost. DWR's efficiency considerations would then eliminate 

overdraft reduction by conservation enforcement when the alternative of 

rights retirement becomes available in period 2. 

Assuming the truth of hypothesis H2, alternative efficient time 

paths of overdraft obtain from the alternative states of the remaining two 

hypotheses. These alternatives are presented in table 2-1. For example, 

time path positive-late indicates positive conservation enforcement in 

period 1 and late rights retirement in period 2. This time path is 

implied by hypothesis H1 being false and hypotheses H2 and H3 being true. 

Other time paths have similar interpretations. 

The alternative time paths listed in table 2-1 are illustrated in 

figure 2-10. This figure illustrates the impact of DWR's management 

considerations on overdraft through time. All time paths achieve zero 

overdraft by 2025, reflecting DWR' s primary management consideration. The 

particular time path by which zero overdraft is achieved is determined by 

DWR's efficiency considerations. The earliest overdraft reduction, and 

the greatest groundwater savings, is achieved if conservation enforcement 
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and rights retirement produce positive net benefits in periods 1 and 2 

respectively. Such overdraft reduction would be desirable even without 

the mandate of the GMA. The latest overdraft reduction, and the least 

groundwater savings, is achieved if neither policy tool achieves positive 

net benefits. In this case, overdraft reduction is driven only by the 

requirement of the GMA to achieve zero overdraft. 

Summary 

The set of feasible overdraft time paths in the Phoenix AMA has been 

defined in this chapter. A time path is feasible if it lies within the 

region defined by the legal, physical, and economic constraints facing 

DWR. The legal constraints define the scope of DWR's policy tools, the 

physical constraints describe the relationship between irrigation water 

use and groundwater overdraft, and the economic constraints derive from 

the common property nature of groundwater. DWR's choice of a particular 

time path depends on its overdraft management considerations. GMA 

compliance is DWR' s primary overdraft management consideration. To 

satisfy the GMA, DWR must choose a time path from the feasible set that 

achieves zero overdraft by 2025. DWR makes this choice by allocating 

conservation enforcement and rights retirement. The costs and benefits 

associated with conservation enforcement and rights retirement are DWR's 

other overdraft management considerations. 

The costs of overdraft reduction include the resource costs and 

foregone net income resulting from conservation enforcement and rights 

retirement. Also included in these costs are the future effects of rights 

retirement on DWR's marginal productivity. Conservation enforcement does 

not directly affect DWR's marginal productivity since its influence on 

overdraft reduction is not cumulative. The benefits of overdraft 
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reduction include the reduction of overdraft costs. These costs are the 

increased groundwater pumping costs, land subsidence damage, and 

aggravated groundwater quality problems that are generally associated with 

groundwater overdraft. Future benefits of overdraft reduction exist by 

virtue of the GMA's requirement of zero overdraft by 2025. 

overdraft reduction facilitates a decrease in the future 

Current 

overdraft 

reduction necessary to achieve zero overdraft. This benefit accrues only 

to overdraft reduction by rights retirement since its influence on 

overdraft reduction is cumulative. 

The requirements of GMA compliance imply positive rights retirement 

in period 2 since conservation enforcement alone is unable to achieve zero 

overdraft. In order to demonstrate DWR's overdraft reduction options, 

three hypotheses with respect to the costs and benefits of overdraft 

reduction were proposed. These hypotheses were designed to evaluate 

whether or not conservation enforcement should be employed in periods 1 

and 2 and whether rights retirement should be employed relatively early or 

late within period 2. The structure of DWR's problem suggested the truth 

of one hypothesis: that rights retirement could achieve any overdraft 

reduction that conservation enforcement is capable of, and at a lower 

cost. The alternative states of the remaining two hypotheses then 

suggested alternative efficient time paths of overdraft. 

An overdraft reduction model based on the conceptual framework of 

this chapter is specified in the next chapter. The model is then analyzed 

to derive implications for DWR's overdraft management considerations. 



TABLE 2-1 
Alternative Efficient Time Paths of Overdraft 

Assuming the Truth of Hypothesis H2 

-----Hypothesis-----
H1 H3 
True True 
True False 
False True 
False False 

Time Path 
Zero-Late 
Zero-Early 
Positive-Late 
Positive-Early 
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CHAPTER 3 

OVERDRAFT REDUCTION MODEL 

Optimal Control Specification 

An overdraft reduction model is specified in this chapter from the 

conceptual framework of chapter 2. A methodology that is particularly 

well suited to analyze the qualitative characteristics of DWR's overdraft 

reduction problem is optimal control. In an optimal control 

specification, control is applied in order to achieve a desired state. A 

feasible control achieves the desired state from the initial state. If 

more than one feasible control exists, a criterion is employed to choose 

an optimal control. In DWR' s problem, conservation enforcement and rights 

retirement are employed to achieve overdraft reduction. As a consequence, 

groundwater savings and the overdraft reduction potentials of these policy 

tools are also influenced. It was suggested in chapter 2 that DWR applies 

the efficiency criterion (present value maximization) to discriminate 

among feasible controls. 

Conservation enforcement and rights retirement produce groundwater 

savings and overdraft reduction, respectively. Hence, the control 

variables for this problem are enforcement effort and retirement effort. 

The state variables are the overdraft reduction potentials of conservation 

enforcement and rights retirement, overdraft reduction by conservation 

enforcement and rights retirement, and groundwater savings. The following 

definitions are used in the overdraft reduction model. 



Define 

65 

t = Time; t=o at 1985 and t=40 at 2025 

P(t) Overdraft reduction potential of conservation 
enforcement 

Q(t) Overdraft reduction potential of rights retirement 

X(t) Overdraft reduction by conservation enforcement 

y(t) Overdraft reduction by rights retirement 

Z(t) Groundwater savings 

E(t) Enforcement effort 

R(t) Retirement effort 

B(Z) Current benefit of groundwater savings; dBjdZ>O, 
d 2BjdZ2s0 

C(E,R) = 

V(Z(40) ) 

F(E,P) 

G(R,Q) 

M(F,G,t) 

N(F,G,t) 

Cost of overdraft reduction; aCjaE>O, a2CjaE2~0, 
aCj aR>O, a2CjaR2~0 

Terminal value of groundwater savings; 
dvjdZ(40) >0 

Groundwater savings production by 
enforcement; aFjaE>O, a2FjaE2s0, 
F(E,P)sP(t), F(O,P)=O 

Overdraft reduction 
retirement; aGjaR>O, 
G(R,Q)sQ(t), G(O,Q)=O 

production 
a2GjaR2sO, 

conservation 
a2FjaEap~0, 

by rights 
a2Gj aRaQ~O, 

Change in overdraft reduction potential of 
conservation enforcement 

Change in overdraft reduction potential of 
rights retirement 

i Instantaneous discount rate 

The cost of overdraft reduction, C(E,R), includes only enforcement 

effort and retirement effort as arguments. Changes in effort would also 

be included as arguments if the adjustment costs of labor and capital 

augmentation were accounted for. For simplicity, however, these 

adjustment costs are ignored. 

The terminal value, V(Z(40)), accounts for all of the benefits of 

DWR's efforts that accrue after 2025. Groundwater savings is included as 

an argument since it reduces overdraft costs indefinitely. Overdraft 
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reduction by rights retirement could also be included as an argument since 

its influence potentially extends beyond 2025. The influence of rights 

retirement extends continuously through the time that the retired 

irrigated land would have otherwise left agricultural production. 

Irrigated land in the Phoenix AMA is currently leaving agricultural 

production due to a number of exogenous factors such as urban development. 

Moreover, estimates presented in chapter 5 indicate that all non-Indian 

irrigated land in the Phoenix AMA will leave agricultural production by 

the year 2100 regardless of DWR's efforts. Therefore, overdraft reduction 

by rights retirement is not included as an argument since its influence 

beyond 2025 is uncertain and limited. 

The functions F{E,P) and G{R,Q) are continuous time analogues of the 

discrete time production functions developed in chapter 2. And finally, 

F{E,P), G{R,Q), M{F,G,t), and N{F,G,t) are assumed to be net of the 

behavioral response to overdraft reduction. 

The dynamic behavior of a state variable is described by a 

differential equation called the state equation. The state equations for 

the overdraft reduction potentials of conservation enforcement and rights 

retirement are given below. 

dP/dt 

dQ/dt 

M{F,G,t) 

N{F,G,t) 

Groundwater savings is defined as the cumulative increase in the 

groundwater stock resulting from DWR's overdraft reduction efforts. 

Therefore, overdraft reduction is the change in groundwater savings. Both 

conservation enforcement and rights retirement influence these variables; 

however, their different production characteristics imply different 

dynamic relationships. Rights retirement reduces overdraft by permanently 

extinguishing the right to use water. Therefore, rights retirement 
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contributes to the cumulative level of overdraft reduction which, in turn, 

contributes to groundwater savings. Conservation enforcement, on the 

other hand, reduces overdraft by imposing an expected penalty on GMA 

violators. These violators can be expected to adjust their subjective 

detection probabilities given a change in DWR's enforcement efforts. 

Hence, conservation enforcement does not contribute to the cumulative 

level of overdraft reduction; rather, it contributes directly to 

groundwater savings. The following equations define these relationships. 

Max 

s.t. 

x(t) = F(E,P) 

dY/dt G(R,Q) 

dZ/dt X(t) + Y(t) 

DWR's overdraft reduction problem can be represented as follows. 

J:~B(Z)-C(E'R)]e-itdt + V(Z(40))e-i40 

dP/dt M(F,G,t) 

dQ/dt N(F,G,t) 

X(t) = F(E,P) 

dY/dt G(R,Q) 

dZ/dt X(t) + Y(t) 

P (0), Q(O), Y(o), Z (0) given 

E(t), R(t) :o!: 0 

This is the general overdraft reduction problem which represents 

choices that are unconstrained by the requirement for GMA compliance. 

However, GMA compliance is DWR' s primary overdraft management 

consideration. This consideration is accommodated by specifying the 

following additional constraints. 

dZ/dt :o!: ODN(t) at t=40 (2025) 
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X(t) = pet) for t=15 to 40 (2000 to 2025) 

Where OON(t) = No-conservation overdraft 

GMA compliance requires zero overdraft by 2025 and maximum irrigation 

conservation by 2000. The constraint on dzjdt assures zero overdraft by 

2025 while the constraint on X(t) assures maximum irrigation conservation 

by 2000. GMA compliance is simulated and analyzed in chapter 7. In this 

chapter, however, the analysis focuses on the general overdraft reduction 

problem. 

The analysis of this problem is facilitated by specifying the 

current-value Hamiltonian, H, which represents the total rate of change in 

net benefit along a particular time path of overdraft reduction (Clark 

1976) . 

H B(Z) - C(E,R) + AP(t)M(F,G,t) + AQ(t)N(F,G,t) 
+ AY (t) G (R, Q) + AZ (t) [F (E, p) +y (t) ] 

The contributions of the first two terms of H to the total rate of change 

in net benefit are straightforward. They are the current benefit of 

groundwater savings and the cost of overdraft reduction at time t. This 

cost accounts for the resource costs of enforcement effort and retirement 

effort and the resulting foregone net income. 

The remaining four terms of H deserve some explanation. These terms 

consist of a current-value adjoint variable, AP(t), AQ(t), AY(t), or AZ(t), 

multiplied by an associated state equation. A current-value adjoint 

variable at time t equals the current-value of a change in the objective 

function, evaluated from time t through the terminal time, resulting from 

a marginal change in the associated state variable at time t, assuming 

that an optimal program is followed (ibid.). Since an optimal program is 

followed, the objective function attains its optimal value subject to the 

constraints of the problem. In other words, the current-value adjoint 
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variable represents the value of all current and future effects resulting 

from a change in the associated state variable (i.e. shadow price) . 

An increase in the overdraft reduction potential of conservation 

enforcement increases DWR's marginal productivity through the terminal 

time. The increase in this potential is given by M(F,G,t) and AP(t) is the 

resulting marginal value. Therefore, AP(t)M(F,G,t) is the total value of 

this effect. A similar interpretation holds for rights retirement and 

AQ(t)N(F,G,t) . 

An increase in 

indefinitely. Both 

groundwater 

conservation 

savings reduces overdraft costs 

enforcement and rights retirement 

increase groundwater savings; however, the influence of rights retirement 

is continual while that of conservation enforcement is not. The increase 

in groundwater savings is given by [F (E, P) +y (t)] and AZ (t) is the resulting 

marginal value. Therefore, AZ(t) [F(E,P)+y(t)] is the total value of this 

effect. 

Overdraft reduction production by rights retirement reduces 

overdraft costs through its influence on groundwater savings. This 

influence extends continuously through the time that the retired irrigated 

land would have otherwise left agricultural production. Overdraft 

reduction production by rights retirement is given by G(R,Q) and AY(t) is 

the resulting marginal value. Therefore, AY(t)G(R,Q) is the total value 

of this effect. 

A major contribution to optimal control theory was made by L. S. 

Pontryagin with the development of the maximum principle (Clark 1976). 

The maximum principle constitutes a subset of the necessary conditions for 

optimality. This principle asserts that an optimal control must optimize 

the value of the Hamiltonian, subject to any control constraints, at each 

point in time from the initial time through the terminal time. Therefore, 

E(t) and R(t) are chosen to maximize H at each point in time from t=o to 



40. The following Kuhn-Tucker conditions are implied. 

oH/oE 

E(t) "' 0 

- oC/oE + AP(t) [oM/oF] [OF/OE] 
+ AO(t) [oN/OF] [oF/oE] 
+ AZ (t) [oF/oE] s 0 

E (t) [oH/OE] 0 

OH/OR - oC/oR + AP(t) [oM/oG] [oG/oR] 
+ AO(t) [oN/oG] [oG/oR] 
+ AY (t) [oG/ oR] s 0 

R(t) "' 0 

R(t) [oH/oR] 0 
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(3-1) 

(3-2) 

Retirement effort, R(t), is further constrained to equal zero prior to 

2006 since the GMA does not provide for this policy tool until 2006. 

Therefore, retirement effort could make a discrete jump from zero to some 

positive value at 2006. This presents no analytical problems since 

control variables must only be piecewise continuous (Clark 1976) . 

The following adjoint equations, 3-3 through 3-6, and 

transversality conditions, 3-7 through 3-10, are also necessary. 

dAP/dt - iAP (t) - oH/OP (3-3) 

dAo/dt - iAQ(t) - oH/oQ (3-4) 

dAY/dt - iAY(t) - OH/O¥ (3-5) 

dAz/dt - iAZ(t) - oH/OZ (3-6) 

AP(40) oV/oP 0 (3-7) 

AQ (40) oV/oQ 0 (3-8) 

AY(40) oV/oY 0 (3-9) 

AZ (40) oV/oZ > 0 (3-10) 

Finally, the problem constraints complete the set of necessary conditions. 

The necessary conditions are also sufficient for optimality if the 

problem's objective function and state equations are jointly concave in 
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the state and control variables (Kamien and Schwartz 1981). 

An examination of the necessary conditions provides more precise and 

meaningful interpretations of the current-value adjoint variables. The 

interpretation of AP(t) is developed first. 

(3-1), E (t) >0 

- AP(t) [c3M/c3F] [c3F/c3P] 
- AQ(t) [c3N/c3F] [c3F/c3P] 
- AZ(t) [c3F/c3P] 

- rc3F/c3p] rc3C/c3E] 
c3F/c3E 

- rc3F/c3P] rc3C/c3E] e-it 
c3F/c3E 

fundamental 
theorem of 
integral 
calculus 

J
40 

rc3F/c3P] rc3C/c3E] e-iudu 
c3F/c3E 

t 

(3-11) 

<!: 0 

Note that [c3C/c3E]/[c3F/c3E] is the marginal cost of groundwater savings 

production by conservation enforcement and that c3F / c3P is the marginal 

product of the overdraft reduction potential of conservation enforcement. 

Then, [c3F/c3P] [c3C/c3E]/[c3F/c3E] is the cost savings obtained from a marginal 

increase in the overdraft reduction potential of conservation enforcement. 

An increase in potential increases marginal productivity through the 

terminal time. Therefore, the present value of [c3F/c3P] [c3C/c3E]/[c3F/c3E] is 

summed through the terminal time in equation 3-11 to obtain the present 

value of the current and future effects of a marginal increase in the 

overdraft reduction potential of conservation enforcement. Also note that 

c3F/c3p is non-negative since c3 2F/c3Ec3P is non-negative. This and the 

positive signs of the other partial derivatives involved imply that 

rc3F/c3P] rc3C/c3E]/[c3F/c3E] is non-negative. Thus, AP(t) is non-negative. 
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The interpretation of AO(t) is developed in a parallel fashion. 

(3-2), R(t) >0 ~ 

~ 

(3-8) 

- AP(t) [OM/OG] [OG/oQ] 
- AO(t) [ON/oG] [oG/oQ] 
- AY(t) [OG/oQ] 

- roGtoG] roctoR] 
OG/oR 

- rOGtoG] roctoR] e-it 
oG/OR 

J

40 
roGtoo) roctoR] e-iudu 

OG/OR 
t 

.. 0 

(3-12) 

The quantity [OG/oQ] [OC/OR]/[OG/OR] is the cost savings obtained from a 

marginal increase in the overdraft reduction potential of rights 

retirement. Its present value is summed through the terminal time in 

equation 3-12 to obtain the present value of the current and future 

effects of a marginal increase in potential. The partial derivative oG/oQ 

is non-negative since 02G/OROQ is non-negative. This and the positive 

signs of the other partial derivatives involved imply that 

[OG/oQ] [oC/OR]/[OG/OR] and AO(t) are non-negative. 

The interpretation of AZ(t) is developed next. 

(3-6) - OB/OZ 

J

40 
dAz (u) e-iudu + [oV/oZ] e-i40 

du 
t 

J4t~OB/oZ]e-iUdU + [oV/oZ]e-i40 
(3-l3) 
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> o 

Groundwater savings production by conservation enforcement reduces 

overdraft costs indefinitely. The partial derivative aB/az is the current 

marginal benefit of groundwater savings accruing through 2025 and av/az is 

the terminal marginal benefit of groundwater savings accruing after 2025. 

Therefore, the present value of aB/az is summed through the terminal time 

and added to the present value of ov/az in equation 3-13 to obtain the 

present value of the marginal benefit of groundwater savings production by 

conservation enforcement. 

Finally, the interpretation of AV(t) is developed. 

(3-5) 

(3-9) 

(3-14) 

> 0 

The adjoint variable AZ(t) is the marginal benefit of groundwater savings. 

Overdraft reduction production by rights retirement contributes to 

groundwater savings continuously through the time that the retired 

irrigated land would have otherwise left agricultural production. The 

extent of this influence beyond 2025 is uncertain and limited. Therefore, 

the present value of AZ(t) is summed through the terminal time in equation 

3-14 to obtain the present value of the marginal benefit of overdraft 

reduction production by rights retirement. 

These interpretations facilitate a discussion of the maximum 

principal. Enforcement effort may be employed at any time from 1985 
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through 2025. If the optimal level of effort is positive during this 

period, then equations 3-1 collectively imply the following condition. 

(3-15) 

The first term on the left hand side of equation 3-15 is the marginal 

benefit of groundwater savings production by conservation enforcement, as 

discussed in the interpretation of AZ(t). The second and third terms on 

the left hand side are the indirect marginal benefits associated with the 

behavioral response to overdraft reduction. This response, discussed in 

chapter 2, increases the overdraft reduction potentials of conservation 

enforcement and rights retirement and thereby increases DWR's marginal 

productivity. Conservation enforcement does not directly decrease its own 

overdraft reduction potential since violators can be expected to adjust 

their subjective detection probabilities given a change in DWR's 

enforcement efforts. Therefore, oM/oF and oN/oF are both positive. The 

right hand side of equation 3-15 is the marginal cost of this policy tool, 

accounting for the resource cost of enforcement effort and the resulting 

foregone net income. 

Retirement effort may be employed at any time from 2006 through 

2025. If the optimal level of effort is positive during this period, then 

equations 3-2 collectively imply the following condition. 

[OC/OR] / [oG/oR] 
(3-16) 

The first term on the left hand side of equation 3-16 is the marginal 

benefit of overdraft reduction production by rights retirement, as 

discussed in the interpretation of AY(t). The second and third terms on 

the left hand side are indirect marginal benefits similar to those in 

equation 3-15. However, rights retirement directly decreases its own 
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overdraft reduction potential since it permanently extinguishes the right 

to use water. Therefore, oM/oG is positive while ON/oG may be negative. 

The right hand side of equation 3-16 is the marginal cost of this policy 

tool, accounting for the resource cost of retirement effort and the 

resulting foregone net income. 

The maximum principle merely requires marginal benefit to equal 

marginal cost for positive conservation enforcement and rights retirement, 

individually. If these two policy tools have identical marginal benefits, 

then an optimal combination requires equal marginal costs. However, the 

marginal benefits in equations 3-15 and 3-16 are not directly comparable 

since conservation enforcement produces groundwater savings while rights 

retirement produces overdraft reduction. Equation 3-14 implies that 

continual conservation enforcement through the terminal time is required 

to generate the identical marginal benefit as rights retirement at a point 

in time. Hence, an optimal combination requires that the present value of 

the sum of all marginal costs of conservation enforcement through the 

terminal time must equal the present value of the marginal cost of rights 

retirement at a point in time. 

This dynamic equimarginal condition implies that a later combination 

of conservation enforcement and rights retirement is more likely to be 

efficient than an earlier combination. For example, such a combination 

could be employed just before 2025 or not at all, relying solely on rights 

retirement instead. Therefore, the production characteristics of the 

policy tools provided by the GMA present DWR with an inherent conflict 

between its two overdraft management considerations: compliance and 

efficiency. GMA compliance requires zero overdraft by 2025 and maximum 

irrigation conservation by 2000. The discussion of overdraft reduction 

potential in chapter 2 indicated that zero overdraft can not be achieved 

by conservation enforcement alone. Hence, GMA compliance requires a 
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combination of policy tools at some point in time. Of course, this 

combination could be delayed by postponing rights retirement to just 

before 2025. But a more compelling question is whether conservation 

enforcement should be employed at all. It is possible that rights 

retirement could be employed to achieve the same overdraft reductions as 

continual maximum conservation enforcement, and at a lower cost. 

Two definitions of GMA compliance are simulated in chapter 7 to 

investigate this possibility. "Strong" compliance requires zero overdraft 

by 2025 and maximum irrigation conservation by 2000. "Weak" compliance, 

on the other hand, requires only zero overdraft by 2025. These 

simulations may suggest changes for the GMA. 

Summary 

An overdraft reduction model was specified in this chapter from the 

conceptual framework of chapter 2. An optimal control specification was 

employed to determine the necessary conditions for efficiency. These 

necessary conditions imply that DWR faces an inherent conflict between its 

two overdraft management considerations of compliance and efficiency. 

This conflict focuses the study on the appropriate use of conservation 

enforcement. Two definitions of compliance will facilitate a further 

examination of this issue. Strong compliance requires zero overdraft by 

2025 and maximum irrigation conservation by 2000, while weak compliance 

requires only zero overdraft by 2025. Simulation of these two levels of 

compliance will indicate the opportunity cost of the maximum irrigation 

conservation requirement. 

The next step in this study is to estimate the costs and benefits of 

overdraft management in the Phoenix AMA. 
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CHAPTER 4 

OVERDRAFT REDUCTION BENEFITS 

Groundwater overdraft and the corresponding decline in groundwater 

levels generally impose certain costs on society. These costs include 

increased groundwater pumping cost, land subsidence damage, and aggravated 

groundwater quality problems. Hence, any efforts that reduce these 

overdraft costs would thereby benefit society. In this chapter, each of 

these overdraft phenomena are physically described; then, evidence of the 

resulting economic cost is presented in order to arrive at the indicated 

benefit of overdraft reduction. Finally, the benefits of a given program 

of overdraft reduction are calculated as an example. 

Increased Groundwater Pumping Cost 

Bush and Martin (1986) describe the increases in groundwater pumping 

cost as the most significant effect of groundwater overdraft in Arizona. 

As more groundwater is withdrawn from an aquifer than is recharged, the 

resulting decline of the groundwater level forces users to pump 

groundwater from increasing depths. While the Phoenix AMA has not 

suffered the most severe groundwater level declines in Arizona, 

significant declines have occurred. Schumann and Genualdi (1986) report 

cumulative groundwater level declines exceeding 300 feet within the 

Phoenix AMA. These groundwater level declines are shown in figure 4-1. 

The most severe declines, in excess of 500 feet, have occurred near 

Stanfield in western Pinal county, outside the Phoenix AMA. 



78 

Several factors affect groundwater pumping cost. The most important 

of these factors to this study are the increased fixed and variable 

pumping costs incurred as the depth from which groundwater must be pumped 

increases. Additional factors such as changes in technology and prices 

also affect groundwater pumping cost. Bush and Martin (1986) point out 

that technological improvements during the first several decades of this 

century significantly reduced pumping cost, even as the rate of 

groundwater level decline was increasing. However, most of these 

additional factors are beyond the scope of this study. Therefore, all 

factors affecting groundwater pumping cost except the increased fixed and 

variable pumping costs associated with increased pumping lifts are held 

fixed in this study. Changes in the price of energy are addressed since 

energy constitutes a significant portion of variable pumping cost. 

Bush and Martin (1986) provide a detailed analysis of groundwater 

pumping cost in Arizona. In this analysis, variable pumping cost has two 

components: energy and maintenance. To simplify the analysis, only 

electric pumps are analyzed in this study; such pumps constitute 80 

percent of all irrigation groundwater pumps in Arizona (Irrigation Journal 

1.991). A pump operating at 100 percent efficiency requires 1.024 kilowatt 

hours of electricity to lift one acre foot of water one foot (Wade and 

Farr 1990). Evans (1990) notes that typical pump efficiencies in the 

Phoenix AMA are around 72.5 percent. This efficiency implies an 

electrical requirement of 1.4124 kilowatt hours (1..024 divided by 0.725). 

Hence, 1.4124 times the unit cost of electricity yields the energy cost to 

lift one acre foot of groundwater one foot, given a 72.5 percent average 

pump efficiency. 

The Energy Information Administration of the U. S. Department of 

Energy (1985; 1989) reports the average nominal price of electricity by 

state and economic sector. Annual percentage changes in the average real 
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price of electricity for all Arizona electricity users are presented in 

figure 4-2 for the years 1970 through 1987. The GNP implicit price 

deflator was used to index average nominal prices (Council of Economic 

Advisers 1991). Because there is no obvious trend, the null hypothesis 

that the average percentage change equals zero was tested against the 

alternative hypothesis of a non-zero average percentage change. This test 

failed to reject the null hypothesis at the .1 level of significance (i.e. 

type I error). Only at the .2 level of significance was the null 

hypothesis rejected in favor of the alternative. However, a 20 percent 

chance of erroneously deciding in favor of the incorrect hypothesis was 

considered unacceptably high. 

To further investigate the behavior of real energy prices, the 

consumer price index for energy was obtained for the years 1957 through 

1989 (Council of Economic Advisers 1991). Annual percentage changes in 

the deflated consumer price index for energy are shown in figure 4-3. 

Once again, the null hypothesis that the average percentage change equals 

zero was tested against the alternative hypothesis of a non-zero average 

percentage change. This test failed to reject the null hypothesis at the 

.2 level of significance. Therefore, it was concluded that the average 

percentage change in average real energy prices is not significantly 

different from zero. 

The average price of electricity in Arizona was $0.074 per kilowatt 

hour in 1985 (Energy Information Administration 1989). The 72.5 percent 

average pump efficiency then implies an average energy cost to pump 

groundwater equal to $0.1045 per acre foot of water per foot of lift 

($/AF/Ft). This cost is assumed to remain constant through time. 

The second component of variable pumping cost, maintenance, has been 

estimated by Hathorn and Farr (1985) as $0.01201/AF/Ft in 1985. This cost 

is also assumed to remain constant through time. Combining the energy and 
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maintenance costs together, the variable cost to pump groundwater is 

estimated as $0.1165/AF/Ft in constant 1985 dollars. 

Bush and Martin (1986) estimate the increased fixed pumping cost 

resulting from overdraft as $0. 016/AF/Ft in 1984. In constant 1985 

dollars, the real increased fixed pumping cost is $0.0165/AF/Ft. This 

cost accounts for the additional piping, tubing, and bowls that must be 

installed on the well as the groundwater level declines. 

The increased total cost incurred when the groundwater level 

declines, then, equals the sum of the increased variable and fixed costs, 

or $0.133/AF/Ft in constant 1985 dollars. This is the unit marginal 

pumping cost due to overdraft at a point in time. The marginal pumping 

cost due to overdraft is obtained by multiplying the unit marginal pumping 

cost by the groundwater decline. It is important to note that groundwater 

declines are cumulative over time. Consider the following discrete time 

representation of a changing groundwater level. Suppose that withdrawals 

occur at the beginning of each time period; then, the resulting change in 

the groundwater level during the period determines the groundwater level 

at the end of the period. Hence, withdrawals at the beginning of a time 

period are pumped from the groundwater level existing at the end of the 

previous period. In the following notation, summation indices are 

indicated as subscripts on the summation signs. 

Let 

Then 

Wt = Groundwater withdrawn at the beginning of period t 

dL t = Groundwater level change during period t 

Lt = Groundwater level at the end of period t 

Lt+l L t + dLt+l 

Lt+2 Lt+l + dLt+2 

L t + dLt+l + dLt+2 

Lt+3 Lt+2 + dLt +3 

Lt + dLt+l + dLt+2 + dLt +3 
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Therefore, a current decrease in the groundwater level implies a future 

stream of increased pumping costs. One implication of this process is 

that the marginal pumping cost due to overdraft is cumulative over time. 

Let 

Then 

c P = Unit marginal pumping cost due to overdraft 

Marginal pumping cost in period j due to 
overdraft since period t, for k=t to j-1 

The total pumping cost due to overdraft is obtained by multiplying the 

marginal pumping cost by the amount of groundwater withdrawn. 

Total pumping cost in period j due to overdraft 
since period t, for k=t to j-1 

The benefit of an overdraft reduction program is the resulting 

reduction in overdraft costs. The following comparison of pumping costs 

with and without the program gives one component of this benefit. 

Let 

Then 

Groundwater withdrawal without the program 

W1t Groundwater withdrawal with the program 

LOt Groundwater level without the program 

L1t Groundwater level with the program 

c P [WOjEkdLOk - W1 jEkdL1kl, for k=t to j-1 (4-1) 

Total pumping cost reduction in period j due to 
overdraft reductions since period t 

The benefits of the overdraft reduction program do not end when the 

program ends. The accumulated groundwater savings at the end of the 

program will continue to benefit groundwater users into the future. 

Let i Periodic discount rate 
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CPWjEk [dLOk - dL1k ] 

Ej , for j ~T and k=t to T-1 
[1+i] j-T 

(4-2) 

Discounted sum of future pumping cost reductions due to 
overdraft reductions from period t to period T-1 

The pumping cost component of the overdraft reduction benefit, then, is 

represented by the present value of all current pumping cost reductions in 

equation 4-1 plus that of the future pumping cost reductions in equation 

4-2. 

Land Subsidence Damage 

Little information is available concerning land subsidence damage in 

Arizona. In fact, the only economic analysis available on the subject is 

by McCauley (1973). McCauley provides a detailed description of the 

physical phenomenon of land subsidence. Two different types are 

described. Deep subsidence is caused by the de-watering of an aquifer 

(i.e. groundwater overdraft). As the groundwater level declines, changes 

in the buoyant support of individual particles within the aquifer result 

in compaction of the de-watered zone. There are two general consequences 

of deep subsidence. First, cracks or fissures in the earth occur in areas 

of differential compaction. Differential compaction typically occurs near 

exposed mountains or buried "hills" in the bedrock underlying the aquifer 

where the depth of the de-watered zone varies (Pewe and Larson 1982). 

Schumann and Genualdi (1986) provide a map indicating the location of 

earth fissures in southern Arizona. This information is presented in 

figure 4-4. The second consequence of deep subsidence is the gradual 

sinking of the earth's surface. Schumann and Genualdi (1986) report a 140 

square mile area near Luke Air Force Base and a 230 square mile area near 

Queen Creek, both in the Phoenix AMA, have each subsided more than 3 feet 
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by 1977. The greatest occurrences of subsidence reported by Schumann and 

Genualdi are a 425 square mile area near Stanfield that has subsided 11.8 

feet by 1977 and a 675 square mile area near Eloy that has subsided 12.5 

feet by 1977. Both Stanfield and Eloy are in western Pinal County, 

outside the Phoenix AMA. 

An alternative type of land subsidence, near-surface subsidence, is 

not related to groundwater overdraft (McCauley 1973). This type of 

subsidence results from the percolation of water through a previously un-

wetted zone. 

supporting 

As water percolates through an un-wetted zone, clay bonds 

the voids between particles are weakened and compaction 

results. The amount of damage resulting from near-surface subsidence 

depends on local moisture conditions and the amount and type of clay 

present in the soil. Thus, near-surface subsidence damage is not related 

to groundwater overdraft per se. McCauley notes that much of the 

subsidence damage inventoried in his study is consistent with near-surface 

subsidence. However, since it is difficult to differentiate between 

damage caused by deep subsidence and near-surface subsidence, McCauley 

attributed all subsidence damage in his study to deep subsidence. 

Therefore, McCauley's estimate of subsidence damage resulting from 

groundwater overdraft may be biased upward. 

McCauley's study area is western Pinal County. This area has 

experienced some of the most severe groundwater overdraft conditions in 

Arizona and is noted for the severity of its subsidence problems (Alger 

1982; Bush and Martin 1986). McCauley inventoried all subsidence damage 

to agricultural fields and facilities, transportation facilities, and 

domestic and urban structures. The estimated annual cost of subsidence 

damage in western Pinal County is presented in table 4-1. Notice that 

these estimates show no subsidence damage for domestic and urban 

structures. According to McCauley, there was no evidence to suggest that 
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deep subsidence was responsible for any damage to these structures. 

Interviews with engineers and builders indicated that most cracking and 

settling of buildings is due to normal post-construction reactions or poor 

site preparation. Further, these experts indicated that most of the 

problems could be avoided by proper construction techniques. Therefore, 

McCauley's estimates show no subsidence damage for domestic and urban 

structures. 

The only other study to estimate the cost of land subsidence damage 

in Arizona is Pewe and Larson (1982). Pewe and Larson report the 

occurrence of a fissure 400 feet long with hairline cracks, small holes, 

and a linear opening 15 feet long, 8 feet deep, and 15 inches wide in 

Phoenix near 40th Street and Lupine Avenue on January 19, 1980. This was 

the first known occurrence of a fissure in a densely populated, urban area 

within Arizona. This fissure occurred on a property that was currently 

being developed. The temporary halting of construction, modification of 

building plans, hiring of consultants, and other expenses were estimated 

to cost $500,000. The authors report that a reopening of the fissure is 

probable. However, since the local aquifer had been essentially de

watered, compaction and fissuring could cease at some point in the future. 

McCauley's estimate was used in this study as the basis for a land 

subsidence damage cost estimate in the Phoenix AMA. The use of this 

estimate was considered justified for the following two reasons. First, 

McCauley represents the only comprehensive study to quantify land 

subsidence damage in Arizona. Second, the severity of land subsidence 

damage in Arizona is exemplified by McCauley's study area. In order to 

arrive at a land subsidence damage cost estimate for the present study, 

the only other available cost information, Pewe and Larson, was 

incorporated with McCauley's estimate. An assumption about the future 

occurrence of urban land subsidence damage in the Phoenix AMA must be made 
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to combine Pewe and Larson's estimate with McCauley's estimate. It was 

assumed that urban land subsidence damage similar to that reported by Pewe 

and Larson will occur annually in the future. 

The combined land subsidence damage cost estimate is presented in 

table 4-2. In constant 1985 dollars, land subsidence damage is estimated 

to cost $O.2955/AF/Ft. The estimate is expressed in terms of AF of 

groundwater withdrawn for comparability between different areas, as in 

Bush and Martin (1986). This is the unit marginal subsidence cost due to 

overdraft at a point in time. The marginal subsidence cost due to 

overdraft is obtained by mUltiplying the unit marginal subsidence cost by 

the groundwater decline. It is assumed that this subsidence damage occurs 

at the beginning of the time period following the groundwater level 

decline. There is no evidence to suggest that this marginal cost is 

cumulative over time. 

Let 

Then 

CS = Unit marginal subsidence cost due to overdraft 

cSdLt_1 Marginal subsidence cost in period t due to 
overdraft in period t-1 

cSWtdLt_1 Total subsidence cost in period t due to 
overdraft in period t-1 

CS [WOtdLOt_1 - W1tdL1t_1 ] (4-3) 

Total subsidence cost reduction in period t due to 
overdraft reduction in period t-1 

The subsidence cost component of the overdraft reduction benefit is 

represented by the present value of all current subsidence cost reductions 

in equation 4-3. 

Aggravated Groundwater Quality Problems 

The degradation of groundwater quality associated with groundwater 

overdraft is generally the result of three mechanisms of water movement 
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(Arizona Water Commission 1975). First, poor quality groundwater may 

migrate into areas of higher quality as groundwater pumping changes the 

natural flow pattern within the aquifer. Second, the use and subsequent 

recharge of poor quality water may pollute higher quality groundwater. 

Finally, poor quality groundwater from deeper levels of the aquifer may be 

increasingly used as pumping de-waters the higher quality levels. 

Improvements in groundwater quality are probably due to a reversal of the 

third mechanism (ibid.). As an example of this reversal, Bush and Martin 

(1986) cite the president of an irrigation district within the Phoenix AMA 

who indicated that some of the poorest quality water used for irrigation 

comes from the shallowest wells. 

The concentration of total dissolved solids (TDS) is a general 

indicator of water quality (Arizona Department of Water Resources 1988) . 

Components of TDS include inorganic compounds such as calcium, magnesium, 

sodium, sulfate, bicarbonate, chloride, and silica. A map showing the 

distribution of TDS concentrations in groundwater for the Phoenix AMA is 

presented in figure 4-5. Concentrations of TDS within this area rise as 

high as 3,500 milligrams per liter (mg/l) (ibid.). The U.S. Public Health 

Service recommends a maximum of 500 mg/l for domestic water supplies 

(Arizona Water Commission 1975). For irrigation use, TDS concentrations 

greater than 1,500 mg/l are acceptable if special management practices are 

used or salt resistant crops are grown; however, concentrations over 3,000 

mg/l are generally unsuitable (Arizona Department of Water Resources 

1988). For livestock use, TDS concentrations less than 2,500 mg/l are 

considered satisfactory (ibid.). 

Figure 4-5 presents only a static indication of groundwater quality. 

Some indication of the change in groundwater quality is necessary in order 

to draw inferences with respect to the benefits of overdraft reduction. 

The Arizona Water Commission (1975) reports the average TDS concentration 
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for the Salt River basin equal to 1,138 mg/l in 1946 and 1,120 mg/l in 

1965. The Salt River basin has contributed 97 percent of all groundwater 

withdrawals in the Phoenix AMA from 1915 to 1984 (Arizona Department of 

Water Resources 1988). Therefore, the decline in average TDS 

concentration within the Salt River basin indicates an improvement in 

groundwater quality for the Phoenix AMA overall. 

Groundwater quality data for all wells monitored by the u.S. 

Geological Survey (1990) in the Salt River Basin from 1960 to 1980 were 

obtained to confirm the indicated improvement in groundwater quality. 

This data is the measured specific conductance of groundwater for each 

monitored well in units of micromhos per centimeter. Specific conductance 

measures the ability of water to conduct an electrical current and is a 

measure of TDS concentration (U. S. Geological Survey 1982). Specific 

conductance was used to estimate TDS in this analysis because little 

measured TDS data are available. Measured TDS and specific conductance 

data for 1980 were used for the estimation because of the large number of 

observations available for that year; all data were provided by the U.S. 

Geological Survey (ibid.). Linear and quadratic relationships were 

hypothesized. The ordinary least squares estimates of these relationships 

are presented in table 4-3. The quadratic relationship without an 

intercept was chosen as the estimating relationship for the analysis based 

on the significance of individual parameters and on the level of explained 

variance. All parameters in this relationship are significant at the 0.01 

level of significance. 

The estimated rate of change in TDS concentration was calculated for 

each well with two or more years of data. Out of 199 such wells, 89 had 

positive rates of change while 110 had negative rates of change. The 

average rate of change for all 199 wells was -36.05 mg/l per year. The 

null hypothesis that the average rate of change equals zero was tested 
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against the alternative hypothesis of a negative average rate of change. 

This test rejected the null hypothesis at the .005 level of significance. 

Once again, an improvement in groundwater quality is indicated for the 

Phoenix AMA overall. The Arizona Department of Water Resources (1988) 

suggests two possible explanations. First, the urbanization of 

agricultural land has reduced the movement of salts within the aquifer by 

reducing irrigation. Second, newer wells perforate the aquifer at greater 

depths, where groundwater may have lower TDS concentrations. 

While TDS is a general indication of groundwater quality, it is not 

a final measure of acceptability for specific water uses (Arizona 

Department of Water Resources 1988). Individual constituent components of 

TDS have different implications for different water uses. For example, 

sulfate concentrations above 250 mg/l degrade residential water use due to 

taste considerations and a laxative effect on people not accustomed to the 

water, while concentrations below 600 mg/l do not limit irrigation water 

use and concentrations below 500 mg/l do not limit livestock water use 

(ibid.) . Due to the complexity of these groundwater quality issues as 

well as the indications of decreasing TDS concentrations in the presence 

of a continuing groundwater overdraft, no overdraft cost with respect to 

groundwater quality was included in this study. 

Overdraft Reduction Benefit Example 

The estimated benefits of a given overdraft reduction program are 

calculated in this section as an example. An interesting case is that of 

perfect compliance with all irrigation conservation measures. Perfect 

compliance reduces overdraft from the no-conservation time path to the 

max-conservation time path. Estimates of max-conservation overdraft are 

provided by DWR (Arizona Department of Water Resources 1988). Evans 
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(1990) estimates the overdraft reductions due to perfect compliance in the 

Phoenix AMA by simulating the profit maximizing behavior of irrigators in 

response to the irrigation conservation measures. Ordinary least squares 

regression was used to obtain continuous estimates of max-conservation 

overdraft and Evans' overdraft reduction. The two estimates were then 

added to obtain estimates of no-conservation overdraft. These estimates 

are presented in table 4-4 and illustrated in figure 4-6. 

Notice that the no-conservation time path of overdraft eventually 

drops below the max-conservation time path in figure 4-6. This phenomenon 

is presumably caused by the behavioral response of irrigators to overdraft 

reduction. Imposition of the irrigation conservation measures initially 

reduces overdraft, and the groundwater level decline, below otherwise 

higher levels. The resulting lower marginal pumping costs then provide 

incentives for irrigators to increase withdrawals. Hence, the estimates 

illustrated in figure 4-6 suggest that the effects of the lower marginal 

pumping costs eventually dominate the effects of the irrigation 

conservation measures, causing the no-conservation time path to drop below 

the max-conservation time path. The validity of this suggestion is 

examined in chapter s. However, for the present time, these estimates 

provide an interesting example. 

The estimated max-conservation and no-conservation time paths of 

overdraft provide only part of the information required to calculate 

overdraft costs. Also required are estimates of total withdrawal. Total 

withdrawal in the max-conservation scenario equals overdraft plus 

recharge, as estimated by DWR (Arizona Department of Water Resources 

1988). The difference in total withdrawal between the two conservation 

scenarios equals the difference in irrigation withdrawal. The difference 

in irrigation withdrawal, in turn, is a function of the levels of 

overdraft and the irrigation incidental recharge rates in both 
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conservation scenarios. Consider the following framework. 

Let 

Then 

ODM 

ODN 

WM 

WN 

DM 

DN 

rM 

r N 

Max-conservation overdraft 

No-conservation overdraft 

Max-conservation irrigation withdrawal 

No-conservation irrigation withdrawal 

Max-conservation irrigation non-ground water diversion 

No-conservation irrigation non-ground water diversion 

Max-conservation irrigation incidental recharge rate 

No-conservation irrigation incidental recharge rate 

K = Exogenous component of overdraft 

The exogenous component of overdraft, K, accounts for all the determinants 

of overdraft held fixed in this study such as 

non-irrigation water use and natural groundwater recharge. The difference 

in overdraft, ODN 
- ODM, is the overdraft reduction achieved by irrigation 

conservation. The irrigation incidental recharge rate for the no-

conservation scenario is estimated by DWR as 32 percent and that for the 

max-conservation scenario as 12 percent (Arizona Department of Water 

Resources 1988). DWR also estimates that groundwater withdrawal comprises 

52 percent of all irrigation water use (ibid.). This ratio and DWR's 

estimate of irrigation water use (ibid.) yield max-conservation irrigation 

withdrawal. Similarly, the complement of this ratio (48 percent) and 

DWR's estimate of irrigation water use yield max-conservation irrigation 

non-ground water diversion. 

The problem is that no-conservation irrigation non-ground water 
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diversion is unknown. In the Phoenix AMA, these diversions have 

significantly lower marginal costs than irrigation groundwater withdrawal. 

Therefore, the profit maximizer will reduce non-ground water diversions as 

a last resort in response to irrigation conservation. Additionally, DWR 

actively encourages the full utilization of non-ground water sources 

(Arizona Revised Statutes, sections 45-514.A, 45-514.C, 45-515.A, 

45-515. C, and 45-576 .D) . Hence, it is assumed that non-groundwater 

diversions remain unchanged between the max-conservation and no

conservation scenarios. Thus, the following formula for no-conservation 

irrigation withdrawal was obtained. 

No-conservation irrigation withdrawal was calculated as above and 

the estimated difference in irrigation withdrawal was added to max

conservation total withdrawal to obtain estimates of no-conservation total 

withdrawal. The estimates of these time paths of withdrawal are presented 

in table 4-4. 

At this point, estimates of overdraft and withdrawal have been 

obtained from 1985 to 2025. Also required are estimates of withdrawal 

beyond 2025. For simplicity, a constant annual withdrawal is desired to 

represent all withdrawals beyond 2025. The estimate of no-conservation 

withdrawal at 2025 is 979,011 AF (table 4-4). This estimate is relevant 

since all conservation efforts associated with the overdraft reduction 

program will end at 2025. However, if DWR achieves zero overdraft, an 

adjustment must be made to account for rights retirement. This adjustment 

depends on the level of overdraft at 2025 and the incidental recharge 

rate. The incidental recharge rate is the proportion of water use that 

eventually percolates into the aquifer to become available for reuse. 

Hence, rights retirement will reduce withdrawal by the level of overdraft 
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at 2025 divided by 1 minus the incidental recharge rate. 

The level of overdraft at 2025 and the incidental recharge rate 

depend on the level of conservation enforcement. The estimates of 

overdraft at 2025 in the no-conservation and max-conservation scenarios 

are 383,061 AF and 457,019 AF, respectively (table 4-4). DWR estimates 

the irrigation incidental recharge rate for the no-conservation and max

conservation scenarios as 0.32 and 0.12, respectively (Arizona Department 

of Water Resources 1988). Hence, rights retirement will reduce withdrawal 

by 563,325 AF and 519,340 AF in the no-conservation and max-conservation 

scenarios, respectively. The indicated withdrawal levels for the no-

conservation and max-conservation scenarios are 415,686 AF and 459,671 AF, 

respectively. The smaller of these two levels, 415,686 AF, is taken as 

the lower bound of the constant annual withdrawal beyond 2025. 

Sensitivity analysis is used to account for the uncertainty in the upper 

bound of future withdrawals. Nevertheless, the significance of any errors 

introduced by this procedure is diminished by the 40 year discounting 

period. 

The use of a constant annual withdrawal to represent all withdrawals 

beyond 2025 greatly simplifies the future pumping cost reductions 

described in equation 4-2. An infinite time horizon is assumed. 

Let 

Then 

FW = Constant annual withdrawal beyond 2025 

CPFWEk [dLOk - dL1k ] 

------------------, for k=1985 to 2024 (4-4) 
i 

Discounted sum of future pumping cost reductions due to 
overdraft reductions from 1985 to 2024 

The calculated benefits of the overdraft reductions estimated by 

Evans are presented in table 4-5. The annual discount rate was 3 percent. 

See appendix B for a discussion of this rate. Groundwater level declines 

were calculated using an average overdraft to groundwater level decline 
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ratio of 230,000 AF/Ft (Arizona Department of Water Resources ~988). The 

current overdraft reduction benefit listed for each year is the sum of the 

pumping cost and subsidence cost reductions described by equations 4-~ and 

4-3, respectively. For example, overdraft was reduced by 50,346 AF in the 

year 2000. As a result, overdraft costs in the Phoenix AMA were reduced 

by $2,~26,36~ in that year. The sum of all overdraft reductions is the 

groundwater savings of the overdraft reduction program, given at the 

bottom of the table. The terminal value of benefits is the discounted sum 

of the future pumping cost reductions described by equation 4-4. This 

terminal value assumes a constant annual withdrawal beyond 2025 equal to 

4~5,686 AF. The present value of benefits accounts for all current and 

future benefits of the overdraft reduction program. 

These benefits were recalculated using a constant annual withdrawal 

two and three times greater than the 4~5,686 AF used for table 4-5. This 

exercise did not affect the current overdraft reduction benefits, only the 

terminal value and present value of benefits listed at the bottom of the 

table. At the original constant annual withdrawal, the present value of 

benefits equaled $4~,~65,74~. At two times the original constant annual 

withdrawal (83~,372 AF), the present value increased to $42,89~,85~, or by 

4.2 percent. At three times the original constant annual withdrawal 

(~,247,058 AF), the present value increased to $44,6~7,96~, or 8.4 

percent. Therefore, the benefits of this overdraft reduction program are 

not very sensitive to the levels of withdrawal beyond 2025. 

Summary 

Three costs are generally associated with groundwater overdraft: 

increased groundwater pumping cost, land subsidence damage, and aggravated 

groundwater quality problems. Of these three, only increased groundwater 
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pumping cost and land subsidence damage were quantified. No evidence was 

found to suggest that groundwater quality problems were aggravated by 

groundwater overdraft in the Phoenix AMA overall. 

Changes to the groundwater level are cumulative through time. 

Therefore, a groundwater level decline imposes a future stream of 

increased groundwater pumping costs. This implies a cumulative marginal 

pumping cost due to overdraft. A reduction in overdraft, then, provides 

a future stream of benefits. The marginal benefit of a given overdraft 

reduction was calculated using known cost and engineering data. 

The quantification of land subsidence damage in the Phoenix AMA 

proved to be less concrete. The only two existing studies to estimate 

land subsidence damage in Arizona were used to form a combined cost 

estimate. This cost is assumed to occur at the time of the groundwater 

overdraft. The relative scarcity of such economic analyses for Arizona 

may indicate the relative importance of land subsidence damage in the 

overall groundwater overdraft problem of the State. 

No evidence was found to suggest that groundwater overdraft has 

aggravated groundwater quality problems in the Phoenix AMA overall. On 

the contrary, the average concentration of TDS, a general measure of 

groundwater quality, has historically declined in the face of a continuing 

groundwater overdraft. Possible explanations for this indicated 

improvement in groundwater quality include the urbanization of 

agricultural lands and the pumping of groundwater at increasingly lower 

depths where lower TDS concentrations may exist. No overdraft cost was 

estimated with respect to groundwater quality because of the indicated 

improvement. Further, it was recognized that TDS concentration is not a 

sufficient indication of suitability for specific water uses. 

An example of these overdraft reduction benefits was calculated 

assuming perfect irrigation conservation compliance. Evans' (1990) 
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overdraft reduction estimates were used to construct the max-conservation 

scenario. A constant annual withdrawal was used to represent all 

withdrawals beyond 2025. Benefits were calculated using a lower bound of 

the constant annual withdrawal, and at two and three times the lower 

bound. The present value of the overdraft reduction benefits in this 

example ranged from $41,165,741 to $44,617,961. 

While the indicated benefits of overdraft reduction in this example 

are positive, no inference with respect to its desirability can be made 

without also examining the costs of irrigation conservation and rights 

retirement. These costs are the subject of the next two chapters. 



TABLE 4-1 
Estimated Annual Subsidence Costs in Western Pinal County 

(1970 Dollars) 

Agriculture 
Land Leveling: 
Crack Repair: 
Well Repair: 
Ditch Repair: 

Subtotal: 

Transportation 
Highways: 
All Other: 

Subtotal: 

Domestic & Urban Structures: 

Total: 

Source: McCauley 1973 

TABLE 4-2 

60,000 
60,000 
57,250 
10,000 

187,250 

15,500 
4,300 

19,800 

° 
207,050 

Combined Land Subsidence Damage Cost Estimate 

McCauley (1973) 
Annual total subsidence damage cost: 
Annual groundwater withdrawal: 
Annual groundwater level decline: 
Average land subsidence damage cost: 

Pewe and Larson (1982) 
Urban subsidence damage cost in 1980: 
(Assume similar costs in the future) 

Arizona Department of Water Resources (1988) 
Annual groundwater withdrawal (Phoenix AMA) : 
Annual groundwater level decline (Phoenix AMA) : 

Average urban land subsidence damage cost: 

Combined average subsidence damage cost: 

$207,050 
1,100,000 AF 

5 Ft 
$0.0376/AF/Ft 
$0.0993/AF/Ft 

$500,000 

1,221,700 AF 
2.7 Ft 

$0.1516/AF/Ft 
$0.1962/AF/Ft 

$0.2955/AF/Ft 
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(1970 $) 
(1985 $) 

(1980 $) 
(1985 $) 

(1985 $) 



TABLE 4-3 
Alternative Relationships Between Total Dissolved Solids 

and Specific Conductance 

Relationship 

Linear 

Quadratic 

----------Parameter Estimates----------
Intercept .§£ SC2 

-73.829461 
(69.458590) 

220.493605 
(113.111922) 

0.730162 
(0.011228) 

0.751277 
(0.022816) 

0.633436 
(0.036525) 

0.479274 
(0.086957) 

0.000024 
(0.000009) 

0.000046 
(0.000014) 

Number of observations is 138. 

Total dissolved solids is measured in milligrams per liter. 

SC is specific conductance measured in micromhos per centimeter. 
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0.89 

0.89 

0.89 

0.90 

Values listed under R2 are squared correlation coefficients for 
relationships without an intercept. 

Parenthetical values are standard errors. 



TABLE 4-4 
Groundwater Overdraft and Withdrawal Estimates 

for the Phoenix AMA 

-------Parameter Estimates-------
Relationshi12 Interce12t 1 t 2 

Evans' Overdraft 6477.04 -208.15 
Reduction (1018.62) (32.45) 

Max-Conservation 572046.29 -27116.87 606.03 
Overdraft (83401.47) (10878.20) (263.19) 

No-Conservation 572046.29 -20639.83 397.88 
Overdraft 

Max-Conservation 742615.19 -9376.18 
Irrigation Withdrawal (34967.64) (1408.12) 

No-Conservation 1162646.41 -5154.39 -306.10 
Irrigation Withdrawal 

Max-Conservation 1369512.59 -54333.90 1052.32 
Total Withdrawal (67622.47) (8820.12) (213.40) 

No-Conservation 1789543.81 -50112.11 746.22 
Total Withdrawal 

t is time in the closed interval [0,40]. 
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R2 ~ 

0.49 36 

0.68 6 

0.92 6 

0.95 6 

Values listed under R2 are squared correlation coefficients for 
relationships without an intercept. 

Parenthetical values are standard errors. 

Irrigation withdrawal estimates assume that groundwater constitutes 52% of 
non-Indian irrigation use. 



TABLE 4-5 
Overdraft Reduction Benefits 

99 

given Evans' Overdraft Reduction Estimate 

Year 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 

Overdraft Reduction (AF) 

Groundwater savings: 
Terminal value of benefits: 
Present value of benefits: 

6269 
12121 
17558 
22578 
27181 
31369 
35140 
38495 
41433 
43955 
46061 
47751 
49024 
49881 
50322 
50346 
49954 
49146 
47922 
46281 
44224 
41750 
38861 
35555 
31832 
27694 
23139 
18168 
12780 

6976 
756 

-5880 
-12933 
-20402 
-28287 
-36589 
-45307 
-54441 
-63992 
-73958 

Current Benefit ($) 
451205 
593234 
733730 
871753 

1006481 
1137195 
1263276 
1384199 
1499517 
1608864 
1711936 
1808492 
1898342 
1981340 
2057373 
2126361 
2188239 
2242958 
2290471 
2330729 
2363671 
2389216 
2407257 
2417651 
2420212 
2414703 
2400831 
2378232 
2346470 
2305027 
2253293 
2190561 
2116018 
2028737 
1927669 
1811636 
1679320 
1529260 
1359842 
1169289 

702,732 AF 
$5,630,637 

$41,165,741 

Calculations assume a constant annual withdrawal beyond 2025 of 415,686 AF 
and a periodic discount rate of 3 percent. 
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Figure 4-1 
Curnulati ve Groundwater Level Declines in the Phoenix AMA 
Source: Schumann and Genualdi 1986 
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Real Arizona Electricity Price Changes 
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Figure 4-3 
Real Energy Consumer Price Index Changes 
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Figure 4-4 
Earth Fissures in the Phoenix AMA 
Source: Schunann and Genualdi 1986 
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Figure 4-5 
Concentration of Total Dissolved Solids in the Ph061ix AMA 
Source: Arizona Department of Water Resources 1988 
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Figure 4-6 
Time Paths of Ovardraft 
In the Phoenix AMA 
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CHAPTER 5 

CONSERVATION ENFORCEMENT 

The purpose of this chapter is to empirically describe overdraft 

reduction by conservation enforcement. First, the administrative 

enforcement process and recent enforcement activity in the Phoenix AMA are 

described. Then, functions describing the behavioral response to 

overdraft reduction, groundwater savings production by conservation 

enforcement, and the foregone net income due to conservation enforcement 

are developed and estimated. These functions are used in the simulation 

model. 

Conservation Enforcement in the Phoenix AMA 

The Enforcement Process 

GMA enforcement in the Phoenix AMA involves the four stage process 

listed in table 5-1. The first stage is the identification of possible 

violations. Monitoring activities include internal file reviews, third 

party complaints, remote sensing such as aerial photo and Landsat 

satellite imagery analyses, and random field inspections. DWR's basic 

monitoring tool is the annual report. Generally, all individuals who 

withdraw groundwater are required to submit an annual report detailing 

their groundwater withdrawal activity. Internal file reviews involve an 

inspection of these annual reports, past and present, for errors and 

inconsistencies. As a minimum, these reviews are conducted on all 
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irrigation districts, all municipal water providers, the highest 10 

percent irrigation water users, and all non-irrigation right holders 

reporting withdrawals in excess of their authorized allotments. The GMA 

provides a "flex account" for irrigation right holders in which excess 

groundwater withdrawals (debits) are allowed up to 50 percent of the 

allotment at any point in time. Irrigation right holders reporting flex 

account debits in excess of the allowed amount are also subject to 

internal file reviews. 

The second stage in the Phoenix ANA enforcement program is the 

verification of identified violations. Verification activities include 

field inspections and formal audits. Field inspections are conducted in 

all cases in which the information concerning an identified violation is 

either insufficient or unreliable. For example, field inspections are 

conducted for all violations identified by Landsat satellite imagery 

analysis. Formal audits, on the other hand, are conducted for all 

identified violations. Groundwater right holders are required to be 

present at formal audits so that the facts of the case may be established. 

These audits often result in the self disclosure of a violation. 

The third stage in the enforcement program is adjudication. If an 

identified violation is not verified, the case is dismissed. If a 

violation has been verified, subsequent enforcement action will depend on 

the nature of the violation. If the violation is minor, DWR will 

generally dismiss the case upon an immediate discontinuance of the 

violation. If the violation is serious or facts are in dispute, a hearing 

will be held followed by a decision and order by DWR. Decisions not in 

favor of the right holder often involve civil penalties, part of which may 

be waived. Criminal penalties are provided by the GMA for individuals who 

knowingly violate the law. 

The final stage is a follow-up of the sanctions imposed on 
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violators. Follow-up activities involve the monitoring of violators to 

ensure that penalties are paid and required corrective action is taken. 

Most penalties include a probationary period which defines the extent of 

the follow-up monitoring. 

Recent Enforcement Activity 

In this section, actual GMA enforcement activity in the Phoenix AMA 

is described. The Phoenix AMA office of DWR provided a file of all the 

enforcement cases it has investigated from the beginning of its 

enforcement program in 1984 through February 1990. The enforcement 

process listed in table 5-1 provides a convenient classification of these 

cases. Enforcement cases are classified as either open or closed. Open 

cases are those in which a potential violation has been identified but the 

enforcement process has not been completed. Closed cases are those for 

which the enforcement process has been completed. Enforcement cases are 

also classified as to whether or not a penalty is assessed. If a penalty 

is assessed, a serious violation has been verified. If no penalty is 

assessed, either no violation has been verified or a minor violation has 

been verified. Hence, there are four possible combinations. In open 

cases with an assessed penalty, a serious violation has been verified but 

not fully prosecuted. In open cases with no assessed penalty, the 

verification stage has not been completed. Hence, these cases are 

indeterminate as to outcome (prosecution or dismissal). In closed cases 

with an assessed penalty, a serious violation has been verified and fully 

prosecuted. In closed cases with no assessed penalty, the case has been 

dismissed. 

Table 5-2 presents this break down by violation category. The total 

number of cases is less than the total number of identified violations 
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since a case can involve more than one identified violation. As of 

February 1990, a total of 955 cases with 1,025 identified violations had 

been investigated by the Phoenix AMA office. Notice that more identified 

violations in closed cases were dismissed than were prosecuted for some 

categories. For example, in the illegal acreage (irrigation) category, it 

could not be proved that groundwater was used to irrigate the acreage in 

question. Hence, DWR dismissed these cases. In the rights conveyance 

category, on the other hand, DWR considered most of these violations minor 

and dismissed the cases. In other categories, more identified violations 

in closed cases were prosecuted than were dismissed. 

The relative number of prosecuted and dismissed cases may be related 

to the sensitivity of the detection method employed. In some categories, 

such as illegal acreage (irrigation), potential violations are identified 

by automated detection methods such as computerized auditing of annual 

reports and processing of data generated by satellite imagery. The 

sensitivity of these methods may be such as to identify a significant 

number of potential violations that fail to be verified upon closer 

examination. Other methods are less sensitive. Consider the withdrawal 

measurement category. Groundwater right holders are required to report 

the amount of energy consumed by groundwater pumps in addition to the 

amount of water withdrawn in their annual reports. If the two reported 

amounts are inconsistent with respect to estimated relationships between 

well depth, quantity of water withdrawn, and energy consumption, then a 

potential withdrawal measurement violation is identified. The exact 

relationship between well depth, quantity of water withdrawn, and energy 

consumption will vary from well to well due to varying levels of pump 

efficiency and unaccounted for changes in pumping depth. Thus, withdrawal 

measurement violations are identified only for reports falling outside an 

acceptable range of relationships. This procedure tends to identify only 
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violations subject to a minimum size. such a detection method may have 

the effect of weeding out more falsely identified violations than other 

more sensitive methods. 

The history of GMA enforcement activities in the Phoenix AMA is 

short; therefore, trends in detected violations over time are difficult to 

discern. The temporal distribution of violations with an assessed penalty 

is presented in table 5-3. These data may suggest a trend. Violations in 

the illegal acreage (irrigation), over allotment (non-irrigation), and 

well construction categories appear to be subject to a learning process on 

the part of groundwater right holders. The number of cases in these 

categories tends to be relatively low in the early part of the period, 

peaks midway in the period, and then declines. This suggests DWR gearing 

up its enforcement activities in the early stages of the period and right 

holders learning about violations and the capability of DWR enforcement in 

the later stages of the period. 

Many violations in the annual reports, withdrawal measurement, and 

rights conveyance categories were considered minor and were dismissed by 

DWR during the first few years of the period. Then, in 1988, DWR began 

prosecution of all verified violations in these categories. This had the 

affect of retarding the learning process until the last few years of the 

period. Indeed, the number of identified violations in the annual reports 

and withdrawal measurement categories declined in 1989. In general, the 

significance of a learning process is that the effectiveness of GMA 

enforcement is improved as the general public becomes aware of the GMA's 

requirements and its enforcement. 

It is reasonable to expect the effectiveness of GMA enforcement in 

reducing overdraft to be related to the level of enforcement activity. 

Since the goal of the GMA is overdraft reduction, it could be argued that 

any violation of the GMA has implications for overdraft. However, some 



110 

violations are more directly related to overdraft than others. For 

example, violations involving groundwater withdrawals in excess of 

authorized allotments clearly have overdraft implications. Hence, 

enforcement activity that reduces these violations will directly reduce 

overdraft. On the other hand, violations invol ving well construction 

standards do not necessarily contribute to overdraft. 

One measure of the effectiveness of GMA enforcement is the size of 

prosecuted violations. Size distributions are presented in table 5-4 for 

violations with an assessed penalty. The distribution of each category 

with more than two violations is skewed toward small sizes. This 

indicates that small violations are identified and verified more often 

than large violations. Also notice that some violation categories are 

more variable in size than others. The greatest range in size occurs in 

the annual reports and over allotment (non-irrigation) categories. 

Violations in these categories involve several different types of water 

use, ranging from small retail firms to large mining operations, which 

could explain the large variability in violation size. The smallest range 

in size occurs in the illegal acreage (irrigation) category. 

Additionally, this category has the smallest average violation size of all 

categories. If one assumes that the use of satellite imagery analysis 

provides perfect or near perfect identification of possible violations in 

this category, then the relatively small and tightly grouped nature of 

violation sizes in table 5-4 is descriptive of all illegal acreage 

(irrigation) violations. Violations in the withdrawal measurement 

category also have a relatively small range in size; however, the average 

violation size in this category is the largest of all categories. The 

large and tightly grouped nature of violation sizes in this category may 

be related to the method of detection. As noted before, potential 

violations in this category tend to be identified subject to a minimum 
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size. This would reduce the range in size and increase the average size 

of detected violations. 

Of the violation categories shown in table 5-4, the two that have a 

direct relationship to overdraft are illegal acreage (irrigation) and over 

allotment (non-irrigation). Violations in these categories account for at 

least 15,973 AF of the total overdraft from 1984 through February 1990. 

It is important to recognize that this figure understates the 

effectiveness of GMA enforcement for two reasons. First, DWR did not 

provide the sizes for all violations in these two categories. The data 

summarized in table 5-4 account for only 28 of the 38 illegal acreage 

(irrigation) and over allotment (non-irrigation) violations with assessed 

penalties during this period. Further, there are 37 more violations in 

these two categories for which the verification stage has not been 

completed. The second reason is that the effectiveness of GMA enforcement 

is revealed in other ways. As the general public becomes aware of GMA 

enforcement, undetected violators will also tend to become compliant. 

Knowledge of enforcement activity tends to increase subjective detection 

probabili ties, thereby decreasing optimal levels of illegal acti vi ty 

(Ehrlich 1974) . 

The distribution of assessed penalties is shown in table 5-5. 

Penalties were summarized for only those cases with all violations in one 

category since penalties are reported by case and each case may contain 

multiple violations. These cases account for 86 percent of all cases with 

assessed penalties. The largest average penalties are in the over 

allotment (non-irrigation) and illegal acreage (irrigation) categories. 

If penalty size is indicative of the relative seriousness of the 

violation, then violations in these two categories have tended to be the 

most serious. This is reasonable since these violations directly 

contribute to overdraft. Other violation categories are administrative in 
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nature and have much smaller average penalties. The exception to this 

observation is the well construction category, which is primarily 

associated with groundwater quality standards. While violations in this 

category may not directly influence overdraft in a purely quantitative 

sense, their impact on groundwater quality can be serious. 

For some violation categories, such as annual reports and rights 

conveyance, the assessed penalty is usually a constant. For other 

violations, the assessed penalty depends on the size of the violation. 

For illegal acreage (irrigation) violations, the assessed penalty is 

usually $200 per acre of illegally irrigated land. For over allotment 

(non-irrigation) violations, the assessed penalty is usually $200 per acre 

foot of groundwater illegally withdrawn. In almost all cases, some 

portion of the assessed penalty is waived. This portion varies from 33 to 

100 percent of the assessed penalty. Higher percentages are awarded for 

mitigating circumstances such as the planned adoption of conservation 

measures. Additionally, a probationary period from one to three years is 

usually imposed. If the violator commits further GMA violations during 

the probationary period, or fails to rectify the original violation, the 

full assessed penalty for the original violation is collected in addition 

to penalties associated with any subsequent violations. 

The history of costs incurred by DWR in the Phoenix AMA is presented 

in table 5-6. These data were provided by James E. Cusick, budget officer 

for DWR (letter dated 11/30/90). During the time frame of these costs, 

fiscal years 1985 to 1988, DWR's only policy tool was conservation 

enforcement. Hence, these expenditures are the resource costs of 

conservation enforcement. 

In order to separate the resource costs of irrigation conservation 

enforcement from those of non-irrigation conservation enforcement, the 

total costs in table 5-6 were prorated based on the levels of irrigation 
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and non-irrigation groundwater withdrawals. Therefore, it is assumed that 

DWR allocates its conservation enforcement resources among various 

groundwater users proportionally with withdrawals. This assumption was 

considered reasonable since many GMA violations are related to withdrawal. 

These violations include failure to accurately measure withdrawals, 

failure to properly report withdrawals, failure to pay the withdrawal fee, 

and withdrawals in excess of legal limits. These violations account for 

361, or 81 percent, of the 444 verified violations listed in table 5-2. 

The proration of enforcement expenditures is presented in table 5-7. The 

GNP implicit price deflator (Council of Economic Advisers 1991) was used 

to equate all expenditures to constant 1985 dollars. The indicated 

expenditures in table 5-7 represent all the labor and capital resources 

employed by DWR to enforce irrigation conservation measures in the Phoenix 

AMA. 

These observations provide only a vague description of the actual 

GMA enforcement activity within the Phoenix AMA. A more concrete 

description is required for use in the simulation model described in 

chapter 7. In the following sections, estimates are developed for the 

behavioral response to overdraft reduction, groundwater savings production 

by conservation enforcement, and the foregone net income due to 

conservation enforcement. 

Overdraft Reduction by Conservation Enforcement 

Behavioral Response to Overdraft Reduction 

The behavioral response to overdraft reduction was defined in 

chapter 2 as the difference between the behavioral responses to actual 

overdraft and no-conservation overdraft. In this section, these concepts 
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are developed in more detail and their effects are estimated. The 

following definitions are used. 

Define OD = Overdraft (AF) 

W· = Optimal level of withdrawal (AF) 

MC = Marginal cost of withdrawal ($/AF) 

e Price elasticity of demand for groundwater 

c Unit marginal pumping cost due to overdraft ($/AF/Ft) 

k Overdraft to groundwater level decline ratio (AF/Ft) 

r Incidental recharge rate (proportion) 

The price elasticity of demand for groundwater is defined as follows. 

e = [8W'/8MC] [MC/W'] 

Hence, the total change in the optimal level of withdrawal resulting from 

a change in marginal cost is given by the following expression. 

[8W' / 8MC] dMC = e [W· /MC] dMC 

The relevant change in the marginal cost of withdrawal is with respect to 

a groundwater level decline. The marginal pumping cost due overdraft was 

discussed in chapter 4. 

dMC = c[OD/k] 

[aw'/8MC]dMC = e[W*/MC]c[OD/k] 

A portion of all withdrawals is incidentally recharged back into the 

aquifer to become available for reuse. Therefore, the behavioral response 

to overdraft is the portion of the total change in optimal withdrawal that 

is not incidentally recharged. The complement of the incidental recharge 

rate, l-r, gives the proportional change in overdraft. 

behavioral response to overdraft, B(OD), is given below. 

The resulting 
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B(On) = [l-r]e[W'/MC]c[On/k] 

Finally, the behavioral response to overdraft reduction is defined as the 

difference between the behavioral responses to actual overdraft and no

conservation overdraft. 

Let 

Then 

Actual overdraft 

No-conservation overdraft 

x = anN - anA = Overdraft reduction 

B (anA) - B (anN) = B (anN-x) - B (anN) 

= Behavioral response to overdraft reduction 

The behavioral responses to different time paths of overdraft are 

estimated and compared in order to estimate the behavioral response to 

overdraft reduction. A natural starting point in this process is the 

estimation of the price elasticity of demand for irrigation water. Ayer 

and Hoyt (1981) provide production function estimates for cotton, wheat, 

sorghum, and alfalfa grown in Arizona. These crops comprised 75 percent 

of all harvested acreage in Maricopa county in 1985 (Arizona Agricultural 

Statistics Service 1990). Value marginal product functions for these 

crops were obtained by multiplying 1985 average output prices (ibid.) by 

the derived marginal product functions. The value marginal product 

functions were then set equal to the marginal cost of irrigation water and 

solved for profit maximizing input levels. Price elasticities of demand 

were then obtained by varying the marginal cost of irrigation water and 

observing the resulting change in optimal input levels. 

The marginal pumping cost of withdrawal depends on the time path of 

overdraft. In 1985, the average pump lift in the Phoenix AMA was 263 feet 

(Arizona nepartment of Water Resources 1988). Variable pumping cost was 

estimated in chapter 4 as $0.1165/AF/Ft, yielding an average marginal 

pumping cost equal to $30. 64/AF in 1985. In chapter 4, the no-
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conservation time path of overdraft was constructed using estimates of the 

max-conservation time path of overdraft (ibid.) and estimates of overdraft 

reduction (Evans 1990). These estimates imply a cumulative groundwater 

level decline from 1985 to 2025 equal to 64.2 feet on the no-conservation 

time path of overdraft. The unit marginal pumping cost due to overdraft 

was estimated in chapter 4 as $0.133/AF/Ft, yielding a cumulative increase 

in the average marginal pumping cost equal to $8.54/AF in 2025. 

Therefore, the average marginal pumping cost increases from $30.64/AF to 

$39.18/AF on the no-conservation time path. Price elasticities of demand 

were calculated at these two marginal costs to obtain an expected range. 

The estimates of the max-conservation time path of overdraft imply a 

cumulative groundwater level decline equal to 61.2 feet. Therefore, the 

range in the price elasticity of demand calculated with the two marginal 

costs above is inclusive of the max-conservation scenario. 

The calculated price elasticities of demand for cotton, wheat, 

sorghum, and alfalfa are listed in table 5-8. These individual 

elasticities were weighted by the respective total water inputs for 

Maricopa county in 1985 (Hathorn and Farr 1985; Arizona Agricultural 

Statistics Service 1990) to obtain weighted averages. On average, the 

price elasticity of demand for groundwater used in irrigation varies from 

-0.105 to -0.134 on the no-conservation time path of overdraft. These 

figures suggest a very inelastic demand for groundwater in irrigation. 

This, in turn, suggests a very small behavioral response to overdraft. 

In light of this result, the no-conservation time path of overdraft 

derived in chapter 4 should be reexamined. The estimates of the no-

conservation and max-conservation time paths of overdraft presented in 

chapter 4 are reproduced in figure 5-1. These estimates indicate that 

overdraft in 2025 will be greater given perfect compliance with DWR's 

conservation measures than if no irrigation conservation measures were 
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enforced. Presumably, this phenomenon results from the domination of the 

behavioral response to overdraft reduction over the opposite influence of 

DWR's conservation enforcement. This proposition is unlikely for two 

reasons. First, the very inelastic demand for groundwater indicates a 

very small behavioral response to overdraft reduction. Second, viewing 

DWR's conservation enforcement as a sequence of control decisions designed 

to achieve the primary goal of overdraft reduction, it is irrational to 

suggest that DWR would knowingly undertake a course of action that results 

in a greater level of overdraft. If overdraft reductions by conservation 

enforcement in the early years result in increased levels of overdraft in 

the later years, then DWR would come closer to achieving its primary goal 

by not enforcing the conservation measures at all. 

An alternate no-conservation time path of overdraft was considered 

in order to examine the sensitivity of the price elasticity of demand and 

the behavioral response to overdraft to changes in the position of the no

conservation time path of overdraft. DWR constructed a water budget in 

which overdraft is defined as the residual of total consumption minus 

dependable supply (Arizona Department of Water Resources 1988). 

Dependable supply is the sum of surface water flows, groundwater recharge, 

and water imports such as CAP water. DWR obtained its (max-conservation) 

overdraft projections by assuming levels of total consumption and 

dependable supply consistent with perfect compliance. Alternate no

conservation overdraft proj ections were obtained by varying the components 

of total consumption and dependable supply in the water budget that are 

associated with irrigation water use. The average irrigation water use 

rate given no conservation is estimated as 5.9 AF/Ac (Arizona Department 

of Water Resources 1984a) and the irrigation incidental recharge rate 

given no conservation is estimated as 32 percent (Arizona Department of 

Water Resources 1988). DWR's water budget was recalculated using these 
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irrigation factors and leaving all non-irrigation factors at their max

conservation levels. DWR's max-conservation water budget is presented in 

table 5-9 and the alternate no-conservation water budget is presented in 

table 5-10. The ordinary least squares estimates of alternate no

conservation overdraft and irrigation withdrawal are provided in table 

5-11 and illustrated in figure 5-2. 

The alternate no-conservation time path implies a cumulative 

groundwater level decline from 1985 to 2025 equal to 73.76 feet. The 

estimated unit marginal pumping cost of overdraft ($0.133/AF/Ft) then 

yields a cumulative increase in the average marginal pumping cost equal to 

$9.81/AF in 2025. Therefore, the average marginal pumping cost increases 

from $30.64/AF to $40.45/AF on the alternate no-conservation time path. 

The calculated price elasticities of demand for the individual crops at 

the $40.45/AF marginal cost and their weighted average are given in table 

5-8. Once again, a very inelastic demand for groundwater in irrigation is 

indicated. At all marginal costs considered, a one percent increase in 

marginal pumping cost implies a reduction of less than two tenths of one 

percent in groundwater withdrawal. The mean of the weighted average price 

elasticities of demand at the initial marginal cost ($30.64/AF) and either 

of the two higher marginal costs ($39.18/AF and $40.45/AF) is virtually 

identical: - 0.12 • This mean was used in all behavioral response 

calculations since the indicated range in the price elasticity of demand 

is small. 

Other parameters used in the behavioral response calculations 

include the unit marginal pumping cost due to overdraft ($0.133/AF/Ft) and 

the ratio of overdraft to groundwater level decline (230,000 AF/Ft) as 

estimated in chapter 4. A 12 percent incidental recharge rate was used in 

the max-conservation scenario and a 32 percent incidental recharge rate 

was used in the two no-conservation scenarios. 
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At this point, three scenarios for calculating the behavioral 

response to overdraft have been identified: max-conservation, no

conservation given the Evans (1990) overdraft reduction estimates, and the 

alternate no-conservation scenario described above. Overdraft and 

irrigation withdrawal estimates for the max-conservation and Evans no

conservation scenarios were presented in table 4-4 of the previous chapter 

and those for the alternate no-conservation scenario in table 5-11. The 

last piece of information required to calculate the behavioral response to 

overdraft is a time path of marginal pumping costs. The initial value of 

this time path is the average marginal pumping cost in 1985, $30.64. 

Variations in marginal pumping cost through time are a function of the 

time path of overdraft, the unit marginal pumping cost of overdraft 

($0.133/AF/Ft), and the ratio of overdraft to groundwater level decline 

(230,000 AF/Ft) as discussed in chapter 4. 

The calculated behavioral responses to overdraft for each scenario 

are illustrated in figure 5-3 and summarized in table 5-12. The 

behavioral response associated with the max-conservation time path of 

overdraft is generally less negative than that associated with either of 

the no-conservation time paths, as expected. In all overdraft scenarios, 

the average behavioral response to overdraft is less than two tenths of 

one percent of overdraft. This observation is not surprising due to the 

very inelastic demand for groundwater in irrigation. The behavioral 

response to overdraft reduction can be visualized in figure 5-3 as the 

difference between the behavioral responses to max-conservation overdraft 

and no-conservation overdraft. The behavioral responses to overdraft 

reduction are generally positive when overdraft reduction is positive. 

There are two overdraft reduction scenarios since there are two no

conservation overdraft scenarios. In both scenarios, the average 

behavioral response to overdraft reduction is less than one percent of 
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overdraft reduction (table 5-12). In the more likely alternate overdraft 

reduction scenario, the average behavioral response to overdraft reduction 

is less than one tenth of one percent. 

The behavioral response to overdraft reduction developed in chapter 

2 and estimated in this chapter is not incorporated in the estimated model 

used to simulate DWR's overdraft reduction decisions. The relatively 

small improvement in modeling accuracy was not considered worth the 

resulting complexity. 

Groundwater Savings Production 

The production of groundwater savings by conservation enforcement 

was described in chapter 2 as a function of enforcement effort. A 

convenient measure of this effort is DWR's expenditure on all the 

resources required to enforce irrigation conservation as presented in 

table 5-7. Assuming DWR is a technologically efficient producer, 

groundwater savings production is strictly increasing in all of its inputs 

(Russell and Wilkinson 1979). Then, given exogenous input prices, the 

cost of groundwater savings production is also strictly increasing in 

production. 

DWR's water budget methodology is used to isolate conservation 

enforcement from the other factors that influence overdraft. The max-

conservation water budget is presented in table 5-9 and the alternate no

conservation water budget is presented in table 5-10. Linear 

interpolations of these water budgets were constructed to cover the years 

for which measured data exist (1985 to 1988). The interpolated max

conservation water budget is presented in table 5-13 and the interpolated 

no-conservation water budget is presented in table 5-14. 

The irrigation incidental recharge rates in the max-conservation and 
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no-conservation scenarios are identical over the years covered by the 

interpolated water budgets. The only difference between these two 

scenarios, then, is the irrigation use rate. The irrigation use rate is 

5.30 AFjAc in the max-conservation scenario and 5.90 AFjAc in the no

conservation scenario. The actual time path of overdraft is constructed 

by adjusting the irrigation use rate to its actual level. Unfortunately, 

this information was not explicitly available and had to be estimated from 

other supporting data. Maximum conservation in the year 2000 is 

consistent with an average irrigation efficiency equal to 83%- and an 

average irrigation use rate equal to 4.23 AFjAc (Arizona Department of 

Water Resources 1988). Irrigation efficiency is defined by DWR as the 

irrigation requirement divided by irrigation use (ibid.). The irrigation 

requirement is the amount of water beneficially used by the crop minus any 

effective precipitation. Hence, the indicated average irrigation 

requirement for the Phoenix AMA is 3.5109 AFjAc (0.83 times 4.23). The 

actual irrigation use rate can be inferred from this irrigation 

requirement given the actual irrigation efficiency. 

DWR conducted a survey of current irrigation practices in the spring 

of 1986 to establish benchmark irrigation efficiencies (Galusha 1986; 

Arizona Department of Water Resources 1988). These efficiencies and the 

relative employment of irrigation technologies within the Phoenix AMA are 

given in table 5-15. These conditions were assumed to prevail during 

1985. Managed irrigation means that irrigators monitor soil moisture 

conditions and measure water use in order to reduce waste. It is 

unreasonable to assume that irrigation within the Phoenix AMA during 1985 

was either completely managed or completely un-managed. In fact, a 

detailed study of the Maricopa-Stanfield Irrigation and Drainage District 

in Pinal County indicates that a significant number of irrigators do not 

monitor soil moisture conditions or measure irrigation water use {Dedrick 
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et a1. 1992). It was assumed that the mean of the managed and un-managed 

efficiencies in table 5-15 adequately describes irrigation practices in 

1985. This implies an average irrigation efficiency of 61.15%. This 

efficiency and the indicated average irrigation requirement of 3.5109 

AF /Ac indicate an average irrigation use rate of 5.74 AF /Ac in 1985 

(3.5109 AF/AC divided by 0.6115) . 

Data from two different sources were utilized to determine changes 

in this irrigation use rate. DWR's registry of groundwater rights 

(Arizona Department of Water Resources 1990) contains measured irrigation 

water use data for the Phoenix AMA but no indication of how much land was 

actually irrigated. The u.s. Department of Agriculture compiles harvested 

acreage data (Arizona Agricultural Statistics Service 1990); but, these 

data are aggregated by county, not AMA. The Phoenix AMA and Maricopa 

County share much land in common; however, the correspondence is not 

exact. While the total harvested acreages within the Phoenix AMA and 

Maricopa County are not equal, it was assumed that their rates of change 

are similar. Therefore, the following framework was employed to transform 

these data into a useful indication of change in the actual irrigation use 

rate. 

Let 

Then 

Assume 

Then 

Note 

USE(t) = Actual irrigation use in the Phoenix AMA 

LAND1(t) Actual harvested acreage in the Phoenix AMA 

LAND2(t) Actual harvested acreage in Maricopa County 

RATE(t) Actual irrigation use rate in the Phoenix AMA 

RATE(t) USE(t)/LAND1(t) 

In(RATE) = In(USE) - In(LAND1) 

dln(RATE)/dt = dln(USE)/dt - dln(LAND1)/dt 

dln(LAND1)/dt = dln(LAND2)/dt 

dln(RATE)/dt 

dln(RATE)/dt 

dln(USE)/dt - dln(LAND2)/dt 

[dRATE/dt]/RATE(t) 
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These data and the indicated proportional changes in the actual irrigation 

use rate, dln(RATE), are presented in table 5-16. The indicated actual 

irrigation use rates are 5.74, 5.79, 5.72, and 5.67 AF/Ac for the years 

1985, 1986, 1987, and 1988 respectively. These use rates were employed in 

the interpolated actual water budget presented in table 5-17. 

The groundwater savings production indicated by the three 

interpolated water budgets is presented in table 5-18. The following 

differences were used to calculate overdraft reduction potential and 

groundwater savings production. 

Let 

Then 

Max-Conservation overdraft 

ODN
t No-Conservation overdraft 

OD\ Actual overdraft 

ODN
t - ODM

t 

ODN
t - OD\ 

Overdraft reduction potential 

Groundwater savings production 

Enforcement effort is presented in table 5-7. Since enforcement 

effort is measured by expenditure, it is accounted by fiscal year. 

Groundwater overdraft, on the other hand, is accounted by calendar year. 

DWR's fiscal year begins in July of the previous calendar year. Hence, 

the time period of enforcement effort in table 5-7 begins one half year 

earlier than that of groundwater savings production in table 5-18. The 

consequences of this time shift were not considered serious. 

Note that production in table 5-18 initially decreases and then 

increases. These changes correspond to the changes in enforcement effort 

in table 5-7, suggesting that overdraft reduction by conservation 

enforcement is not cumulative. This observation is consistent with the 

model developed in chapter 2. The following transformation was made to 

estimate the production function. 

Let Enforcement effort 



Where 

Then 

Pt = Overdraft reduction 
enforcement 
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potential of conservation 

Groundwater savings production 
by conservation enforcement 

exp(') = The number e raised to a power 

The ordinary least squares estimate of the transformation is given below. 

Enforcement effort was scaled in millions for the estimation. 

- 1.919179Et /1000000 
(0.250373) 

Squared correlation coefficient = 0.7617 

N = 4 

The negative sign of the parameter estimate verifies the production 

characteristics developed in chapter 2. The parenthetical value is the 

standard error of the parameter estimate. The R2 goodness of fit measure 

is misleading in this case. R2 is not bounded by 0 and 1 when an intercept 

term is not included in the estimated equation (Judge et al. 1985). 

Hence, it is difficult to interpret it as the proportion of total 

variation explained by the regression. As an alternative, the square of 

the correlation coefficient between the dependent variable and its 

estimate was calculated. The parameter estimate is significant at the .01 

level. 

A final note is made to emphasize the nature and cost of overdraft 

reduction by conservation enforcement. The theoretical model predicts and 

the empirical estimate verifies that effective overdraft reduction by 

conservation enforcement requires continual effort. Overdraft reduction 

achieved at an earlier time will diminish if the level of enforcement 

effort is not maintained. The enforcement effort in table 5-7 and the 

groundwater savings production in table 5-18 suggest an average resource 
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cost of $6.22 per acre foot of overdraft reduction each year. 

Nevertheless, any overdraft reduction by conservation enforcement is 

beneficial since groundwater savings will have been produced. 

At this point, the behavioral response to overdraft reduction and 

DWR's groundwater savings production by conservation enforcement have been 

estimated for the Phoenix AMA. The final estimation of this chapter is 

the foregone net income due to conservation enforcement. 

Foregone Net Income 

The first step in estimating foregone net income is to describe the 

net income generated by employing water in irrigated agriculture. 

Marginal product functions for irrigation water were derived from 

estimated production functions for cotton, wheat, sorghum, and alfalfa 

grown in Arizona (Ayer and Hoyt 1981). Value marginal product functions 

for these crops were obtained by multiplying 1985 average output prices 

(Arizona Agricultural Statistics Service 1990) by the derived marginal 

product functions. Assuming profit maximizing behavior, the value 

marginal product functions were equated to the marginal cost of irrigation 

water and inverted to obtain crop specific irrigation water demand 

functions. 

These demand functions cannot be simply added together to obtain 

aggregate demand since the implied individual demands would then be 

negative past the limit prices at which respective individual demands 

equal zero. The desired function is an aggregation of non-negative 

individual demands and must reflect these demands as they fall to and 

remain at zero. Aggregation "leights were calculated as the ratio of 

individual harvested acreage to total cotton, wheat, sorghum, and alfalfa 

harvested acreage for 1985 in Maricopa county {Arizona Agricultural 
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Statistics Service 1990). The individual demands per acre and their 

aggregate are presented in figure 5-4. The ordinary least squares 

estimate of aggregate demand per acre is given below. 

Where 

u(MC) 

R2 = 0.9989 

N = 36 

6.317112 - 0.02396MC + 0.000023MC2 

(0.032131) (0.000334) (0.000001) 

u(MC) = Aggregate irrigation water demand rate (AFjAc) 

MC = Marginal cost of irrigation water 

Parenthetical values are standard errors. All parameters are significant 

at the .01 level. 

An example of the foregone net income arising from an increase in 

marginal cost is illustrated in figure 5-5. Note that this figure is 

consistent with the popularized graphical representation of demand 

functions with the independent variable measured on the vertical axis. 

Suppose an initial marginal cost of MCo. Then, the rate of demand is Uo 

and area MCoAC is generated in net income. If marginal cost increases to 

MC1, then the rate of demand falls to Ul and only area MC1AB is generated 

in net income. Hence the rate of foregone net income resulting from the 

increase in marginal cost equals area MCoAC minus area MC1AB, or the 

integral of the demand function between the two marginal costs. This 

integral is given below. 

Let 

Then 

JM~l(MC) dMC 
MCo 

6.317112MCl - O. 01198MC12 + O. 0000076MC/ 
- 6. 317112MCo + O. 01198MCo2 

- O. 0000076MC0
3 

The expected penalty portion of the rate of foregone net income, area 

MCoMC1BD in figure 5 - 5, is transferred to DWR. However, the entire 
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foregone net income is counted as a relevant cost since this study is 

focused on the direct impacts to irrigated agriculture. This recognizes 

the distributive issues which focused the study on irrigated agriculture. 

Further, there is no assurance that the penalties collected by DWR will 

remain in the Phoenix AMA. 

Conservation enforcement reduces only current net income since 

irrigators will revise their subjective detection probabilities given a 

change in enforcement effort. Therefore, the total foregone net income 

due to conservation enforcement, IB, is given by the product of the 

integral v(MCo,MC1 ) and the current irrigated acreage, AC(t). 

(5-1) 

DWR has projected irrigated acreage in the Phoenix AMA from 1985 to 2025 

based on the expected population and its spatial distribution (Arizona 

Department of Water Resources 1988). These projections are listed as 

irrigated non-Indian agricultural acreage in table 5-9. Ordinary least 

squares was used to obtain the following continuous estimates. 

AC(t) 253,006.88 - 2,213.77t 
(8,280.34) (333.44) 

R2 = 0.9168 

N = 6 

Where AC(t) = Irrigated non-Indian acreage in the Phoenix AMA 

t = Time; t=O at 1985 

Both parameters are significant at the .01 level. 

The next step in estimating foregone net income is to relate 

enforcement effort to the marginal expected penalty of illegal water use. 

Enforcement effort produces groundwater savings as described by the 

production function. Groundwater savings production maps into the change 

in water use via the groundwater recharge relationship. Finally, the 
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change in water use maps into the marginal expected penalty via the 

aggregate demand function. 

Let 

The production function is given below. 

E = Enforcement effort 

P Overdraft reduction 
enforcement 

potential of conservation 

F(E,P) Groundwater savings production by 
conservation enforcement 

P[l-exp(aE)], a<O (5-2) 

The indicated change in water use is given by the following, as discussed 

in chapter 2. 

Let No-conservation level of water use 

uA Actual conservation level of water use 

r = Groundwater recharge rate 

Then UN - UA = F (E, P) / [l-r] (5-3) 

Finally, irrigation water demand is inverted to obtain the indicated 

marginal expected penalty. 

Let 

Then 

Where 

No-conservation marginal cost of irrigation water 

MCA Actual conservation marginal cost of irrigation water 

u(MC) Irrigation water demand rate (AF/Ac) 

AC(t) 

U(MC) 

MC(U) 

Irrigated acreage at time t 

u(MC)AC(t) = Irrigation water demand (AF) 

Inverse irrigation water demand 

Co boAC (t) 

c 1 b 1AC (t) 

c 2 b 2AC (t) 



Hence 
-c1 ± J C1

2-4C2 [CO-UA
] 

2c2 

-c1 ± J C1
2-4c2 [CO-UN] 

2c2 
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(5-4) 

The marginal expected penalty is obtained by substituting equations 

5-2 and 5-3 and the no-conservation level of water use into equation 5-4. 

Equation 5-4 and the no-conservation marginal cost of irrigation water are 

then substituted into equation 5-1 to obtain the foregone net income due 

to conservation enforcement. 

Foregone net income due to conservation enforcement in the Phoenix 

AMA was calculated using the framework described above. Calculations were 

made for the years 1985, 1995, 2005, 2015, and 2025 to account for the 

exogenous changes in 

potential through time. 

irrigated acreage and in overdraft reduction 

These calculations are illustrated in figure 5-6. 

There are two notable characteristics of the foregone net income due 

to conservation enforcement. First, foregone net income shifts down 

through time as urban development takes irrigated land out of agricultural 

production. Second, foregone net income is concave in enforcement effort. 

This characteristic obtains from the concave production function and from 

the downward slopping irrigation water demand. Ultimately, foregone net 

income is bounded by the overdraft reduction potential of conservation 

enforcement. It is important to note that the functions illustrated in 

figure 5-6 are not the cost functions derived in neoclassical production 

theory. Cost functions are convex in output given a concave production 

function and exogenous input prices. The functions illustrated in figure 

5-6, on the other hand, describe an input cost. 

The second characteristic of foregone net income presents solution 

problems for the simulation model since the necessary conditions for 
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optimality are no longer sufficient (chapter 3). Therefore, a linear 

approximation was estimated with interaction terms to capture the downward 

shift through time. 

Where 

IE = [39,535,326.56 - 778,350.21t + 6,742.95t2]E/1000000 
(1,000,019.92) (118,460.19) (2,839.87) 

Squared correlation coefficient = 0.9370 

N= 105 

IE = Foregone net income due to conservation enforcement ($) 

E = Enforcement effort ($) 

All parameters are significant at the .05 level. 

Summary 

Overdraft reduction by conservation enforcement in the Phoenix AMA 

was empirically described in this chapter. First, the enforcement process 

and its short history were examined. Then, the various relationships 

associated with conservation enforcement were estimated. The behavioral 

response to overdraft reduction was considered an insignificant factor in 

the determination of overdraft in the Phoenix AMA. Groundwater savings 

production by conservation enforcement was estimated and found to be 

consistent with the model developed in chapter 2. Finally, foregone net 

income was estimated and related to DWR's employment of conservation 

enforcement. 

Overdraft reduction by rights retirement is empirically described in 

the next chapter. 



Stage 1: 

stage 2: 

Stage 3: 

Stage 4: 

TABLE 5-1 
Phoenix AMA Enforcement Process 

Identification 
* Internal file reviews 
* Third party complaints 
* Remote sensing 
* Random field inspections 

Verification 
* Field inspections 
* Formal audi ts 

Adjudication 
* Case dismissed if not verified 
* Minor violation: 

- Case dismissed upon discontinuance 
* Serious violation: 

- Hearing 
- Civil penalties 
- Criminal penalties 

Follow Up 
* Penalty payment 
* Corrective action 
* Probationary period 
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TABLE 5-2 
Disposition of Identified GMA Violations, 

Phoenix AMA, 1984 - February 1990 

132 

Violation ----Open Cases----- ----Closed Cases----
Category: Penalty: No Penalty: Penalty: No Penalty: 

Annual Reports 85 12 199 168 

Withdrawal 10 25 75 23 
Measurement 

Illegal Acreage 0 14 12 54 
(Irrigation) 

Over Allotment 2 23 24 34 
(Non-Irrigation) 

Well Construction 2 17 15 16 

Management Plan 0 71 9 4 
(Conservation 
Requirements) 

Rights Conveyance 3 4 7 16 

Water Provider 0 0 1 0 

-----------------

All 102 266 342 315 
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TABLE 5-3 
Temporal Distribution of GMA Violations with an Assessed Penalty, 

Phoenix AMA, 1984 - February 1990 

Violation 
Category 1.2M 1985 1986 1987 1988 1989 

Annual Reports 0 11 54 25 100 94 

Withdrawal 0 2 11 3 52 17 
Measurement 

Illegal Acreage 1 3 5 2 1 0 
(Irrigation) 

Over Allotment 0 9 8 3 5 1 
(Non-Irrigation) 

Well Construction 0 3 3 6 5 0 

Management Plan 0 0 0 1 8 0 
(Conservation 
Requirements) 

Rights Conveyance 0 0 0 0 5 5 

Water Provider 0 1 0 0 0 0 

-----------------
All 1 29 81 40 176 117 

Violations are distributed by year of violation discovery. 



134 

TABLE 5-4 
Sizes of GMA Violations with an Assessed Penalty, 

Phoenix AMA, 1984 - February 1990 

Violation ------------------Acre Feet------------------
Category Number Sum Minimum Maximum Mean Median 

Annual Reports 12 8083.3 1.0 3174.0 673.6 81. 7 

withdrawal 2 3344.5 932.0 2412.5 1672.2 1672.2 
Measurement 

Illegal Acreage II 752.5 10.0 170.0 68.4 55.0 
(Irrigation) " 

Over Allotment 17 15220.7 0.6 12500.0 895.3 25.1 
(Non-Irrigation) 

All 42 27401.0 0.6 12500.0 652.4 51.5 

"Assumes each illegal acre was irrigated with 5 acre feet 

TABLE 5-5 
Assessed Penalties for Cases with All Violations in One Category, 

Phoenix AMA, 1984 - February 1990 

Violation ------------------Dollars------------------
Category Number Sum Minimum Maximum Mean Median 

Annual Reports 243 106056 100 6300 436 500 

Withdrawal 74 72018 200 7800 973 600 
Measurement 

Illegal Acreage 12 49900 400 22400 4158 2150 
(Irrigation) 

Over Allotment 25 592786 800 223900 237ll 2468 
(Non-Irrigation) 

Well Construction 12 46600 500 18000 3883 2000 

Management Plan 7 15500 500 4200 2214 2200 
(Conservation 
Requirements) 

Rights Conveyance 10 500 50 50 50 50 

Water Provider 1 500 500 500 500 500 



TABLE 5-6 
Costs Incurred by DWR in the Phoenix AMA, 

Fiscal Years 1985 - 1988 

Cost 
Category: 1985 1986 1987 

Employee Wages $304,821 $342,933 $424,171 

Employee Benefits $65,579 $69,666 $89,316 

Postage $3,432 $3,072 $3,438 

Telephone $7,420 $10,116 $13,123 

Rent & Utilities $35,925 $40,521 $46,071 

Other Costs $11,453 $10,749 $7,392 

----------------- -------- -------- --------

Total $428,630 $477,057 $583,511 

Source: James E. Cusick, Budget Officer, Arizona Department of 
Water Resources (letter dated 11/30/90) . 

TABLE 5-7 
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1988 

$443,388 

$80,933 

$3,810 

$13,707 

$61,317 

$12,446 

--------

$615,601 

Indicated Expenditure on Irrigation Conservation Enforcement, 
Phoenix AMA, Fiscal Years 1985 - 1988 

1985 

1986 

1987 

1988 

---------Withdrawals--------
Percent 

Total (AFl Irrigation 

937,380 39 

903,666 35 

837,628 35 

895,755 35 

---Expenditure (1985 $)--
Indicated 

Total Irrigation 

428,630 167,166 

464,900 162,715 

551,204 192,921 

562,821 196,987 
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TABLE 5-8 
Price Elasticity of Demand for Irrigation Water in Arizona 

Output Water ----Price Elasticity of Demand----
Crop Price !~l In12ut !AFl ~30.64LAF ~39.18LAF ~40.45LAF 

Cotton 0.6135/Lb 911,000 -0.067 -0.087 -0.090 
Wheat 0.0587/Lb 79,050 -0.229 -0.313 -0.326 
Sorghum 0.0515/Lb 13,800 -1..436 -1.. 436 -1.. 436 
Alfalfa 79. SO/Tn 251,875 -0.131 -0.174 -0.180 
------- --------- ---------- --------- --------- ---------
Weighted 
Average: -0.105 -0.134 -0.138 

All prices are expressed in constant 1985 dollars. 

Output price is the 1985 state average (Arizona Agricultural Statistics 
Service 1990) . 

Water input is for Maricopa county in 1985 and equals the typical 
application rate (Hathorn and Farr 1985) times the harvested acreage 
(Arizona Agricultural Statistics Service 1990) . 

The production function estimates and seasonal pan evaporation values in 
Ayer and Hoyt (1981) were employed in all price elasticity calculations. 
Production function estimates for medium texture soil were used in the 
cotton, wheat, and sorghum price elasticity calculations. 
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TABLE 5-9 
Max-Conservation Water Budget, Phoenix AMA 

~ .ll!a 12J!Q aQQ!l ~ ~ ~ 

POPULATION 1,856,574 2,283,353 3,252,014 4,038,197 4,853,072 5,264,397 

ACREAGE: 
Non- Indian Ag Irrigable 362,422 340,158 303,838 267,518 231,198 213,038 

Irrigated 235,574 255,119 227,879 200,639 173,399 159,779 
Indian Ag Irrigable 59,246 59,246 59,246 59,246 59,246 59,246 

Irrigated 29,623 44,435 50,359 50,359 50,359 50,359 

DEMANDS: 
Municipal Use 534,465 624,075 801,399 995,140 1,195,951 1,297,314 

System Loss 53,446 62,407 80,140 99,514 ll9,595 129,731 
Urban Irr Use llO,OOO 110,000 104,500 104,500 104,500 104,500 

system Loss ll,OOO 11,000 10,450 10,450 10,450 10,450 
Industrial 63,479 99,706 127,863 158,551 190,360 206,416 
Non- Indian Ag Use 1,248,544 1,352,128 963,926 848,701 733,476 675,863 

System Loss 124,854 135,213 96,393 84,870 73,348 67,586 
Indian Ag Use 168,851 235,503 213,019 213,019 213,019 213,019 

System Loss 16,885 23,550 21,302 21,302 21,302 21,302 
Other 36,865 7l,865 71,865 7l, B65 71,865 71,865 
Total 2,368,390 2,725,447 2,490,857 2,607,91l 2,733,865 2,798,047 

SUPPLIES: 
Surface 891,756 891,756 89l,756 891,756 891,756 891,756 
CAP 0 529,53B 526,783 535,121 552,309 545,956 
Effluent 78,194 180,317 245, B84 305,327 366,939 398,040 
Augmentation 0 5,000 128,500 128,500 128,500 128,500 
Recharge Net Natural 41,300 41,300 41,300 41,300 41,300 41,300 

Municipal 26,723 31,204 40,070 49,757 59,798 64,866 
Urban Irr 34,100 34,100 32,395 32,395 32,395 32,395 
Industrial 9,522 14,956 19,179 23,7B3 28,554 30,962 
Non-Indian Ag 399,534 432,681 ll5,67l 101,844 B8,017 81,104 
Indian Ag 54,032 75,361 25,562 25,562 25,562 25,562 
Other 1,843 3,593 3,593 3,593 3,593 3,593 
Effluent 51,608 26,446 36,063 44,781 53,818 58,379 
Canal Seepage ll6,864 130,900 97,039 B7,539 78,038 73,288 

Overdraft 662,913 328,295 287,061 336,653 3B3,2B5 422,346 
Total 2,368,390 2,725,447 2,490,857 2,607,911 2,733,865 2,798,047 

Source: Arizona Department of Water Resources 1988 
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TABLE 5-10 
No-Conservation Water Budget, Phoenix AMA 

!ill! !2..!!..!? !2.2!l ~ ~ ~ aill 
POPULATION 1,856,574 2,283,353 3,252,014 4, 038, 197 4,853,072 5,264,397 

ACREAGE: 
Non-Indian Ag Irrigable 362,422 340,158 303,838 267,518 231,198 213,038 

Irrigated 235,574 255,119 227,879 200,639 173,399 159,779 
Indian Ag Irrigable 59,246 59,246 59,246 59,246 59,246 59,246 

Irrigated 29,623 44,435 50,359 50,359 50,359 50,359 

DEMANDS: 
Municipal Use 534,465 624,075 801,399 995,140 1,195,951 1,297,314 

System Loss 53,446 62,407 80,140 99,514 119,595 129,731 
Urban Irr Use 110, 000 110,000 104,500 104,500 104, sao 104,500 

System Loss 11,000 11,000 10,450 10,450 10,450 10,450 
Industrial 63,479 99,706 127,863 158,551 190,360 206,416 
Non-Indian Ag Use 1,389,888 1,505,199 1,344,483 1,183,767 1,023,051 942,693 

System Loss 138,989 150,520 134,448 118,377 102,305 94,269 
Indian Ag Use 168,851 235,503 213,019 213,019 213,019 213,019 

System Loss 16,885 23,550 21,302 21,302 21,302 21,302 
Other 36,865 71,865 71,865 71,865 71,865 71,865 
Total 2,523,869 2,893,826 2,909,469 2,976,484 3,052,398 3,091,560 

SUPPLIES: 
Surface 891,756 891,756 891,756 891,756 891,756 891,756 
CAP 0 529,538 526,783 535,121 552,309 545,956 
Effluent 78,194 180,317 245,884 305,327 366,939 398,040 
Augmentation 0 5,000 128,500 128,500 128,500 128,500 
Recharge Net Natural 41,300 41,300 41,300 41,300 41,300 41,300 

Municipal 26,723 31,204 40,070 49,757 59,798 64,866 
Urban Irr 34,100 34,100 32,395 32,395 32,395 32,395 
Industrial 9,522 14,956 19,179 23,783 28,554 30,962 
Non- Indian Ag 444,764 481,664 430,235 378,805 327,376 301,662 
Indian Ag 54,032 75,361 25,562 25,562 25,562 25,562 
Other 1,843 3,593 3,593 3,593 3,593 3,593 
Effluent 51,608 26,446 36,063 44,781 53,818 58,379 
Canal Seepage 128,518 143,521 128,416 115,165 101,914 95,288 

Overdraft 761,508 435,070 359,733 400,638 438,583 473,300 
Total 2,523,869 2,893,826 2,909,469 2,976,484 3,052,398 3,091,560 

Partial Source: Arizona Department of Water Resources 1988 

Adjustments: 5.9 AF/AC non-Indian ag use rate all years 
32% non-Indian ag recharge rate all years 



TABLE 5-11 
Alternate No-Conservation Overdraft and Withdrawal Estimates 

for the Phoenix AMA 

-------Parameter Estimates-------
RelationshiQ InterceQt !=. t 2 R2 

Alternate 677318.27 -29208.64 624.31 0.75 
No-Conservation (77922.21) (10163.53) (245.90) 
Overdraft 

Alternate 853847.21 -7471. 08 0.92 
No-Conservation (27943.88) (1125.28) 
Irrigation Withdrawal 

Alternate 1499449.78 -32349.39 594.29 0.92 
No-Conservation (53964.47) (7038.68) (170.30) 
Total Withdrawal 

t is time in the closed interval [0,40]. 

Parenthetical values are standard errors. 
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N 

6 

6 

6 

Irrigation withdrawal estimates assume that groundwater constitutes 52% of 
non-Indian irrigation use. 

TABLE 5-12 
Behavioral Responses to Overdraft and Overdraft Reduction 

in the Phoenix AMA 

Average Behavioral Response to Overdraft 
as a Percent of Overdraft 

Max-Conservation: -0.101% 
No-Conservation 

Evans: -0.127% 
Alternate: -0.096% 

Average Behavioral Response to Overdraft Reduction 
as a Percent of Overdraft Reduction 

Evans: 
Alternate: 

+0.658% 
+0.072% 
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TABLE 5-13 
Interpolated Max-Conservation Water Budget, Phoenix AMA 

POPULATION 1,856,574 1,941,930 2,027,286 2,112,641 

ACREAGE: 
Non-Indian Ag Irrigable 

Irrigated 
Indian Ag Irrigable 

DEMANDS: 
Municipal 

Urban Irr 

Irrigated 

Use 
System Loss 
Use 
System Loss 

Industrial 
Non-Indian Ag Use 

System Loss 
Indian Ag Use 

Other 
Total 

SUPPLIES: 
Surface 
CAP 
Effluent 
Augmentation 
Recharge 

Overdraft 
Total 

System Loss 

Net Natural 
Municipal 
Urban Irr 
Industrial 
Non-Indian Ag 
Indian Ag 
Other 
Effluent 
Canal Seepage 

362,422 
235,574 

59,246 
29,623 

534,465 
53,446 

110,000 
11,000 
63,479 

1,248,544 
124,854 
168,851 

16,885 
36,865 

2,368,390 

891,756 
o 

78,194 
o 

41,300 
26,723 
34,100 

9,522 
399,534 

54,032 
1,843 

51,608 
116,864 
662,913 

2,368,390 

357,969 
239,839 
59,246 
32,585 

553,381 
55,338 

110,000 
11,000 
70,724 

1,271,149 
127,115 
183,129 
18,313 
43,865 

2,444,015 

891,756 
105,908 

96,102 
1,000 

41,300 
27,669 
34,100 
10,609 

406,768 
58,601 

2,193 
47,683 

119,905 
600,421 

2,444,015 

353,516 
243,926 

59,246 
35,548 

571,800 
57,180 

110,000 
11,000 
77,970 

1,292,809 
129,281 
196,934 
19,693 
50,865 

2,517,533 

891,756 
211,815 
115,268 

2,000 
41,300 
28,590 
34,100 
11,695 

413,699 
63,019 
2,543 

43,204 
122,829 
535,713 

2,517,533 

Partial Source: Arizona Department of Water Resources 1988 

Adjustments: Linear interpolation 1986 - 1988 

349,064 
247,835 

59,246 
38,510 

589,722 
58,972 

110,000 
11,000 
85,215 

1,313,526 
131,353 
210,264 

21,026 
57,865 

2,588,944 

891,756 
317,723 
135,693 

3,000 
41,300 
29,486 
34,100 
12,782 

420,328 
67,284 

2,893 
38,172 

125,637 
468,789 

2,588,944 
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TABLE 5-14 
Interpolated No-Conservation water Budget, Phoenix AMA 

POPULATION 1,856,574 1,941,930 2,027,286 2,112,641 

ACREAGE: 
Non-Indian Ag Irrigable 

Irrigated 
Indian Ag Irrigable 

DEMANDS: 
Municipal 

Urban Irr 

Irrigated 

Use 
System Loss 
Use 
System Loss 

Industrial 
Non-Indian Ag Use 

System Loss 
Indian Ag Use 

Other 
Total 

SUPPLIES: 
Surface 
CAP 
Effluent 
Augmentation 
Recharge 

Overdraft 
Total 

System Loss 

Net Natural 
Municipal 
Urban Irr 
Industrial 
Non-Indian Ag 
Indian Ag 
Other 
Effluent 
Canal Seepage 

362,422 
235,574 
59,246 
29,623 

534,465 
53,446 

110,000 
11,000 
63,479 

1,389,888 
138,989 
168,851 

16,885 
36,865 

2,523,869 

891,756 
o 

78,194 
o 

41,300 
26,723 
34,100 

9,522 
444,764 

54,032 
1,843 

51,608 
128,518 
761,508 

2,523,869 

357,969 
239,839 

59,246 
32,585 

553,381 
55,338 

110,000 
11,000 
70,724 

1,415,052 
141,505 
183,129 
18,313 
43,865 

2,602,309 

891,756 
105,908 

96,102 
1,000 

41,300 
27,669 
34,100 
10,609 

452,817 
58,601 
2,193 

47,683 
131,770 
700,801 

2,602,309 

353,516 
243,926 

59,246 
35,548 

571,800 
57,180 

110,000 
11,000 
77,970 

1,439,165 
143,917 
196,934 

19,693 
50,865 

2,678,524 

891,756 
211,815 
115,268 

2,000 
41,300 
28,590 
34,100 
11,695 

460,533 
63,019 
2,543 

43,204 
134,896 
637,803 

2,678,524 

Partial Source: Arizona Department of Water Resources 1988 

Adjustments: Linear interpolation 1986 - 1988 
5.9 AF/Ac non-Indian ag use rate all years 

349,064 
247,835 

59,246 
38,510 

589,722 
58,972 

110,000 
11,000 
85,215 

1,462,227 
146,223 
210,264 

21,026 
57,865 

2,752,515 

891,756 
317,723 
135,693 

3,000 
41,300 
29,486 
34,100 
12,782 

467,913 
67,284 

2,893 
38,172 

137,897 
572,516 

2,752,515 



142 

TABLE 5-15 
Benchmark Irrigation Efficiencies in the Phoenix AMA 

------Efficiency (1)------
Irrigation Technolog~ un-managed Managed EmQlo~ed (2) 

Slope Flood, no pumpback 50t 60t 61t 

Slope Flood, pumpback 60t 70t 24t 

Level Flood 75t 85t 11% 

Sprinkle & Trickle 75% & 85t 75t & 85t 4% 

(i) Galusha 1986 

(2) Arizona Department of Water Resources 1988 

TABLE 5-16 
Indicated Changes in the Irrigation Use Rate, Phoenix AMA 

~ USE (1) dln!USE) LAND (2) dln!LAND) dln!RATE) 

1985 1243952 315680 
1986 1035224 -0.1837 260540 -0.1920 
1987 1098853 0.0596 279690 0.0709 
1988 1189534 0.0793 305725 0.0890 

(1) Acre feet of irrigation water use, positive irrigation 
groundwater rights users, Phoenix AMA (Arizona Department of 
Water Resources 1990) 

0.0083 
-0.0113 
-0.0097 

(2) Acres of harvested land, Maricopa County (Arizona Agricultural 
Statistics Service 1990) 
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TABLE 5-17 
Interpolated Actual Water Budget, Phoenix AMA 

POPULATION 1,856,574 1,941,930 2,027,286 2,112,641 

ACREAGE: 
Non-Indian Ag Irrigable 

Irrigated 
Indian Ag Irrigable 

DEMANDS: 
Municipal 

Urban Irr 

Irrigated 

Use 
System Loss 
Use 
System Loss 

Industrial 
Non-Indian Ag Use 

System Loss 
Indian Ag Use 

Other 
Total 

SUPPLIES: 
Surface 
CAP 
Effluent 
Augmentation 
Recharge 

Overdraft 
Total 

System Loss 

Net Natural 
Municipal 
Urban Irr 
Industrial 
Non-Indian Ag 
Indian Ag 
Other 
Effluent 
Canal Seepage 

362,422 
235,574 
59,246 
29,623 

534,465 
53,446 

110,000 
11,000 
63,479 

1,352,196 
135,220 
168,851 

16,885 
36,865 

2,482,408 

891,756 
o 

78,194 
o 

41,300 
26,723 
34,100 

9,522 
432,703 

54,032 
1,843 

51,608 
125,410 
735,216 

2,482,408 

357,969 
239,839 

59,246 
32,585 

553,381 
55,338 

110,000 
11,000 
70,724 

1,388,104 
138,810 
183,129 

18,313 
43,865 

2,572,666 

891,756 
105,908 

96,102 
1,000 

41,300 
27,669 
34,100 
10,609 

444,193 
58,601 
2,193 

47,683 
129,548 
682,003 

2,572,666 

353,516 
243,926 

59,246 
35,548 

571,800 
57,180 

110,000 
11,000 
77,970 

1,395,805 
139,581 
196,934 

19,693 
50,865 

2,630,828 

891,756 
211,815 
115,268 

2,000 
41,300 
28,590 
34,100 
11,695 

446,658 
63,019 

2,543 
43,204 

131,321 
607,558 

2,630,828 

Partial Source: Arizona Department of Water Resources 1988 

Adjustments: Linear interpolation 1986 - 1988 

349,064 
247,835 

59,246 
38,510 

589,722 
58,972 

110,000 
11,000 
85,215 

1,404,416 
140,442 
210,264 

21,026 
57,865 

2,688,923 

891,756 
317,723 
135,693 

3,000 
41,300 
29,486 
34,100 
12,782 

449,413 
67,284 

2,893 
38,172 

133,130 
532,190 

2,688,923 

Indicated actual non-Indian ag use rates 1985 - 1988 



1985 
1986 
1987 
1988 
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TABLE 5-18 
Indicated Groundwater Savings Production in the Phoenix AMA 

--------------Overdraft---------------
No- Max-

Conservation Actual Conservation 

761,508 
700,801 
637,803 
572,516 

735,216 
682,003 
607,558 
532,190 

662,913 
600,421 
535,713 
468,789 

Overdraft 
Reduction 
Potential 

98,595 
100,380 
102,090 
103,727 

Groundwater 
Savings 

Production 

26,292 
18,798 
30,245 
40,326 
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CHAPTER 6 

RIGHTS RETIREMENT 

The purpose of this chapter is to examine DWR's second policy tool, 

rights retirement. This policy tool, unlike conservation enforcement, has 

never been employed by DWR since the GMA authorizes rights retirement no 

earlier than 2006. Therefore, the nature of this policy tool must be 

inferred from other sources. Arizona's notable experience with such a 

policy is with highway right of way acquisitions by the Arizona Department 

of Transportation (ADOT). This experience is generalized and applied to 

DWR's overdraft reduction problem. First, the administrative and legal 

procedures required for rights retirement are explained. An estimate of 

the production function for overdraft reduction by rights retirement is 

then derived for use in the simulation model. 

Rights Retirement in Arizona 

The rights retirement process is outlined in table 6-1. Much of 

this material was supplied by Tom Wheeler, chief of the Right of Way 

Section of ADOT (interview on 10/23/90). The first stage of the process 

is the selection of irrigated land for retirement. Since this study is 

regional in character, many of the issues involved with the selection of 

specific properties for retirement remain in the background. However, it 

is reasonable to assume that DWR will first consider irrigated land that 

is voluntarily offered for retirement. only after exhausting this supply 

of rights would DWRpursue involuntary retirement (i.e. condemnation under 
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the power of eminent domain). In ADOT's experience, the size of the 

property has little effect on the amount of effort (labor and transactions 

costs) required for the acquisition; of course, the amount of compensation 

is affected (ibid.). Further, severance damages resulting from the 

breakup of an enterprise would not apply to whole acquisitions. 

Therefore, whether or not the retirement is voluntary, DWR would likely 

prefer whole acquisitions. 

The second stage of the rights retirement process is appraisal. The 

land is appraised for its "fair market value" and any severance damages 

arising from a partial acquisition. Fair market value is defined as the 

"highest price estimated in terms of money which the land would bring if 

exposed for sale in the open market with reasonable time allowed in which 

to find a purchaser, buying with knowledge of all of the uses and purposes 

to which it was adapted and for which it is capable" (Arizona Revised 

Statutes, section 12-1122, note 49). This definition is taken to mean the 

present value of the stream of expected net income. It should be noted 

that any speculative value will be disregarded when determining 

compensation (Arizona Revised Statutes, section 12-1122, note 4). 

Relocation assistance is also available for right of way acquisitions by 

ADOT since the property becomes untenable once highway construction 

begins. However, only the land actually irrigated need be acquired for 

rights retirement by DWR, leaving occupied structures intact. Hence, 

relocation assistance is not necessarily relevant to the present problem. 

As a final step in this stage, the appraisal receives an in-house review 

for consistency. 

Negotiation with the owner begins once the appraisal has been 

completed. Very few owners accept the first offer in the ADOT experience; 

however, 90 percent of all acquisition cases are eventually settled by 

negotiation (Tom Wheeler, interview on 10/23/90). The process ends at 
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this stage for those who settle and continues into the condemnation stage 

for the 10 percent who do not. 

The condemnation proceedings occur in superior court of the county 

in which the land is located. First, a hearing is held in which DWR must 

justify the acquisition. The owner is given the opportunity to present 

counter arguments at this time. Baring any procedural errors, a temporary 

order of possession is granted and an escrow account equal to the highest 

appraised value is established. A trial is then scheduled to make a final 

determination of compensation. In ADOT's experience, 95 percent of the 

condemnation cases are settled prior to the trial; therefore, only one 

half of one percent of all acquisition cases go to trial (ibid.). During 

the trial, final compensation is determined, a final order of possession 

is granted, and any adjustments to the escrow account are made. 

The compensation paid to retire irrigated land represents foregone 

net income. The cost of rights retirement also includes the labor 

required to process acquisition cases. On average, each of ADOT's 

acquisition cases requires 20 hours of legal time and 20 hours of nonlegal 

staff time if settled prior to trial (ibid.). If a case goes to trial, 

100 hours each of legal time and nonlegal staff time are required (ibid.) . 

The proportion of cases going to trial in the ADOT experience then 

suggests that an average of 20.4 hours each of legal time and nonlegal 

staff time are required per case. Pat Shiffer, chief of the legal section 

of DWR, indicated an average cost of $20 per hour for legal time and $10 

per hour for nonlegal staff time (interview on 5/14/92). Therefore, the 

inferred average labor cost of rights retirement is $612 per case. 

Other costs of rights retirement include employee benefits, office 

space and utilities, and miscellaneous expenditures. In DWR's experience 

with conservation enforcement, the ratio of wages to these other costs is 

2.46, 2.56, 2.66, and 2.57 for the years 1985, 1986, 1987 and 1988 
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respectively (table 5-6). The average ratio of 2.57 suggests that for 

each dollar spent in wages, DWR incurs an average of $0.39 ($1/2.57) in 

other resource costs to enforce conservation measures. Generalizing this 

cost to rights retirement, an average of $612(1+0.39) or $850.68 in wages 

and other resource costs are required to retire an irrigated property. 

The representative farm size in Maricopa County is 1000 acres (Wade and 

Farr 1990). Therefore, DWR incurs an average resource cost of $0.85068 

per acre of retired right. 

Rights retirement costs other than those described above are 

considered negligible. Some enforcement effort may be required to ensure 

that retired irrigated land is not subsequently irrigated. However, such 

costs are assumed to be insignificant in light of DWR's automated 

verification of valid irrigation rights by satellite imagery. Title 

insurance is not required since the State has a superior claim. Moreover, 

state agencies do not pay court filing fees. And finally, all foregone 

net income due to rights retirement is accounted for by the owner's 

compensation which equals the present value of expected net income from 

irrigation. No consideration is made for the subsequent use of retired 

irrigated land since all non-irrigation activities within the Phoenix AMA 

are exogenous to the analysis. 

A small digression on the magnitude of the resource cost of rights 

retirement is appropriate. It was conjectured in chapter 2 that the 

resource cost of overdraft reduction by rights retirement may be less than 

that by conservation enforcement. The average resource cost of 

conservation enforcement was estimated in chapter 5 as $6.22 per acre foot 

of overdraft reduction. This expenditure achieves overdraft reduction in 

the current year and must be continued to maintain the overdraft reduction 

in future years. Rights retirement, on the other hand, produces 

cumulative overdraft reduction by permanently extinguishing the right to 
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use water. Given no conservation, the average irrigation use rate is 5.9 

AF/Ac (Arizona Department of Water Resources 1984) and the irrigation 

incidental recharge rate is 32% (Arizona Department of Water Resources 

1988). Therefore, DWR reduces overdraft by 4.012 AF for each acre of 

irrigation groundwater right retired. This suggests an average resource 

cost of rights retirement equal to $0.21 ($0.85068/4.012) per acre foot of 

overdraft reduction. 

compared with the 

The magnitude of this one-time expenditure, when 

continual expenditure required for conservation 

enforcement, lends support to the conjecture of chapter 2. Nevertheless, 

it is the marginal costs of these policy tools that are relevant to DWR's 

decisions. 

This section has described the general administrative and legal 

procedures of the rights retirement process including the resulting 

foregone net income and resource cost. A more detailed description would 

represent only speculation since this policy tool has never been used in 

Arizona. An estimate of the production function for overdraft reduction 

by rights retirement is derived in the next section. 

Overdraft Reduction by Rights Retirement 

The production of overdraft reduction by rights retirement was 

described in chapter 2 as a function of retirement effort. Similar to 

conservation enforcement, DWR's expenditure on rights retirement is used 

as the measure of this effort. One of the differences between this policy 

tool and conservation enforcement is that the effort required of DWR to 

implement rights retirement includes the resulting foregone net income. 

This effort equals the compensation to retire rights (foregone net income) 

plus the labor and capital resources to process rights retirement cases. 

An example of the required compensation, or foregone net income, is 
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illustrated in figure 6-1. In this example, sufficient rights are 

purchased and retired to reduce annual irrigation water use from Uo to Ul • 

The shaded area, then, is the annual foregone net income since the 

marginal cost of irrigation water is not directly affected by rights 

retirement. This annual foregone net income does not continue into 

perpetuity since much of the irrigated land in the Phoenix AMA is expected 

to eventually leave agricultural production regardless of DWR's rights 

retirement activity. Therefore, the required compensation equals the 

discounted stream of annual foregone net income which continues for as 

long as the irrigated land would have otherwise remained in agricultural 

production. Any terminal asset value is ignored in this study since DWR 

can simply sell the retired irrigated land when it would have otherwise 

transferred to non-irrigation uses. Further, any speculative value is to 

be disregarded when determining compensation in condemnation proceedings 

(Arizona Revised statutes, section 12-1122, note 4) . 

DWR will retire lower valued irrigated land first in order to 

minimize the impact on net income. A true representation of this process 

would require a separate accounting of irrigated land by quality. 

Alternatively, all irrigated land in the Phoenix AMA can be treated 

identically with rights retirement reducing irrigation use marginally on 

all land. This approach is specified below. 

Let u(MC) 

MC(u) 

Irrigation water demand rate (AF/Ac/Yr) 

Inverse irrigation water demand ($/Ac/Yr) 

Annual compensation required for a U o - U 1 
irrigation use rate reduction 

The annual compensation can be approximated as follows. 

[UO-u1] [MC1-MCo] /2 

[UO-ul ] [MC (u1) -MC (uo) ] /2 
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The time path of irrigated acreage in the Phoenix AMA was estimated 

in chapter 5 from DWR projections (Arizona Department of Water Resources 

1988). These estimates indicate that all irrigated land will have been 

transferred to non-irrigation uses by the year 2100. Therefore, the total 

foregone net income due to rights retirement at a point in time is given 

by the following. 

Let 

Then 

IR = Total foregone net income due to right retirement 

ACt = Irrigated acreage, where t=o at 1985 

i = Annual discount rate 

C (ut_1 , u t ) ACt+j 
E·-------

J [l+i] j 
for j=O to 115-t 

The total retirement effort expended by DWR equals the rights 

retirement compensation, IR, plus the resource cost. The resource cost was 

estimated in the previous section as a function of retired irrigated 

acreage. This acreage is approximated by the proportional reduction in 

the irrigation use rate from the no-retirement irrigation use rate. 

Let 

Then 

Where 

w 

R 

R 

Resource cost per acre 

Total retirement effort 

UN = No-retirement irrigation use rate 

u t_1 - ut = Current irrigation use rate reduction 

The resulting overdraft reduction production also depends on the 

incidental recharge rate since a portion of all irrigation water use 

eventually percolates back into the aquifer to become available for reuse. 

Let r Incidental recharge rate 

G Overdraft reduction production by rights retirement 
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Then 

Rights retirement effort and overdraft reduction production were 

calculated as above for varying reductions in the irrigation water use 

rate. The no-retirement irrigation use rate and the incidental recharge 

rate were set at their no-conservation levels of 5.9 AF/Ac and 32 percent. 

Irrigation water demand and irrigated acreage were estimated in chapter 5. 

The annual discount rate was 3 percent (appendix B) . 

Production calculations for the years 2006, 2015, and 2025 are 

illustrated in figures 6-2, 6-3, and 6-4. The overdraft reduction 

potential of rights retirement declines throughout this time period as 

irrigated acreage is exogenously transferred to non-irrigation uses. 

Hence, the marginal productivity of rights retirement declines at a faster 

rate in the later years. This characteristic is reflected in the 

production calculations. 

The rights retirement production function developed in chapter 2 was 

then estimated separately for the three years. 

Let 

Where 

Then 

Retirement effort ($) 

Qt Overdraft reduction potential of rights retirement (AF) 

Overdraft reduction production 
by rights retirement 

exp(') = The number e raised to some power 

In(l-G(Rt ,Qt) /Qt) = bRt 

The ordinary least squares estimates of the transformation are given 

below. Retirement effort was scaled in millions of dollars. 

0.000537Rt/1000000 
(0.000015) 

0.000621Rt/1000000 
(0.000018) 



0.000747Rt /1000000 
(0. 000021) 
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The parenthetical values are standard errors of the parameter estimates. 

All estimates are significant at the . 01 level of significance. The 

number of observations in each estimation is 12. The square of the 

correlation coefficient between the dependent variable and its estimate is 

0.9928 for each estimation. The parameter b can be interpreted as the 

rate of change in marginal productivity. Hence, the parameter estimates 

demonstrate the effect on marginal productivity of a declining overdraft 

reduction potential. 

The production estimates are illustrated in figure 6-5. These 

estimates demonstrate the feasibility of achieving zero overdraft in 

period 2 (2006 through 2025). The no-conservation water budget 

constructed in chapter 5 (table 5-10) indicates that the relevant range of 

overdraft during period 2 is less than 500,000 AF while the production 

estimates illustrated in figure 6-5 suggest that rights retirement is 

capable of achieving overdraft reduction well in excess of 500,000 AF. 

Figure 6-5 also suggests that the production estimates in the relevant 

range (less than 500,000 AF) do not vary significantly from each other. 

Therefore, a single production estimate can reasonably represent overdraft 

reduction production by rights retirement throughout period 2. The 

average of the three parameter estimates given above, b = -0.000635, is 

used in the simulation model. 

Summary 

DWR's employment of rights retirement was described and estimated in 

this chapter. The description of this policy tool necessarily involved 

some speculation since rights retirement is not authorized by the GMA 
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until 2006. Arizona's experience with highway right of way acquisitions 

by ADOT was generalized and applied to rights retirement since the same 

legal procedures are required. Then, overdraft reduction production by 

rights retirement was estimated for the Phoenix AMA. Unlike conservation 

enforcement, the foregone net income due to this policy tool is included 

in DWR's expenditure of effort since irrigators must be compensated for 

their retired rights. 

All components of the overdraft reduction simulation model have been 

estimated at this point. The simulation model is specified and solved in 

the next chapter under various scenarios designed to test the sensitivity 

of the results. 



TABLE 6-1 
Groundwater Rights Retirement in Arizona 

Stage 1: 

Stage 2: 

Stage 3: 

Stage 4: 

Selection 
* Voluntary offerings first 
* Whole acquisitions preferred 

Appraisal 
* Fair market value 
* Severance damages (partial acquisitions) 
* In-house review of appraisal 

Negotiation 
* Very few accept first offer 
* 90% eventually settle by negotiation 

Condemnation 
* Hearing in superior court 

- Arguments heard 
- Temporary order of possession 
- Escrow deposit 

* Trial for final compensation 
- 95% of condemnation cases 

settle prior to trial 
- Final order of possession 

* Adjustments to escrow deposit 
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CHAPTER 7 

OVERDRAFT REDUCTION SIMULATION 

The simulation of DWR's overdraft reduction decisions is discussed 

in this chapter. The hypothesis of GMA compliance is maintained 

throughout. However, certain liberties are taken with the definition of 

compliance. The conceptual framework of chapter 2 suggested that DWR has 

two overdraft management considerations: compliance and efficiency. The 

analytic analysis in chapter 3 then identified an inherent conflict 

between these two considerations. The production characteristics of 

conservation enforcement and rights retirement imply that a later 

combination of conservation enforcement and rights retirement is more 

likely to be efficient than an earlier combination. Yet, the GMA requires 

zero overdraft by 2025 and maximum irrigation conservation by 2000. 

Moreover, the discussion of overdraft reduction potential in chapter 2 

indicated that zero overdraft can not be achieved by conservation 

enforcement alone. Hence, GMA compliance requires a combination of policy 

tools at some pOint in time. This combination could be delayed by 

postponing rights retirement to just before 2025. But a more compelling 

question is whether conservation enforcement should be employed at all. 

It is possible that rights retirement could be employed to achieve the 

same overdraft reductions as conservation enforcement and at a lower cost. 

Two definitions of GMA compliance are used to investigate this 

possibility. Strong compliance requires zero overdraft by 2025 and 

maximum irrigation conservation by 2000. Weak compliance requires only 

zero overdraft by 2025. A simulation model incorporating these 
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definitions is constructed in this chapter from the conceptual model 

developed in chapters 2 and 3. DWR's overdraft reduction decisions are 

then simulated employing the parameter estimates from chapters 4, 5, and 

6. Alternative parameter values are employed to assess the sensitivity of 

the simulation results. This chapter presents only the simulation model 

and results. A discussion and analysis of these results is presented in 

chapter 8. 

Simulation Model 

The overdraft reduction model in chapter 3 describes DWR's problem 

in continuous time. While the hydrologic variables associated with 

groundwater overdraft vary continuously through time, their measurement 

does not. Moreover, DWR's budgeting decisions occur discretely through 

time. Therefore, these decisions are simulated in discrete time. The 

following definitions are used in the simulation model. 

Define t = Time period; t=l in 1985 

Xt Overdraft reduction by conservation enforcement (AF) 

Yt Overdraft reduction by rights retirement (AF) 

Zt Groundwater savings (AF) 

Et Enforcement effort (units of effort) 

Rt Retirement effort (units of effort) 

Bt Current benefit of groundwater savings (current $) 

Ct Cost of overdraft reduction (current $) 

V Terminal value of groundwater savings (2025 $) 

a Conservation enforcement production parameter 

b Rights retirement production parameter 

uNt No-conservation irrigation use (AF) 

WN
t No-conservation withdrawal (AF) 



ODNt No-conservation overdraft (AF) 

ODMt Max-conservation overdraft (AF) 

CODNt = Cumulative no-conservation overdraft (AF) 
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cP Unit marginal pumping cost due to overdraft ($/AF/Ft) 

CS Unit marginal subsidence cost due to overdraft ($/AF/Ft) 

MCEt = Marginal cost of enforcement effort ($/unit of effort) 

MCR = Marginal cost of retirement effort ($/unit of effort) 

FW = Annual withdrawal beyond 2025 (AF) 

k Overdraft to groundwater level decline ratio (AF/Ft) 

r Incidental recharge rate (proportion) 

i ~nnual discount rate (proportion) 

DWR's secondary objective is to maximize the present value of its 

overdraft reduction decisions. This objective is represented by equations 

7-1 through 7-4 below. 

Max 

Where 

Bt - C t V 
Et + 

V 

[l+il t [l+i1 4o 

CPWNtCODNt - cP [WNt- [Zt-Zt.ll / [l-rll [CODNt-Ztl 

k 

cSWNtODNt - CS [WNt- [Zt-Zt_1l / [l-rl] [ODNt-Zt+Zt_l] 
+ 

MCE tEt + MCRRt 

cPFW (Z40/k ) 

i 

k 

(7-1) 

(7-2) 

(7-3) 

(7-4) 

The benefits of overdraft reduction, Be and V, were derived in 

chapter 4. The level of actual withdrawal is represented by the level of 

no-conservation withdrawal minus the reduction in withdrawal associated 

with overdraft reduction, WNt- [Zt-Zt_l] / [l-r]. The groundwater water level 

decline is calculated using the overdraft to groundwater level decline 
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ratio, k. 

The cost of overdraft reduction, Ct , equals the sum of the products 

of respective marginal costs and effort levels. The marginal cost of 

enforcement effort includes the marginal resource cost and the marginal 

foregone net income of conservation enforcement. Enforcement effort 

measures DWR's expenditure on all the resources required for conservation 

enforcement and is scaled in millions of dollars. Hence, the marginal 

resource cost is $1,000,000. The marginal foregone net income varies 

through time as urban development takes irrigated land out of agricultural 

production. These marginal costs are described in chapter 5. 

Similarly, retirement effort measures DWR's expenditure on all the 

resources required for rights retirement and is also scaled in millions of 

dollars. However, the foregone net income of rights retirement is 

accounted for by the compensation that DWR pays for retired rights. 

Therefore, the marginal cost of retirement effort equals the marginal 

resource cost, or $1,000,000. This marginal cost is described in chapter 

6. 

The objective in equation 7-1 is subject to a number of constraints. 

Overdraft reduction by conservation enforcement is described by the 

production process derived in chapter 2 and estimated in chapter 5. This 

process is represented by the following constraint. 

Where 

Xt = [l-Yt-l/ [l-r] UNt] [ODNt-ODMt] [l-exp (aEt)] 

exp(·) = The number e raised to a power 

(7-5) 

Given no rights retirement, the overdraft reduction potential of 

conservation enforcement equals the difference between no-conservation and 

max-conservation overdraft. However, this potential is decreased by the 

portion of overdraft reduction by rights retirement that is associated 

with illegal withdrawals. It is assumed that illegal withdrawals are 
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uniformly distributed and that the overdraft reduction potential of 

conservation enforcement is reduced proportionally with the retirement of 

available rights. The proportion of retired rights is given by 

Yt - 1 / [l-r] ~t where [l-r] ~t is the maximum possible overdraft reduction by 

rights retirement. 

Overdraft reduction by rights retirement is described by the 

production process derived in chapter 2 and estimated in chapter 6. This 

process is represented by the following constraint. 

(7-6) 

The overdraft reduction potential in equation 7-6 does not account for the 

infl uence of conservation enforcement for two reasons. First, the 

influence of conservation enforcement is not cumulative whereas that of 

rights retirement is. And second, the influence of conservation 

enforcement is small relative to the potential of rights retirement. 

The increase in groundwater savings is simply the sum of the 

overdraft reductions by conservation enforcement and rights retirement. 

(7-7) 

Equations 7-1 through 7-7 represent choices that are unconstrained 

by the requirements of GMA compliance. However, GMA compliance is DWR's 

primary objective. Both definitions of GMA compliance employed in this 

study require zero overdraft by 2025 or that overdraft reduction in 2025 

be no less than no-conservation overdraft. 

(7-8) 

Strong compliance also requires maximum irrigation conservation by the 

year 2000. 

(7-9) 
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Equations 7-1 through 7-8 define the weak compliance problem and 

equations 7-1 through 7-9 define the strong compliance problem. 

Simulation Results 

The credibility of the simulation results depends, in part, on the 

parameter estimates of chapters 4, 5, and 6. The strong and weak 

compliance scenarios were simulated using alternative parameter values to 

assess the sensitivity of the results. This section presents a summary of 

these results. Detailed simulation results are presented in appendix c. 

Incidental Recharge Rate 

The first set of simulations examines variations in the incidental 

recharge rate. In reality, this rate is endogenous since it depends on 

the level of conservation enforcement. 

incidental recharge rate is held 

Irrigation incidental recharge in 

In the simulations, however, the 

fixed for modeling simplicity. 

the Phoenix AMA given maximum 

conservation is 12 percent and that given no conservation is 32 percent 

(Arizona Department of Water Resources 1988). These bounds were employed 

in the first set of simulations to assess the sensitivity of the results. 

All other parameters assumed their previously estimated values. Parameter 

estimates are presented in table 7-1. 

The results of these simulations are illustrated in figures 7-1 

through 7-5. Objective function values are presented in table 7-2. In 

the strong compliance scenario, the levels of groundwater savings and the 

levels of overdraft reduction by conservation enforcement and rights 

retirement are identical for the two incidental recharge rates (figures 

7-1 and 7-3). Overdraft reduction by conservation enforcement is zero 
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until the year 2000 when it achieves and maintains maximum irrigation 

conservation as required. Similarly, overdraft reduction by rights 

retirement is zero until 2025 when it is employed to achieve the required 

zero overdraft. 

Identical levels of groundwater savings are achieved in the weak 

compliance scenario for the two incidental recharge rates as well; 

however, the levels of overdraft reduction by conservation enforcement and 

rights retirement differ (figures 7-2 and 7-4). For both incidental 

recharge rates, all overdraft reduction is delayed until 2025 when a least 

cost combination of conservation enforcement and rights retirement is 

employed to achieve zero overdraft. The lower incidental recharge rate 

shifts this combination in favor of rights retirement. This is because 

the overdraft reduction potential of rights retirement is increased by the 

lower incidental recharge rate in equation 7-6. The increased overdraft 

reduction potential then increases the marginal productivity of rights 

retirement as described in chapter 2. 

The objective function values differ between the two incidental 

recharge rates in both compliance scenarios. The lower incidental 

recharge rate decreases the costs of overdraft reduction by increasing the 

marginal producti vi ty of rights retirement as explained above. The 

benefits associated with overdraft reduction are also decreased since the 

reduction in the irrigation water use required to achieve a given level of 

overdraft reduction is decreased in equation 7-2 by the lower incidental 

recharge rate. Nevertheless, the decrease in costs exceeds the decrease 

in benefits for an overall increase in net benefits. 

These responses are at least partially artificial since the 

incidental recharge rate is endogenous in reality. The important point, 

however, is that the characteristic nature of the simulation results is 

unaffected by reasonable changes in the incidental recharge rate. There 
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are two notable observations in this regard. First, overdraft reduction 

is optimally employed in the Phoenix AMA only to achieve the required 

levels of compliance. This observation is illustrated in figure 7-5. 

Overdraft levels were unaffected by the change in the incidental recharge 

rate. In the strong compliance scenario, overdraft drops below the no-

conservation time path at 2000 to achieve maximum irrigation conservation, 

and then again at 2025 to achieve zero overdraft. When unconstrained by 

the maximum irrigation conservation requirement in the weak compliance 

scenario, overdraft diverges from the no-conservation time path only at 

2025 to achieve zero overdraft. 

The second observation is that the zero overdraft target can be 

achieved in the Phoenix AMA at considerable savings by eliminating the 

maximum irrigation conservation requirement. This observation can be 

verified by comparing the objective function values in table 7-2. The 

negative present values indicate a second best solution in which policy 

objectives are not justified by the costs and benefits explicitly 

accounted for in the simulation model. Given either the 12 percent or 32 

percent incidental recharge rate, strong compliance is estimated to cost 

society around $3 billion in present value. As a point of reference, CAP 

construction is estimated to cost approximately $4 billion. 

Alternatively, weak compliance is estimated to cost from 85 to 90 percent 

less than strong compliance. Hence, the relevant issue is whether maximum 

irrigation conservation is worth $2.6 billion. 

The first set of simulations suggests that an exogenous incidental 

recharge rate does not significantly affect the results. Therefore, the 

average of the two incidental recharge rates above, 22 percent, was 

employed in all remaining simulations. 
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Production Parameters 

The second set of simulations examines variations in the production 

parameters for conservation enforcement and rights retirement. These 

parameters can be interpreted as rates of change in marginal productivity 

and are, therefore, negative. Hence, more negative parameter values 

indicate increased productivity. Productivity can be expected to increase 

wi th experience and from improved enforcement technology. Therefore, 

parameter values 50 percent more negative than those estimated in chapters 

5 and 6 were employed in the second set of simulations to assess the 

sensitivity of the results. 

The levels of groundwater savings and the levels of overdraft 

reduction by conservation enforcement and rights retirement were 

unaffected by the increased productivity of conservation enforcement in 

the strong compliance scenario. In the weak compliance scenario, however, 

the least cost combination at 2025 was shifted in favor of conservation 

enforcement, as expected. 

Similarly, the increased productivity of rights retirement did not 

affect the levels of groundwater savings or the levels of overdraft 

reduction by conservation enforcement or rights retirement in the strong 

compliance scenario. In the weak compliance scenario, the least cost 

combination at 2025 was shifted in favor of rights retirement, again as 

expected. 

The second 

productivity of 

insufficient to 

set of simulations indicates that 

conservation enforcement or rights 

change the characteristic nature of 

the increased 

retirement was 

the simulation 

results. Indeed, separate illustrations for these simulation results are 

not provided since they would not be noticeably different from those in 

figures 7-1 through 7-5. The objective function values, however, are 
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presented in table 7-2. 

Overdraft to Groundwater Level Decline Ratio 

The primary hydrologic parameter in the simulation model is the 

overdraft to groundwater level decline rati". 

expected to vary throughout the Phoenix 

This parameter can be 

AMA as the physical 

characteristics of the groundwater aquifer change. However, a single 

parameter value is employed in the simulation model to represent the 

entire area. Therefore, parameter values 50 percent higher and lower than 

that estimated in chapter 4 were employed in the third set of simulations 

to assess the sensitivity of the results. 

The levels of groundwater savings and the levels of overdraft 

reduction by conservation enforcement and rights retirement were virtually 

unaffected by the increased overdraft to groundwater level decline ratio 

in both the strong and weak compliance scenarios. Objective function 

values were significantly lower, however, since increases in this ratio 

reduce the marginal benefits of overdraft reduction in equations 7-2 and 

7-4. 

The decreased overdraft to groundwater level decline ratio shifted 

a small portion of rights retirement from 2025 back to 2006 in the strong 

compliance scenario. Consequently, the overdraft reduction potential of 

conservation enforcement was reduced, thereby facilitating a reduction in 

enforcement effort beginning in 2007. These results are illustrated in 

figures 7-6 and 7-7. In the weak compliance scenario, the levels of 

groundwater savings and the levels of overdraft reduction by conservation 

enforcement and rights retirement were virtually unaffected by the 

decreased overdraft to groundwater level decline ratio. These results 

suggest that the increased marginal benefits of overdraft reduction 
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associated with the decreased overdraft to groundwater level decline ratio 

together with the reduction in enforcement effort facilitated by the 

decreased overdraft reduction potential of conservation enforcement were 

sufficient to justify the additional costs associated with earlier rights 

retirement in the strong compliance scenario. Had the increased marginal 

benefits of overdraft reduction associated with the decreased overdraft to 

groundwater level decline ratio alone been sufficient in the strong 

compliance scenario then they would have also been sufficient in the weak 

compliance scenario. 

The third set of simulations suggests that the hydrologic 

characteristics of the regulated aquifer are critical determinants of an 

optimal overdraft reduction policy. These characteristics are represented 

by a single parameter in the simple overdraft reduction model employed in 

this study. Large parameter values, indicating a relatively wide aquifer 

with a large land area per volume of groundwater, are associated with 

smaller marginal benefits of overdraft reduction, while small parameter 

values, indicating a relatively narrow aquifer with a small land area per 

volume of groundwater, are associated with larger marginal benefits. 

Although ignored in this study, these hydrologic characteristics also have 

a time dimension. So called "cones of depression" form around groundwater 

wells indicating the time required for groundwater levels to equilibrate 

once disturbed. The marginal benefits of overdraft reduction will be 

delayed through time as groundwater levels adjust to reflect the effects 

of groundwater savings. 

The Discount Rate 

The final set of simulations examines variations in the discount 

rate. This rate is discussed in appendix B. The empirical indicators of 
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the appropriate discount rate, the 3 month Treasury bill rate and the real 

rate of growth in U. S. gross national product, have generally varied 

between 1 and 5 percent during the period characterized by increased 

capital mobility (Lind 1990). Hence, these bounds were employed in the 

fourth set of simulations to assess the sensitivity of the results. 

The levels of groundwater savings and the levels of overdraft 

reduction by conservation enforcement and rights retirement were virtually 

unaffected by the higher discount rate in both the strong and weak 

compliance scenarios. Objective function values, however, were 

significantly higher since costs generally dominate the simulation results 

through time. 

The lower discount rate shifted all rights retirement from 2025 back 

to 2006 in the strong compliance scenario. As in the third set of 

simulations, the overdraft reduction potential of conservation enforcement 

was reduced, thereby facilitating a reduction in enforcement effort 

beginning in 2007. In the weak compliance scenario, all rights retirement 

was again shifted back to 2006 by the lower discount rate leaving only a 

low level of conservation enforcement at 2025. Hence, the lower discount 

rate alone was sufficient to justify the additional costs associated with 

earlier rights retirement. The primary reason for this result is that 

early rights retirement becomes more valuable as the discount rate is 

lowered due to the cumulative influence on groundwater savings. Indeed, 

the terminal value of groundwater savings becomes infinite in equation 7-4 

as the discount rate approaches zero. The important issue, then, is 

whether the appropriate discount rate is low enough to justify such early 

rights retirement. 

These results are illustrated in figures 7-8 through 7-10. The 

negative levels of overdraft indicated in figure 7-10 may not be 

realistic, especially if rights retirement in excess of that required to 
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achieve zero overdraft were not considered a justifiable exercise of the 

State's right of eminent domain. While overdraft could be constrained to 

be non-negative in the simulations, the result that rights retirement 

would be optimally employed earlier given a sufficiently low discount rate 

would remain. 

The forth set of simulations suggests that the discount rate is also 

a critical determinant of an optimal overdraft reduction policy. This 

observation is hardly surprising since the discount rate is key to 

intertemporal efficiency and equity problems in general. This observation 

is perhaps somewhat frustrating, however, since only imperfect empirical 

indicators of the appropriate discount rate exist. Therefore, the 

simulation results raise the discount rate as a policy issue to be 

deliberated by society in less rigorous fora. 

Summary 

A simulation model incorporating two alternative definitions of GMA 

compliance was constructed in this chapter from the conceptual model 

developed in chapters 2 and 3. Strong compliance requires zero overdraft 

by 2025 and maximum irrigation conservation by 2000 while weak compliance 

requires only zero overdraft by 2025. DWR's overdraft reduction decisions 

were then simulated employing the parameter estimates from chapters 4, 5, 

and 6. Alternative parameter values were employed to assess the 

sensitivity of the simulation results. The general resul ts of this 

exercise are listed below. Detailed simulation results are presented in 

appendix c. 

1. Overdraft reduction is optimally employed in the Phoenix AMA only to 
achieve the required levels of compliance. In the strong compliance 
scenario, overdraft drops below the no-conservation time path at 
2000 to achieve maximum irrigation conservation and then drops again 
at 2025 to achieve zero overdraft. When unconstrained by the 
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maximum irrigation conservation requirement in the weak compliance 
scenario, overdraft diverges from the no-conservation time path only 
at 2025 to achieve zero overdraft. 

2. The zero overdraft target can be achieved in the Phoenix AMA at 
considerable savings by eliminating the maximum irrigation 
conservation requirement. This result emphasizes the tradeoffs that 
exist between policy objectives and implementation costs. 

3. The hydrologic characteristics of the regulated aquifer are critical 
determinants of an optimal overdraft reduction policy. 
Specifically, the physical characteristics of an aquifer can 
determine whether rights retirement is optimally employed relatively 
early or late. 

4. The discount rate is also a critical determinant of an optimal 
overdraft reduction policy. Early rights retirement becomes optimal 
as future costs and benefits are discounted less. 

These results are analyzed in chapter 8. 
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TABLE 7-1 
Overdraft Reduction Model Parameter Estimates 

Parameter Estimate Reference 

a -1.919179 Chapter 5, Page 124 

b -0.000635 Chapter 6, Page 156 

uN t 1642013.87 - 14367.46t Chapter 5, Page 139" 

wN
t 1499449.78 - 32349.39t + 594.29t2 Chapter 5, Page 139 

ODN
t 677318.27 - 29208.64t + 624.31t2 Chapter 5, Page 139 

ODM
t 572046.29 - 27116.87t + 606.03t2 Chapter 4, Page 98 

c P 0.133 Chapter 4, Page 80 

C S 0.2955 Chapter 4, Page 85 

MCE
t 40535326.56 - 778350.21t + 6742.95t2 Chapter 5, Page 130"" 

MCR 1000000 Chapter 6, Page 155 

FW 415686 Chapter 4, Page 92 

k 230000 Chapter 4, Page 93 

r 0.32 (no-conservation) Chapter 4, Page 90 
0.12 (max-conservation) 

i 0.03 Appendix B, Page 212 

"Irrigation withdrawal estimates assume that groundwater constitutes 52% 
of non-Indian irrigation use. Hence, divide the no-conservation 
irrigation withdrawal estimates by 0.52 to obtain uNto 

""The intercept term of MCB
t includes $1,000,000 for the marginal resource 

cost of conservation enforcement. 
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TABLE 7-2 
Simulation Results: Objective Function Values 

Parameter Value' 

r=0.32 
r=0.12 
r=0.22 
a=-2.878768 
b=-0.000952 
k=345,000 
k=115,OOO 
i=0.05 
i=O.Ol 

------------Million Dollars (1985)------------
Strong Compliance Weak Compliance 

-3,186.0 -489.9 
-2,969.0 -330.7 
-3,073.0 -393.8 
-2,170.0 -390.4 
-2,945.0 -264.6 
-3,113.0 -395.0 
-2,944.0 -390.4 
-1,860.0 -182.7 
-5,491.0 -565.2 

'All other parameter values are given in table 7-1. Simulations in which 
parameters other than the incidental recharge rate were changed employed 
a 0.22 incidental recharge rate. 
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CHAPTER 8 

CONCLUSIONS 

The disparity between consumption and dependable supply has long 

characterized Arizona's water concerns. Efforts to address these concerns 

have resulted in significant supply responses in the past. Arizona claims 

not only one of the first Bureau of Reclamation projects, the Salt River 

Valley Project, but also one of the most expensive, the Central Arizona 

Project. Perhaps more significant, however, are Arizona's current 

attempts at demand management. The Groundwater Management Act of 1980 

establishes the policy goal of zero groundwater overdraft in an attempt to 

correct the disparity between consumption and dependable supply and 

provides specific policy tools, conservation enforcement and rights 

retirement, with which to achieve this policy goal. 

The implementation of the GMA can be viewed as a production process 

in which conservation enforcement and rights retirement are employed as 

inputs to achieve zero overdraft. Hence, the possibility that several 

input combinations could achieve GMA compliance raises efficiency 

questions. Should rights retirement be employed relatively early or late 

before zero overdraft is required? Should conservation enforcement be 

employed at all? Moreover, the potential impact of these policy tools on 

irrigated agriculture raises distributional equity questions. To what 

extent do conservation enforcement and rights retirement promote the zero 

overdraft goal without unnecessarily harming particular economic sectors? 

How could these impacts be mitigated? 

The purpose of this study was to investigate these efficiency and 
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distributional equity issues with respect to the various combinations of 

irrigation conservation enforcement and irrigation rights retirement that 

achieve GMA compliance, holding the level of conservation in non

irrigation uses fixed. Toward this end, a simple model of GMA compliance 

was developed, the costs and benefits of overdraft reduction were 

estimated, and DWR's overdraft management decisions were simulated. The 

conclusions of this exercise are discussed in this chapter. 

Modeling Concepts 

A feasible time path of overdraft lies within the region defined by 

the legal, physical, and economic constraints facing DWR in its overdraft 

reduction efforts. The legal constraints define the scope of DWR's policy 

tools, the physical constraints describe the relationship between 

irrigation water use and groundwater overdraft, and the economic 

constraints derive from the common property nature of groundwater. DWR's 

choice of a particular time path depends on its overdraft management 

considerations. GMA compliance is DWR's primary consideration. In 

general, GMA compliance requires maximum irrigation conservation by the 

year 2000 and zero groundwater overdraft by 2025. DWR achieves these 

requirements by allocating conservation enforcement and rights retirement 

through time. The costs and benefits associated with these allocations 

are DWR's other overdraft management considerations. 

DWR's two policy tools have different production characteristics. 

The influence of conservation enforcement on overdraft reduction is only 

temporary since individuals can be expected to revise their subjective 

detection probabilities given a change in enforcement effort. The 

influence of rights retirement, on the other hand, is cumulative since the 

right to use water is permanently extinguished. These different 
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characteristics imply a dynamic equimarginal condition for an efficient 

combination of conservation enforcement and rights retirement. Continual 

conservation enforcement through 2025 is required to generate the 

identical marginal benefits as rights retirement at a point in time. 

Hence, an efficient combination requires that the present value of the sum 

of all marginal costs of conservation enforcement through 2025 must equal 

the present value of the marginal cost of rights retirement at a point in 

time. This condition implies that a later combination is more likely to 

be efficient than an earlier combination. 

Nevertheless, the GMA requires maximum irrigation conservation by 

2000 and zero overdraft by 2025. Moreover, zero overdraft cannot be 

achieved by conservation enforcement alone. Therefore, GMA compliance 

requires a combination of policy tools at some point in time. Of course, 

this combination could be delayed by postponing rights retirement to just 

before 2025. But a more compelling question is whether conservation 

enforcement should be employed at all. It is possible that rights 

retirement could be employed to achieve the same overdraft reductions as 

conservation enforcement and at a lower cost. 

Two definitions of GMA compliance are used to investigate this 

apparent conflict between DWR's overdraft management considerations. 

Strong compliance requires maximum irrigation conservation by 2000 and 

zero overdraft by 2025, while weak compliance requires only zero overdraft 

by 2025. Empirical estimates of DWR's overdraft reduction costs and 

benefits were used to simulate these two definitions of GMA compliance. 

Alternative parameter values were then employed to assess the sensitivity 

of the simulation results. The qualitative policy implications of these 

simulations are discussed below. 
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Policy Implications 

Indicated Revisions of the GMA 

The first two policy implications relate to the GMA in particular. 

Perhaps the best policy with which to address Arizona's water concerns 

would be to define transferable and enforceable property rights in the 

stock and flow of groundwater (as well as other sources of water). Then, 

individuals would more completely account for the consequences of their 

water use decisions and the ensuing market activity would tend to allocate 

water to its highest valued use. Of course, some non-market policy 

intervention would still be necessary to internalize the external costs of 

groundwater overdraft. 

Short of such an ambitious policy revision, the next-best policy 

would be to rethink some of the GMA's provisions. The simulations of 

chapter 7 suggest that overdraft reduction is optimally employed in the 

Phoenix AMA only to achieve the required levels of compliance. That is, 

the costs and benefits explicitly recognized in the overdraft reduction 

model do not justify the levels of overdraft reduction required by either 

the strong or weak definitions of GMA compliance. Therefore, zero 

groundwater overdraft may be an unworthy policy goal. Perhaps some other, 

less draconian overdraft goal would be more appropriate. 

The second policy implication relates to the GMA's requirement for 

maximum irrigation conservation. The analyses of this study strongly 

suggest that irrigation conservation enforcement is the most expensive and 

least productive policy tool available to DWR. If the zero overdraft goal 

must be retained, it can be achieved in the Phoenix AMA at considerable 

savings by eliminating the maximum irrigation conservation requirement. 

This result illustrates the tradeoffs that exist between policy goals and 
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implementation costs. 

Elimination of all irrigation conservation requirements would likely 

be received unfavorably if the non-irrigation conservation requirements 

were retained. At the very least, however, the degree of irrigation 

conservation required by the GMA could be relaxed. Municipal water 

providers are required to implement only "reasonable reductions in per 

capita use" and industrial water users only "conservation requirements 

based on the use of the latest commercially available conservation 

technology consistent with reasonable economic return" (Arizona Revised 

Statutes, section 45-565). Irrigation water users, on the other hand, are 

required to implement "maximum conservation consistent with prudent long

term farm management" (ibid.) where "prudent long-term farm management" 

has been interpreted by DWR to be consistent with economic feasibility, 

not profit maximization or even a "reasonable economic return" (Arizona 

Department of Water Resources 1988). Therefore, some room for a 

reasonable relaxation of the GMA's irrigation conservation requirements 

exists. 

These policy implications are not intended as a wholesale 

condemnation of the GMA. Rather, the GMA represents an important step in 

the evolution of a rational water policy. In particular, the GMA 

quantified groundwater rights, instituted a comprehensive water use 

measurement program, and established a unified water resources 

administration with broad enforcement powers. These innovations create a 

conducive environment for effective conjunctive water management. 

Critical Determinants of an Optimal Overdraft Reduction Policy 

Two other policy implications relate to the determinants of an 

optimal groundwater management policy in general. First, the hydrologic 
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characteristics of the regulated aquifer are important. Relatively wide 

aquifers with a large land area per volume of groundwater are associated 

with relatively small marginal benefits of overdraft reduction, while 

narrower aquifers with a small land area per volume of groundwater are 

associated with larger marginal benefits. The simulations in chapter 7 

indicate that some early rights retirement would be justified in the 

strong compliance scenario given a sufficiently narrow aquifer. 

Consequently, the overdraft reduction potential of conservation 

enforcement would then be reduced, facilitating a reduction in required 

conservation enforcement. The increased marginal benefits of overdraft 

reduction associated with the narrow aquifer together with the reduction 

in required conservation enforcement were sufficient in the simulations to 

justify the additional costs associated with early rights retirement. 

Also important in this regard is the time required for groundwater levels 

to equilibrate once disturbed. The marginal benefits of overdraft 

reduction will be delayed through time as groundwater levels adjust to 

reflect the effects of groundwater savings. Later rights retirement, 

then, is indicated in aquifers that require longer adjustment periods. 

The second general policy implication is that the discount rate 

employed to analyze overdraft reduction options is very important. 

Earlier rights retirement becomes optimal as future costs and benefits are 

discounted less. Indeed, all rights retirement was shifted back to the 

earliest possible time in the strong and weak compliance simulations given 

a 1 percent discount rate. The policy implication here is that the 

explicit consideration of opportunity cost and intertemporal equity issues 

in the formation of water policy is crucial. This implication not only 

identifies a significant role for economics in policy analysis, but also 

identifies a significant role for economics in public education and 

outreach efforts. While it may be argued that policy makers reveal the 
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implicit consideration of these issues in their behavior, the abstruse 

nature of the subject makes it difficult for policy makers to evaluate the 

consequences of alternative discount rates. Making the formation of water 

policy even more difficult are the disparate and strongly held public 

opinions that exist with respect to water resources, particularly in 

Arizona. Therefore, efforts to effectively communicate what is at stake 

in these water policy deliberations will elicit informed public comments 

and perhaps enhance the success of the resulting policy. 

Factors not Considered in the Analysis 

These results are qualified somewhat by certain omissions of the 

study. First, the multiplier effects of foregone agricultural income are 

not accounted for in the overdraft reduction model. However, the 

consideration of these costs would only strengthen the results of the 

study given the generally negative objective function values of the 

simulations. Second, the future beyond 2025 was not accounted for aside 

from the pumping cost implications of groundwater savings achieved prior 

to 2025. It should be noted that total municipal water use within AMAs is 

not limited by the GMA; rather, only per capita municipal water use is 

limited. Therefore, the zero overdraft goal achieved at considerable cost 

cannot be maintained indefinitely given continued urban development. The 

most significant overdraft reductions will be achieved by irrigated 

agriculture. Hence, it is assumed that Arizona will reevaluate its water 

policy once this finite supply of overdraft reduction has been exhausted. 

Finally, a great many ceteris paribus conditions qualify the results 

of this study. Two of the most significant of these conditions are the 

future levels of Indian water use and the future levels of CAP 

utilization. Not all Indian water rights in the Phoenix AMA have been 
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quantified. Hence, the future levels of Indian water use assumed in the 

study are subject to change as these rights are settled. Zero overdraft 

will become more difficult to achieve as Indian water use increases within 

the Phoenix AMA since such use is not regulated by the GMA. Particularly 

important in this regard is the issue of Indian water marketing. The 

legal transferability of Indian water off reservations has not yet been 

clearly established in all situations. Indian water transfers outside the 

Phoenix AMA would make overdraft management more difficult to the extent 

that such transfers are legally recognized. 

The second ceteris paribus condition, full CAP utilization, is 

equally significant. The full utilization of CAP water by irrigated 

agriculture is currently threatened by low cotton yields, depressed cotton 

prices, and increasingly scarce agricultural financing (Wilson 1992). 

These financial difficulties could eventually force a number of irrigators 

into bankruptcy. The resulting decreased CAP utilization would then shift 

a greater share of the CAP repayment obligation to the remaining project 

water users. An ensuing cycle of price increase and demand decrease could 

eventually threaten the financial stability of the CAP. Zero overdraft 

would become more difficult to achieve as CAP utilization decreases for 

two reasons. First, a decrease in CAP water imports would imply a loss of 

the associated incidental groundwater recharge for the aquifer. And 

second, the substitution of lower-cost groundwater for CAP water imports, 

where possible, would imply an additional loss of the associated 

consumptive use for the aquifer. 

Therefore, any number of factors relating to groundwater overdraft 

in the Phoenix AMA could change, implying some change in the quantitative 

simulation results. Most of the qualitative simulation results, however, 

derive from the structure of the overdraft management problem facing DWR. 
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* The different production characteristics of DWR's two policy tools 
imply that conservation enforcement is likely to be more expensive 
and less productive than rights retirement. 

* The physical relationships linking the control 
withdrawals to an overdraft response identify 
characteristics of the regulated aquifer as critical 
an optimal overdraft reduction policy. 

of groundwater 
the hydrologic 
determinants of 

* DWR's overdraft management consideration of efficient resource 
allocation implies a key role for the discount rate in the formation 
of an optimal overdraft reduction policy. 

The other qualitative result, that overdraft reduction is optimally 

employed in the phoenix k~ only to achieve required levels of compliance, 

derives from the particular cost and benefit estimates employed in the 

simulations. However, judging from the magnitude of the negative 

objective function values reported in chapter 7, these cost and benefit 

estimates would need to be significantly different to arrive at a 

different qualitative result. 

Indicated Additional Research 

The results of this study strongly suggest a reevaluation of some of 

the GMA's provisions for the Phoenix AMA. First, additional research is 

needed to reevaluate the GMA's zero overdraft policy goal. In particular, 

public comment with respect to the expected costs and benefits of 

overdraft reduction should be elicited and considered. This effort should 

,not rely on announced public hearings alone. Rather, State officials 

should actively solicit broad public comment with surveys that effectively 

communicate alternative impacts. If zero overdraft is still deemed an 

appropriate policy goal, then a longer adjustment period could be 

considered to reduce the costs of its implementation. The sustainability 

of the overdraft policy goal should also receive careful attention. If 

zero overdraft cannot be reasonably sustained over time in the Phoenix 
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AMA, then a controlled depletion policy may be more appropriate. 

Once the overdraft policy goal for the Phoenix AMA has been 

reevaluated, additional research will be needed to explore alternative 

paths to achieve it. The discount rate is particularly important in this 

regard. While this study employed a 3 percent discount rate, additional 

research efforts to more thoroughly investigate the appropriate discount 

rate are indicated since the efficient employment of rights retirement 

critically depends on this parameter. Also important to the efficient 

employment of rights retirement are the hydrologic characteristics of the 

aquifer. Hydrologic research could be used to indicate whether 

groundwater rights should be retired at different times for different 

regions within the Phoenix AMA. 

Finally, the results of this study suggest that individual research 

efforts are needed for different regulated aquifers. This study focused 

exclusively on the Phoenix AMA. However, there are 3 other AMAs with 

different economic and hydrologic characteristics. Further, the GMA 

contains provisions to establish other AMAs as the need arises. 

Therefore, efforts to tailor the application of the GMA's policy tools to 

different AMAs are clearly indicated. 

Concluding Remarks 

Groundwater overdraft in Arizona has imposed significant costs on 

society and has precipitated a number of social responses. One of the 

most significant of these responses is Arizona's Groundwater Management 

Act of 1980. The GMA established a water conservation program by 

restricting the uses and quantities for which water may be legally 

employed and by prescribing the ways in which groundwater rights may be 

transferred. The Arizona Department of Water Resources is charged with 
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implementing the GMA and achieves compliance by allocating conservation 

enforcement and rights retirement through time. The distributive equity 

characteristics of these policy tools suggest that irrigated agriculture 

will be most affected by DWR' s efforts. This study has attempted to 

examine the major economic issues associated with GMA compliance by 

focusing on the various combinations of irrigation conservation 

enforcement and irrigation rights retirement that achieve GMA compliance, 

holding the level of conservation in non-irrigation uses fixed. 

The general result of this study is that DWR faces an inherent 

conflict between its two overdraft management considerations of compliance 

and efficiency. That is, the required use of irrigation conservation 

enforcement frustrates the efficient achievement of zero overdraft. A 

reexamination of the GMA's provisions is indicated to resolve this 

inconsistency and thereby promote water resources management in Arizona. 



194 

APPENDIX A 

INCENTIVES TO INCREASE LEGAL AND ILLEGAL WATER USE 

This appendix briefly describes the incentives to increase legal and 

illegal water use in response to the behavioral response to overdraft 

reduction described in chapter 2. Two factors appear important as to 

whether increases in legal or illegal water use will result from the 

behavioral response to overdraft reduction. These factors are the 

particular penalty function associated with illegal use and the magnitude 

of the decrease in marginal cost associated with overdraft reduction. 

GMA conservation measures are represented here by a simple allotment 

which defines the legal maximum water use per time period. Illegal water 

use is defined as any use in excess of this allotment. As a deterrent to 

illegal use, a penalty is imposed on detected violators. Since detection 

is not certain, individual groundwater users face an expected penalty. 

The penalty for illegal water use provided by the GMA involves a 

series of increasingly serious violations. The violation is a class 3 

misdemeanor for illegal use not greater than 100 AF, a class 1 misdemeanor 

for illegal use between 100 and 1,000 AF, and a class 6 felony for illegal 

use not less than 1,000 AF (Arizona Revised Statutes, section 45-636.C). 

Increasingly severe penalties are provided for these violations. 

Therefore, the marginal expected penalty function is discontinuous and 

increasing over its range. To simplify the analysis, continuous and 

increasing marginal expected penalty functions are first examined for 

their impacts on the responses of groundwater users to overdraft 

reduction. The implications of a discontinuous marginal expected penalty 
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function are then examined separately. 

Conservation measures are considered binding if the expected penalty 

changes behavior. Hence, the expected penalty is irrelevant to 

individuals facing non-binding conservation measures, while individuals 

facing binding conservation measures must take account of the expected 

penalty in order to maximize expected net benefit. This distinction is 

illustrated in figure A-1 for a continuous marginal expected penalty 

function. Two individual groundwater users are represented: individual 1 

has marginal benefit schedule M8 l and individual 2 has marginal benefit 

schedule M82 • Both individuals have the same allotment (A), marginal 

pumping cost schedule (MPC), and marginal expected penalty schedule (MEP). 

Imposition of the expected penalty has no effect on individual 1 but does 

provide an incentive for individual 2 to reduce water use from U2 to U2 , • 

This incentive is an increase in expected net benefit equal to the shaded 

area. Therefore, the conservation measures are binding on individual 2, 

but not on individual 1. 

Now consider the behavioral response to overdraft reduction. This 

response is illustrated in figures A-2, A-3, and A-4 for a continuous 

marginal expected penalty function. In each of these figures, overdraft 

reduction lowers the marginal cost of water use from MC to MC'. The 

response of the groundwater users depicted in these figures is to increase 

water use from U to U'. The incentive for this behavior is an increase in 

expected net benefit equal to the shaded area. In figure A-2, 

conservation measures are non-binding before and after the overdraft 

reduction. Hence, incentives are created for increases in legal water use 

only. In figure A-3, conservation measures are binding before and after 

the overdraft reduction, resulting in incentives for increases in illegal 

water use only. In figure A-4, 

before the overdraft reduction, 

conservation measures are non-binding 

but subsequently binding. In this 
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situation, incentives are created for increases in both legal and illegal 

water use. Only if the initial level of use equals the allotment will a 

groundwater user facing non-binding conservation measures before the 

overdraft reduction not have incentives to increase legal water use after 

the overdraft reduction. 

This analysis suggests the following two results. 

* Groundwater users initially facing non-binding conservation measures 
generally have incentives to increase legal water use after an 
overdraft reduction. These individuals may also have incentives to 
increase illegal water use, depending on the magnitude of the 
decrease in marginal cost. 

* Groundwater users initially facing binding conservation measures 
will have incentives to increase illegal water use after an 
overdraft reduction. 

The effect of a discontinuous marginal expected penalty function is 

to dampen the response of groundwater users to overdraft reduction. As 

one might suspect, this occurs at the points of discontinuity. This 

effect is illustrated in figures A-s, A-G, and A-7. In figures A-s and 

A-6, the initial level of water use occurs at the point of discontinuity. 

In figure A- 5, the fall in marginal cost is insufficient to create 

incentives for increased water use; hence, the response of the groundwater 

user to overdraft reduction is completely dampened. In figure A-6, the 

fall in marginal cost is sufficient to create incentives for increased 

water use. Hence, the response of the groundwater user to overdraft 

reduction is only partially dampened. In figure A-7, the initial level of 

water use occurs to the left of the discontinuity. Here the fall in 

marginal cost does create incentives for increased water use, but the 

response is truncated at the discontinuity. A fall in marginal pumping 

costs of sufficient magnitude would allow a greater response, but the 

response would still be partially dampened at the point of discontinuity. 

In conclusion, the two results arrived at above are still generally 
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valid for the GMA's discontinuous and increasing marginal expected penalty 

function. However, groundwater users operating near points of 

discontinuity may experience a dampening of their responses to overdraft 

reduction. 
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Figure A-3 
Increase In Illegal Water Use, 
Continuous Marginal Expected Penalty 
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Figure A-4 
Increase In Legal & Illegal Water Use, 
Continuous Marginal Expected Penalty 
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APPENDIX B 

THE DISCOUNT RATE 

This appendix discusses the appropriate rate at which to discount 

costs and benefits in the analysis of GMA compliance. The discussion is 

conducted in two parts. Efficiency or opportunity cost considerations are 

examined first followed by a discussion of intertemporal equity. These 

considerations are then used to estimate an appropriate discount rate. 

Opportunity Cost Considerations 

Much of the discussion on the discount rate focuses on the 

opportunity cost of government spending with respect to foregone private 

investment and consumption. The following analysis is provided by Lind 

(1990) who emphasizes the opportunity cost implications of increased 

capital mobility in a world economy. In the context of a closed economy, 

a key issue is the crowding out of private investment. The equality of 

domestic saving (private saving plus government surplus) with private 

investment in this situation forces a corresponding decrease in private 

investment given an increase in government spending. However, if capital 

is sufficiently mobile, private investment will not be crowded out. 

Rather, foreign capital will be attracted by any profitable private 

investment for which domestic saving is unavailable. Lind concludes that 

"the crowding out that has been the focus of most of the closed economy 

models does not appear to be very important to the analysis of the social 

discount rate." 
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Another key issue analyzed by Lind is the method of government 

finance. When government spending is financed by an income tax, 

individuals reduce their private saving and consumption according to their 

marginal propensities to save. This suggests that the discount rate 

should be a weighted average of the after-tax rate of return on private 

investment and the consumer's rate of time preference . Given a very small 

marginal propensity to save, however, the income tax closely approximates 

a consumption tax and the discount rate closely approximates the 

consumer's rate of time preference. This result holds regardless of the 

mobility of capital. 

Next consider deficit government financing. In an open economy, 

both private investment and government spending can be financed in the 

world credit market. At the margin, then, the after-tax rate of return on 

private investment equals the world interest rate plus an appropriate risk 

premium. Similarly, the government can also borrow at a rate equal to the 

world interest rate plus an appropriate risk premium. Investors are 

indifferent between the two investments in equilibrium since the different 

risks are fully accounted for by the different risk premiums. Hence, the 

certainty rate of time preference for individual investors equals the 

world interest rate. Individual borrowers, on the other hand, face a 

consumer loan rate equal to the world interest rate plus an appropriate 

risk premium, which defines their certainty rate of time preference. 

Lind discusses two alternatives available to the government given 

deficit financing. The government can either invest the borrowed funds in 

a project or it can reduce taxes by the same amount. Given the tax 

reduction, individuals could invest the additional disposable income and 

receive a certain return equal to the world interest rate or payoff debt 

and receive a certain return equal to the consumer loan rate. Therefore, 

individual investors prefer the project if its rate of return, adjusted 
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for risk, exceeds the world interest rate while individual borrowers 

prefer the project if the consumer loan rate is exceeded. In either case, 

the appropriate discount rate for evaluating the government project is the 

individual's certainty rate of time preference. 

Lind's basic conclusion, then, is that the consumer's rate of time 

preference is the appropriate discount rate with which to evaluate 

government projects given sufficient capital mobility and either tax or 

deficit financing. This conclusion naturally begs the question of what 

can be inferred about the consumer's rate of time preference from 

observable market rates of interest. To approach this question, Lind 

borrows from recent research in behavioral economics. Consider the 

seemingly irrational behavior of individuals who simultaneously incur debt 

on credit cards at high interest rates and invest in retirement plans at 

considerably lower interest rates. The research suggests that these 

individuals divide their resources into separate budgets in order to 

exercise self control, much like those who take only a certain amount of 

money to the race track in order to protect the mortgage payment. Given 

this behavior, individuals do not necessarily equate their marginal rates 

of substitution between present and future consumption with their marginal 

rates of transformation between present and future income. The disturbing 

implication is that observable market rates of interest may not reflect 

the consumer's rate of time preference. 

In response to this development, Lind 

philosophical basis of benefit-cost analysis 

points 

is the 

out that the 

Kaldor-Hicks 

compensation criterion. Suppose the government borrows funds to invest in 

a project. Then, if the present value of net benefits discounted at the 

government loan rate is positive, the beneficiaries could pay all project 

costs plus interest and the criterion would be satisfied. This approach 

suggests that the government loan rate is the appropriate discount rate 
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when choosing among alternative projects that contribute to the government 

deficit. However, the government loan rate is not necessarily appropriate 

when also considering the alternative of using the borrowed funds to 

reduce taxes or when evaluating projects financed by tax increases. 

Noting that taxes are adjusted infrequently, Lind maintains that decisions 

affecting the level of taxes are generally not made with respect to 

particular projects; hence, government spending decisions at the margin 

reflect changes in the deficit. with this, Lind concludes that the 

government loan rate should be used as the discount rate when evaluating 

most government projects. 

Intertemporal Equity Considerations 

The role of public policy with respect to intertemporal equity is 

illuminated by the first theorem of welfare economics. Given an initial 

endowment, the (perfected) market achieves a Pareto efficient allocation 

(Russell and Wilkinson 1979). The initial endowment represents the 

distribution of market power among individuals to favorably influence the 

resulting allocation. Hence, different initial endowments imply different 

efficient allocations. The efficiency criterion cannot discriminate 

between efficient allocations because the initial endowment is logically 

prior to the market allocation. Therefore, society has a legitimate 

interest in the initial endowment. This interest is presumably based on 

some concept of social equity. 

In the more general intertemporal setting, 

distributed along two dimensions: individuals and time. 

market power is 

The distribution 

through time is facilitated by a discount rate that assigns relative 

weights to values occurring in different time periods. Hence, the initial 

endowment incorporates the discount rate and, by extension of the first 
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theorem of welfare economics, the social interest in the initial endowment 

is inclusive of the discount rate. Page (1977) provides an excellent 

discussion of two public policy criteria with respect to intertemporal 

equity: present value maximization and conservation. This section 

summarizes his discussion. 

Positive observations indicate that markets automatically employ the 

present value criterion. Producers prefer earlier profits to later 

profits since earlier profits can be productively invested for even more 

profits later on. Consumers demonstrate their preferences for earlier 

utility by their borrowing and lending behavior. The rate at which 

individual producers discount future profits varies according to the 

different prices, tax rates, and technologies they face. Similarly, 

individual 

Normative 

consumers possess different rates 

considerations, however, suggest that 

of time 

only one 

discount rate may be appropriate for public policy analysis. 

preference. 

particular 

First consider an exchange economy. Assume that utility is 

positively related to consumption, subject to satiation (i.e. declining 

marginal utility of consumption). Then, if consumption is dynamically 

allocated to maximize the undiscounted sum of utility (Ramsey criterion) , 

a perfectly egalitarian distribution through time will result. The 

declining marginal utility of consumption requires any other allocation to 

yield a smaller undiscounted sum of utility. This situation is equivalent 

to discounting utility at the rate of productivity, which is zero in an 

exchange economy. If utility is discounted at some positive rate then 

consumption will decrease through time. Hence, the egalitarian concept of 

equity is inconsistent with the present value criterion if the discount 

rate does not equal the rate of productivity. 

The same result obtains in the more general context of a productive 

economy. Now, if consumption is dynamically allocated to maximize the 
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undiscounted sum of utility, consumption will initially increase through 

time and eventually level off. A unit of consumption sacrificed for 

productive investment early on will provide increased consumption later 

on. This sacrifice is constrained by future satiation, forcing the 

eventual leveling off of consumption. Discounting utility at a positive 

rate, on the other hand, will make the distribution of consumption through 

time more egalitarian. Indeed, the distribution becomes perfectly 

egalitarian if the discount rate equals the rate of productivity. 

To demonstrate this result, Page utilizes the following model of a 

productive economy. 

Let Ct = Consumption in time period t 

U(Ct ) = Utility in time period t, au/act>o and a 2u/ac/<o 

It = Investment in time period t, Io>O 

r Rate of productivity 

i Periodic discount rate 

Current production is a function of past investment and is either consumed 

in the current time period or invested for future production. 

Let 

The present value criterion chooses consumption and investment levels in 

each time period to maximize the sum of discounted utility subject to the 

production function. 

U(C t ) 

Maximize Et , for t=o to T 
[l+i] t 

s.t. 

U(C t ) 

Let z Et - EtLt [Ct+I t- [l+r] I t-1], for t=o to T 
[l+i] t 

Where Lagrangian multiplier in time period t 
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Optimality requires the following conditions. 

oU/OCt 
Oz/oCt - Lt = 0, all t (B-1) 

[l+i] t 

oZ/oI t - Lt + [l+r] Lt+l = 0, all t (B-2) 

OZ/oLt - Ct - It + [l+r] I t. 1 = 0, all t 

Conditions B-1 and B-2 imply the following condition. 

(B-3) 
OU/OCt+1 l+i 

Condition B-3 requires a constant level of consumption through time if the 

discount rate equals the rate of productivity. Further, noting the 

declining marginal utility of consumption, the level of consumption 

decreases (increases) through time if the discount rate is greater (less) 

than the rate of productivity. Therefore, the present value criterion, 

when discounting at the rate of productivity, is consistent with an 

egalitarian concept of equity. 

Conservation, the other criterion discussed by Page, is 

characterized by the following precepts attributed to Barnett and Morse. 

* The regenerative capacity of renewable resources should be 
protected. 

* Renewable resources should be substituted for nonrenewable 
resources. 

* Plentiful nonrenewable resources should be substituted for scarce 
nonrenewable resources. 

* Nonrenewable resources should be recycled. 

sustainable yield is the usual interpretation of the conservation 

criterion with respect to renewable resources. A commonly stated goal for 

these resources is maximum sustainable yield. This goal, however, can be 

inconsistent when applied to more than one renewable resource 
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simultaneously since the sustainable yield of one resource (e.g. spotted 

white owls) can usually be increased at the expense of the sustainable 

yield of another resource (e.g. lumber). 

Georgescu-Roegen (1979) argues in favor of the conservation 

criterion, emphasizing that production is ultimately finite in the 

presence of exhaustible resources. Hence, present value maximization is 

irrational because future generations will also require resources. He 

concludes that "eat, drink, and be merry today because tomorrow we may 

die" is appropriate only because humans are mortal. Quasi-immortal 

entities, such as a nation and its economy, must accommodate future 

generations. 

Page emphasizes the desirable properties of the present value and 

conservation criteria, noting that it is logically inconsistent to judge 

one by the standards of another. The present value criterion is 

automatically administered by markets, achieves a complete allocation of 

all resources, and is efficient. Further, this criterion is consistent 

with an egalitarian concept of intertemporal equity when discounting at 

the rate of productivity. The conservation criterion promotes 

intertemporal equity by protecting the resource base from generation to 

generation. Each generation's application of this criterion is to 

preserve the resource base for the next generation. Hence, this criterion 

recognizes intertemporal externalities such as groundwater overdraft. In 

this sense, the conservation criterion is intertemporally consistent since 

the plan of resource utilization is not revised by future generations. 

Page is able to reconcile the two criteria by recognizing that they 

have different, but compatible, orientations. The conservation criterion 

is oriented toward the broad issues of long term viability while the 

present value criterion is oriented toward the more narrow issues of 

efficiency. Once the long term viability of the economy has been 
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guaranteed by the conservation criterion, efficiency in the administration 

of the more mundane details of resource allocation by the present value 

criterion becomes desirable. The authors of the GMA have apparently 

applied this technique to the issues of groundwater management in Arizona. 

The GMA seeks to guarantee long term economic viability by mandating zero 

groundwater overdraft by the year 2025 while leaving the short term 

groundwater management issues to DWR which will presumably employ the 

present value criterion in its decisions. 

This discussion of intertemporal equity began with the first theorem 

of welfare economics and now it ends with the second theorem. Any Pareto 

efficient allocation can be sustained as a market allocation for some 

initial endowment (Russell and Wilkinson 1979). Hence, social equity 

interests can be advanced by the market given the appropriate adjustments 

to the initial endowment. A common example of such adjustments is the 

progressive income tax. In the intertemporal setting, adjustments to the 

initial endowment can occur across time as well as among individuals. 

Page notes that "by modifying the flows across the boundary between the 

environment and the economy, myopic markets can be encouraged to be 

consistent with long-range social goals." This discussion has suggested 

two approaches to the intertemporal adjustment of the initial endowment. 

First, conservation goals can be established to address the long run 

viability of the economy. These goals can be implemented by quantity 

rationing mechanisms such as the Arizona Groundwater Management Act' s 

requirement for zero groundwater overdraft or by price rationing 

mechanisms such as a royalty or severance tax on minerals. Second, the 

discount rate used in short run policy analysis can be set equal to the 

rate of productivity. 
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Discount Rate Estimation 

Two approaches to the appropriate discount rate have been discussed 

in this appendix. The opportunity cost approach addresses foregone 

private investment and consumption opportunities resulting from government 

spending while the intertemporal equity approach addresses legitimate 

social interests in the intertemporal distribution of consumption and long 

term viability. These two approaches are used in this section to arrive 

at an estimate of the appropriate discount rate for policy analysis. 

The intertemporal equity approach recommends discounting at the rate 

of productivity. Estimates of Arizona's gross state product (GSP) are 

available from 1977 to 1989 (U.S. Department of Commerce 1991). These 

estimates were adjusted for inflation using the GNP implicit price 

deflator (Council of Economic Advisers 1991). The real rates of growth in 

Arizona GSP are illustrated in figure B-1 and suggest that Arizona's 

economy is highly cyclical. The volatility of this indicator would 

require frequent revisions of the government investment portfolio. 

Alternatively, the GNP reflects a broader, more stable level of economic 

activity. The real rates of growth in GNP (ibid.) are also illustrated in 

figure B-l. The time period illustrated in this figure corresponds 

generally with the period characterized by increased capital mobility 

(Lind 1990) and includes one complete business cycle. The average real 

rate of growth in GNP over this period (1978 to 1989) is 2.82 percent. 

The opportunity cost approach relies on the government loan rate to 

indicate the appropriate discount rate. The 3 month Treasury bill rate is 

used in this capacity because its short time horizon avoids the 

consideration of expected inflation (Hartman 1990). While specifically 

applicable to federal government spending, the Treasury bill rate is also 

an indicator of the state government loan rate since both governments 
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participate in the same world credit market. The difference in risk 

premiums is assumed to be insignificant. Treasury bill rates for the 

period 1978 to 1989 (Council of Economic Advisers 1991) were adjusted for 

inflation by subtracting the rate of change in the GNP implicit price 

deflator (ibid.). These rates are illustrated in figure B-1 and average 

3.40 percent. 

Happily, the discount rates indicated by the two approaches are 

roughly the same. A 3 percent annual discount rate was considered to 

represent both approaches and was chosen to discount costs and benefits in 

the analysis of GMA compliance. 
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APPENDIX C 

DETAILED SIMULATION RESULTS 

The following tables present the detailed results of the overdraft 

reduction simulations described in chapter 7. In these simulations, Et is 

enforcement effort (million $), Rt is retirement effort (million $), Xt is 

overdraft reduction by conservation enforcement (AF), Yt is overdraft 

reduction by rights retirement (AF), and Zt is groundwater savings (AF). 
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TABLE C-1 
Simulation Results: Strong Compliance, r=0.32" 

-----------------------Solution Values------------------------
Year Et Rt Xt Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 9.13 0.00 78,008 0 78,008 
2001 9.13 0.00 76,483 0 154,490 
2002 9.13 0.00 74,995 0 229,490 
2003 9.13 0.00 73,543 0 303,030 
2004 9.13 0.00 72,127 0 375,160 
2005 9.13 0.00 70,749 0 445,910 
2006 9.13 0.00 69,406 0 515,310 
2007 9.13 0.00 68,101 0 583,410 
2008 9.13 0.00 66,831 0 650,240 
2009 9.13 0.00 65,599 0 715,840 
2010 9.13 0.00 64,403 0 780,250 
2011 9.13 0.00 63,243 0 843,490 
2012 9.13 0.00 62,120 0 905,610 
2013 9.13 0.00 61,034 0 966,640 
2014 9.13 0.00 59,984 0 1,026,600 
2015 9.13 0.00 58,971 0 1,085,600 
2016 9.13 0.00 57,994 0 1,143,600 
2017 9.13 0.00 57,054 0 1,200,600 
2018 9.13 0.00 56,150 0 1,256,800 
2019 9.13 0.00 55,283 0 1,312,100 
2020 9.13 0.00 54,453 0 1,366,500 
2021 9.13 0.00 53,659 0 1,420,200 
2022 9.13 0.00 52,902 0 1,473,100 
2023 9.13 0.00 52,181 0 1,525,300 
2024 9.13 0.00 51,497 0 1,576,800 
2025 9.13 1,564.47 50,849 457,020 2,084,600 

"All other parameters assumed their estimated values (table 7-1) . 
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TABLE C-2 
Simulation Results: Weak Compliance, r=0.32" 

-----------------------Solution Values------------------------
Year Ee Rt Xe Ye Ze 

1986 0.00 0.00 a a a 
1987 0.00 0.00 a a a 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 a 0 0 
1993 0.00 0.00 0 0 a 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 a 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 a a 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 a 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 a 0 0 
2017 0.00 0.00 a 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1. 70 1,575.94 48,899 458,970 507,870 

"All other parameters assumed their estimated values (table 7-1) . 
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TABLE C-3 
Simulation Results: Strong Compliance, r=O .12' 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 8.92 0.00 78,008 0 78,008 
2001 8.92 0.00 76,483 0 154,490 
2002 8.92 0.00 74,995 0 229,490 
2003 8.92 0.00 73,543 0 303,030 
2004 8.92 0.00 72,127 0 375,160 
2005 8.92 0.00 70,749 0 445,910 
2006 8.92 0.00 69,406 0 515,310 
2007 8.92 0.00 68,101 0 583,410 
2008 8.92 0.00 66,831 0 650,240 
2009 8.92 0.00 65,599 0 715,840 
2010 8.92 0.00 64,403 0 780,250 
2011 8.92 0.00 63,243 0 843,490 
2012 8.92 0.00 62,120 0 905,610 
2013 8.92 0.00 61,034 0 966,640 
2014 8.92 0.00 59,984 0 1,026,600 
2015 8.92 0.00 58,971 0 1,085,600 
2016 8.92 0.00 57,994 0 1,143,600 
2017 8.92 0.00 57,054 0 1,200,600 
2018 8.92 0.00 56,150 0 1,256,800 
2019 8.92 0.00 55,283 0 1,312,100 
2020 8.92 0.00 54,453 0 1,366,500 
2021 8.92 0.00 53,659 0 1,420,200 
2022 8.92 0.00 52,902 0 1,473,100 
2023 8.92 0.00 52,181 0 1,525,300 
2024 8.92 0.00 51,497 0 1,576,800 
2025 8.92 1,049.88 50,849 457,020 2,084,600 

'All other parameters assumed their estimated values (table 7-1) . 
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TABLE C-4 
Simulation Results: Weak Compliance, r=O .12' 

-----------------------Solution Values------------------------
Year E t Rt Xt Yt Zt 

1986 0.00 0.00 a a a 
1987 0.00 0.00 a a a 
1988 0.00 0.00 a a a 
1989 0.00 0.00 a a a 
1990 0.00 0.00 a a a 
1991 0.00 0.00 a a a 
1992 0.00 0.00 a a a 
1993 0.00 0.00 a a a 
1994 0.00 0.00 a a a 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 a a a 
1997 0.00 0.00 a a a 
1998 0.00 0.00 a a a 
1999 0.00 0.00 a a a 
2000 0.00 0.00 a 0 a 
2001 0.00 0.00 a a 0 
2002 0.00 0.00 a a a 
2003 0.00 0.00 a a a 
2004 0.00 0.00 a a 0 
2005 0.00 0.00 0 a 0 
2006 0.00 0.00 a a 0 
2007 0.00 0.00 a 0 a 
2008 0.00 0.00 a a a 
2009 0.00 0.00 a a 0 
2010 0.00 0.00 a a 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 a 0 
2014 0.00 0.00 0 0 a 
2015 0.00 0.00 a 0 a 
2016 0.00 0.00 0 0 a 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 a 0 a 
2020 0.00 0.00 a 0 0 
2021 0.00 0.00 0 a 0 
2022 0.00 0.00 a 0 0 
2023 0.00 0.00 0 0 a 
2024 0.00 0.00 0 a a 
2025 1.44 1,060.36 47,650 460,220 507,870 

'All other parameters assumed their estimated values (table 7-1) . 
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TABLE C-5 
Simulation Results: Strong Compliance, r=0.22" 

-----------------------Solution Values------------------------
Year Et Rt Xt Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 9.06 0.00 78,008 0 78,008 
2001 9.06 0.00 76,483 0 154,490 
2002 9.06 0.00 74,995 0 229,490 
2003 9.06 0.00 73,543 0 303,030 
2004 9.06 0.00 72,127 0 375,160 
2005 9.06 0.00 70,749 0 445,910 
2006 9.06 0.00 69,406 0 515,310 
2007 9.06 0.00 68,101 0 583,410 
2008 9.06 0.00 66,831 0 650,240 
2009 9.06 0.00 65,599 0 715,840 
2010 9.06 0.00 64,403 0 780,250 
2011 9.06 0.00 63,243 0 843,490 
2012 9.06 0.00 62,120 0 905,610 
2013 9.06 0.00 61,034 0 966,640 
2014 9.06 0.00 59,984 0 1,026,600 
2015 9.06 0.00 58,971 0 1,085,600 
2016 9.06 0.00 57,994 0 1,143,600 
2017 9.06 0.00 57,054 0 1,200,600 
2018 9.06 0.00 56,150 0 1,256,800 
2019 9.06 0.00 55,283 0 1,312,100 
2020 9.06 0.00 54,453 0 1,366,500 
2021 9.06 0.00 53,659 0 1,420,200 
2022 9.06 0.00 52,902 0 1,473,100 
2023 9.06 0.00 52,181 0 1,525,300 
2024 9.06 0.00 51,497 0 1,576,800 
2025 9.06 1,253.89 50,849 457,020 2,084,600 

"All other parameters assumed their estimated values (table 7-1) . 
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TABLE C-6 
Simulation Results: Weak Compliance, r=O .22" 

-----------------------Solution Values------------------------
Year Et Rt X t Y t Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1. 57 1,264.37 48,358 459,510 507,870 

"All other parameters assumed their estimated values (table 7-1) . 



221 

TABLE C-7 
Simulation Results: Strong Compliance, a=-2.878768' 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0._00 0 0 0 
2000 6.04 0.00 78,008 0 78,008 
2001 6.04 0.00 76,483 0 154,490 
2002 6.04 0.00 74,995 0 229,490 
2003 6.04 0.00 73,543 0 303,030 
2004 6.04 0.00 72,127 0 375,160 
2005 6.04 0.00 70,749 0 445,910 
2006 6.04 0.00 69,406 0 515,310 
2007 6.04 0.00 68,101 0 583,410 
2008 6.04 0.00 66,831 0 650,240 
2009 6.04 0.00 65,599 0 715,840 
2010 6.04 0.00 64,403 0 780,250 
2011 6.04 0.00 63,243 0 843,490 
2012 6.04 0.00 62,120 0 905,610 
2013 6.04 0.00 61,034 0 966,640 
2014 6.04 0.00 59,984 0 1,026,600 
2015 6.04 0.00 58,971 0 1,085,600 
2016 6.04 0.00 57,994 0 1,143,600 
2017 6.04 0.00 57,054 0 1,200,600 
2018 6.04 0.00 56,150 0 1,256,800 
2019 6.04 0.00 55,283 0 1,312,100 
2020 6.04 0.00 54,453 0 1,366,500 
2021 6.04 0.00 53,659 0 1,420,200 
2022 6.04 0.00 52,902 0 1,473,100 
2023 6.04 0.00 52,181 0 1,525,300 
2024 6.04 0.00 51,497 0 1,576,800 
2025 6.04 1,253.89 50,849 457,020 2,084,600 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-8 
Simulation Results: Weak Compliance, a=-2.878768' 

-----------------------Solution Values------------------------
Year E t Rt Xt Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1.19 1,260.88 49,186 458,680 507,870 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-9 
Simulation Results: Strong Compliance, b=-0.000952" 

-----------------------Solution Values------------------------
Year Ee Re Xe Ye Ze 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 9.06 0.00 78,008 0 78,008 
2001 9.06 0.00 76,483 0 154,490 
2002 9.06 0.00 74,995 0 229,490 
2003 9.06 0.00 73,543 0 303,030 
2004 9.06 0.00 72,127 0 375,160 
2005 9.06 0.00 70,749 0 445,910 
2006 9.06 0.00 69,406 0 515,310 
2007 9.06 0.00 68,101 0 583,410 
2008 9.06 0.00 66,831 0 650,240 
2009 9.06 0.00 65,599 0 715,840 
2010 9.06 0.00 64,403 0 780,250 
2011 9.06 0.00 63,243 0 843,490 
2012 9.06 0.00 62,120 0 905,610 
2013 9.06 0.00 61,034 0 966,640 
2014 9.06 0.00 59,984 0 1,026,600 
2015 9.06 0.00 58,971 0 1,085,600 
2016 9.06 0.00 57,994 0 1,143,600 
2017 9.06 0.00 57,054 0 1,200,600 
2018 9.06 0.00 56,150 0 1,256,800 
2019 9.06 0.00 55,283 0 1,312,100 
2020 9.06 0.00 54,453 0 1,366,500 
2021 9.06 0.00 53,659 0 1,420,200 
2022 9.06 0.00 52,902 0 1,473,100 
2023 9.06 0.00 52,181 0 1,525,300 
2024 9.06 0.00 51,497 0 1,576,800 
2025 9.06 836.36 50,849 457,020 2,084,600 

"Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-10 
Simulation Results: Weak Compliance, b=-0.000952· 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1.34 847.35 46,944 460,930 507,870 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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TABLE C-11 
Simulation Results: Strong Compliance, k=345,OOO· 

-----------------------Solution Values------------------------
Year Ee Re Xe Ye Ze 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 9.17 0.00 78,008 0 78,008 
2001 9.17 0.00 76,483 0 154,490 
2002 9.17 0.00 74,995 0 229,490 
2003 9.17 0.00 73,543 0 303,030 
2004 9.17 0.00 72,127 0 375,160 
2005 9.17 0.00 70,749 0 445,910 
2006 9.17 0.00 69,406 0 515,310 
2007 9.17 0.00 68,101 0 583,410 
2008 9.17 0.00 66,831 0 650,240 
2009 9.17 0.00 65,599 0 715,840 
2010 9.17 0.00 64,403 0 780,250 
2011 9.17 0.00 63,243 0 843,490 
2012 9.17 0.00 62,120 0 905,610 
2013 9.17 0.00 61,034 0 966,640 
2014 9.17 0.00 59,984 0 1,026,600 
2015 9.17 0.00 58,971 0 1,085,600 
2016 9.17 0.00 57,994 0 1,143,600 
2017 9.17 0.00 57,054 0 1,200,600 
2018 9.17 0.00 56,150 0 1,256,800 
2019 9.17 0.00 55,283 0 1,312,100 
2020 9.17 0.00 54,453 0 1,366,500 
2021 9.17 0.00 53,659 0 1,420,200 
2022 9.17 0.00 52,902 0 1,473,100 
2023 9.17 0.00 52,181 0 1,525,300 
2024 9.17 0.00 51,497 0 1,576,800 
2025 9.17 1,253.89 50,849 457,020 2,084,600 

·Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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TABLE C-12 
Simulation Results: Weak Compliance, k=345, ODD' 

-----------------------Solution Values------------------------
Year E t Rt Xt Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1.57 1,264.38 48,356 459,510 507,870 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-13 
Simulation Results: Strong Compliance, k=115,OOO' 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 8.70 0.00 78,008 0 78,008 
2001 8.70 0.00 76,483 0 154,490 
2002 8.70 0.00 74,995 0 229,490 
2003 8.70 0.00 73,543 0 303,030 
2004 8.70 0.00 72,127 0 375,160 
2005 8.70 0.00 70,749 0 445,910 
2006 8.70 8.58 69,406 5,680 520,990 
2007 8.70 0.00 67,727 5,680 594,400 
2008 8.70 0.00 66,460 5,680 666,540 
2009 8.70 0.00 65,231 5,680 737,450 
2010 8.70 0.00 64,037 5,680 807,160 
2011 8.70 0.00 62,880 5,680 875,720 
2012 8.70 0.00 61,760 5,680 943,160 
2013 8.70 0.00 60,675 5,680 1,009,500 
2014 8.70 0.00 59,628 5,680 1,074,800 
2015 8.70 0.00 58,616 5,680 1,139,100 
2016 8.70 0.00 57,641 5,680 1,202,400 
2017 8.70 0.00 56,703 5,680 1,264,800 
2018 8.70 0.00 55,800 5,680 1,326,300 
2019 8.70 0.00 54,935 5,680 1,386,900 
2020 8.70 0.00 54,105 5,680 1,446,700 
2021 8.70 0.00 53,312 5,680 1,505,700 
2022 8.70 0.00 52,555 5,680 1,563,900 
2023 8.70 0.00 51,834 5,680 1,621,400 
2024 8.70 0.00 51,150 5,680 1,678,300 
2025 8.70 1,244.56 50,502 457,370 2,186,100 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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TABLE C-14 
Simulation Results: Weak Compliance, k=115,OOO' 

-----------------------Solution Values------------------------
Year E t Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1. 57 1,264.38 48,356 459,510 507,870 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-15 
Simulation Results: Strong Compliance, i=O. OS' 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 9.06 0.00 78,008 0 78,008 
2001 9.06 0.00 76,483 0 154,490 
2002 9.06 0.00 74,995 0 229,490 
2003 9.06 0.00 73,543 0 303,030 
2004 9.06 0.00 72,127 0 375,160 
2005 9.06 0.00 70,749 0 445,910 
2006 9.06 0.00 69,406 0 515,310 
2007 9.06 0.00 68,101 0 583,410 
2008 9.06 0.00 66,831 0 650,240 
2009 9.06 0.00 65,599 0 715,840 
2010 9.06 0.00 64,403 0 780,250 
2011 9.06 0.00 63,243 0 843,490 
2012 9.06 0.00 62,120 0 905,610 
2013 9.06 0.00 61,034 0 966,640 
2014 9.06 0.00 59,984 0 1,026,600 
2015 9.06 0.00 58,971 0 1,085,600 
2016 9.06 0.00 57,994 0 1,143,600 
2017 9.06 0.00 57,054 0 1,200,600 
2018 9.06 0.00 56,150 0 1,256,800 
2019 9.06 0.00 55,283 0 1,312,100 
2020 9.06 0.00 54,453 0 1,366,500 
2021 9.06 0.00 53,659 0 1,420,200 
2022 9.06 0.00 52,902 0 1,473,100 
2023 9.06 0.00 52,181 0 1,525,300 
2024 9.06 0.00 51,497 0 1,576,800 
2025 9.06 1,253.89 50,849 457,020 2,084,600 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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TABLE C-16 
Simulation Results: Weak Compliance, i=0.05· 

-----------------------Solution Values------------------------
Year Et Rt Xt Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 0.00 0 0 0 
2007 0.00 0.00 0 0 0 
2008 0.00 0.00 0 0 0 
2009 0.00 0.00 0 0 0 
2010 0.00 0.00 0 0 0 
2011 0.00 0.00 0 0 0 
2012 0.00 0.00 0 0 0 
2013 0.00 0.00 0 0 0 
2014 0.00 0.00 0 0 0 
2015 0.00 0.00 0 0 0 
2016 0.00 0.00 0 0 0 
2017 0.00 0.00 0 0 0 
2018 0.00 0.00 0 0 0 
2019 0.00 0.00 0 0 0 
2020 0.00 0.00 0 0 0 
2021 0.00 0.00 0 0 0 
2022 0.00 0.00 0 0 0 
2023 0.00 0.00 0 0 0 
2024 0.00 0.00 0 0 0 
2025 1.57 1,264.37 48,358 459,510 507,870 

·Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1). 
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TABLE C-17 
Simulation Results: Strong Compliance, i=O.Ol' 

-----------------------Solution Values------------------------
Year Et Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 10.26 0.00 78,008 0 78,008 
2001 10.26 0.00 76,483 0 154,490 
2002 10.26 0.00 74,995 0 229,490 
2003 10.26 0.00 73,543 0 303,030 
2004 10.26 0.00 72,127 0 375,160 
2005 10.26 0.00 70,749 0 445,910 
2006 10.26 986.78 69,406 486,750 1,002,100 
2007 10.02 0.00 36,050 486,750 1,524,900 
2008 10.02 0.00 35,033 486,750 2,046,600 
2009 10.02 0.00 34,041 486,750 2,567,400 
2010 10.02 0.00 33,074 486,750 3,087,300 
2011 10.01 0.00 32,130 486,750 3,606,100 
2012 10.01 0.00 31,209 486,750 4,124,100 
2013 10.01 0.00 30,311 486,750 4,641,200 
2014 10.01 0.00 29,436 486,750 5,157,300 
2015 10.01 0.00 28,582 486,750 5,672,700 
2016 10.00 0.00 27,750 486,750 6,187,200 
2017 10.00 0.00 26,939 486,750 6,700,900 
2018 10.00 0.00 26,148 486,750 7,213,800 
2019 10.00 0.00 25,376 486,750 7,725,900 
2020 10.00 0.00 24,623 486,750 8,237,300 
2021 10.00 0.00 23,889 486,750 8,747,900 
2022 10.00 0.00 23,172 486,750 9,257,800 
2023 10.00 0.00 22,472 486,750 9,767,000 
2024 10.00 0.00 21,788 486,750 10,276,000 
2025 10.00 0.00 21,119 486,750 10,783,000 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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TABLE C-18 
Simulation Results: Weak Compliance, i=O.Ol' 

-----------------------Solution Values------------------------
Year E t Rt X t Yt Zt 

1986 0.00 0.00 0 0 0 
1987 0.00 0.00 0 0 0 
1988 0.00 0.00 0 0 0 
1989 0.00 0.00 0 0 0 
1990 0.00 0.00 0 0 0 
1991 0.00 0.00 0 0 0 
1992 0.00 0.00 0 0 0 
1993 0.00 0.00 0 0 0 
1994 0.00 0.00 0 0 0 
1995 0.00 0.00 0 0 0 
1996 0.00 0.00 0 0 0 
1997 0.00 0.00 0 0 0 
1998 0.00 0.00 0 0 0 
1999 0.00 0.00 0 0 0 
2000 0.00 0.00 0 0 0 
2001 0.00 0.00 0 0 0 
2002 0.00 0.00 0 0 0 
2003 0.00 0.00 0 0 0 
2004 0.00 0.00 0 0 0 
2005 0.00 0.00 0 0 0 
2006 0.00 997.60 0 490,580 490,580 
2007 0.00 0.00 0 490,580 981,150 
2008 0.00 0.00 0 490,580 1,471,700 
2009 0.00 0.00 0 490,580 1,962,300 
2010 0.00 0.00 0 490,580 2,452,900 
2011 0.00 0.00 0 490,580 2,943,500 
2012 0.00 0.00 0 490,580 3,434,000 
2013 0.00 0.00 0 490,580 3,924,600 
2014 0.00 0.00 0 490,580 4,415,200 
2015 0.00 0.00 0 490,580 4,905,800 
2016 0.00 0.00 0 490,580 5,396,300 
2017 0.00 0.00 0 490,580 5,886,900 
2018 0.00 0.00 0 490,580 6,377,500 
2019 0.00 0.00 0 490,580 6,868,100 
2020 0.00 0.00 0 490,580 7,358,600 
2021 0.00 0.00 0 490,580 7,849,200 
2022 0.00 0.00 0 490,580 8,339,800 
2023 0.00 0.00 0 490,580 8,830,400 
2024 0.00 0.00 0 490,580 9,320,900 
2025 0.92 0.00 17,293 490,580 9,828,800 

'Average incidental recharge rate r=0.22 employed. All other parameters 
assumed their estimated values (table 7-1) . 
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