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CHAPTERI 

INTRODUCTION 

Discussion 

Underground water resources are receiving increasing attention worldwide. The 

availability, use, development, and management of underground water resources are 

important issues in which societies are attemting to resolve through their laws, regulations, 

and policies. 

Population increases and rapid economic development have brought about 

growing demands for expanded and new supplies of underground water, as well as for 

new supplies of surface water. Underground water resources have been depleted and 

degraded by the increased consumption of the agricultural and the industrial sectors, and 

by the direct consumption of municipal uses. Studies conducted by the United Nations 

indicate that about two-thirds of the population in developing countries do not have access 

to adequate drinking water supplies (from underground and surface water sources), and 

that drinking water in developed countries is jeopardized by improper waste disposal 

practices [Viessman and Welty, 1985]. 

The United States has enormous underground water resources. However, 

excessive water withdrawals are depleting those resources, particularly in the arid and 

semiarid region (the southwestern states) of the country. Excessive depletion of the 

resource in the southwestem region has lowered water levels and water tables. 

Overpumpingofunderground waterhascausedmassiveland subsidence(i.e, inthe 



Houston, Texas area), and led to damage of stmctures and problems in the drainage 

system. Additionally, excessive withdrawals have caused an increase in the extraction cost 

of underground water, and allowed saltwater to intmde into coastal aquifers [Kashef, 

1972]. Texas and California are examples of states that face the problem of saltwater 

intmsion. 

In the southwestem region of the United States, the agricultural sector is the 

largest consumer of underground water. For example, the agricultural sector in Texas 

used about 4.7 miUion acre-feet of underground water in 1985, which accounted for 

almost 92% of total withdrawals from underground water resources in that year. In 1990, 

the agricultural sector consumed 4.53 million acre-feet of underground water, which 

represented over 95% of total withdrawals fi-om underground water sources in that year 

In New Mexico, which is another southwestem state in the arid and semiarid region of the 

country, more than 78% of total withdrawals from underground water resources was used 

by the agricultural sector in 1990 [Dougan, McGrath, and Zeh, 1992]. Limited surface 

water resources in this region has led to the dependence on underground water resources, 

and the rapid development in the agricultural sector has pressured the region's 

underground and surface water sources. 

To avoid shortages in the future and to ensure sustainable yield of underground 

water, an approach that combines the best elements of technology with practical realities 

of political and social systems is needed. Such an approach may consider these elements if 

(1) it is able to determine the availability of water resources, (2) it is able to determine the 

present and future uses of underground water, (3) it is able to allocate the available 



supplies of underground water among their users, and (4) it can direct technological 

advances to water conservation practices, especially in an intensive-agricultural region 

such as the southwestem region of the United States. 

Studv Format and Obiectives 

The objective of this study is to develop three essays related to underground water 

management in the arid and semiarid region of the United States (southwestem states). 

One essay discusses the socially optimal management policies of underground water 

resources as suggested by the economics theory. The second essay examines actual 

policies and management regimes in the southwestern states. DiflFerent management 

regimes are evaluated and their pros and cons are examined to arrive to the second-best 

solution. The second-best solution for the managerial problem is the one that comes very 

close to that suggested by the theory, and is the most successfiil in maximizing social 

welfare. A key variable for underground water policy-makers is the value of the resource 

in its natural place. Sufificient knowledge of underground water values is essential for 

underground water authorities, who direct their eflForts to manage the use of the resource 

and ensure that underground water is being used eflRciently. A scarce resource, such as 

underground water, should be used eflficiently, and the provision of the resource should be 

based on the values that it generates when utilized. A scarce resource should be used at 

its highest valued uses. Underground water is used in its highest valued uses when water 

users are confronted with its tme value. The last essay introduces techniques to estimate 

the value of underground water, and it estimates values for underground water in the High 



Plains Underground Water Conservation District No. I, which is located in the State of 

Texas. 

There is a link between the three essays. The first essay describes the ideal policies 

for underground water management. This essay demonstrates the optimal extraction rate 

of underground water, and it generates the optimal values of the resource. The second 

essay illustrates actual management policies in the arid and semiarid regions. This essay 

compares three control regimes of underground water resources and, by using some 

socially desirable objectives, it attempts to arrive to the management policy that comes 

close from that derived in the first essay. The third essay ofFers policy-makers methods to 

calculate the in situ underground water value, which is an important policy tool that 

should be used in determining the optimal provision of the resource. 

Essay 1: An Optimal Control Model with Underground 
Water Quality Considerations. 

This essay utilizes the optimal control technique to derive equations for the optimal 

extraction rate and the optimal value of underground water resources. The equation that 

iUustrates the optimal extraction rate is known as Basic Condition (I). Theoretically, the 

optimal production rate of any product is obtained when producers equate the marginal 

revenue (or marginal value) of the product with its marginal production cost. However, 

this essay shows that the optimal production rate of a scarce resource, such as 

underground water, is obtained by equating the marginal value of underground water 

(which is simply its price) with the marginal extraction cost plus the marginal user cost. 

The marginal user cost is defined as the present value of all forgone fliture benefits. 



Additionally, this essay shows that the optimal marginal cost of a unit extracted is even 

higher when the quality of underground water enters a society's objective function as an 

attribute the society wishes to utilize along with the quantity of underground water. When 

the quality of underground water is considered, the optimal production rate of the 

resource is obtained by equating the marginal value of the resource with three types of 

marginal costs: (1) the marginal extraction cost; (2) the marginal user cost; and (3) the 

marginal cost of deterioration in the quality of a unit of underground water. 

When dealing with a scarce resource, the decision of whether to consume the 

resource in the current period or to postpone consumption to later periods is of 

importance. By utilizing a unit of underground water in the current period, a society 

enjoys its benefits m the present time only. However, when a society postpones 

consumption to future periods, three benefits emerge: (I) the in situ value of underground 

water increases; (2) the fiiture extraction cost decreases; and (3) the quality of 

underground water improves, or at least does not change. The equation that illustrates the 

optimal decision of whether to extract water now or to delay extraction is known as Basic 

Condition (2), which is also derived in this essay. The first essay is discussed in Chapter II 

of this study. 

Essay 2: Comparative Framework for Underground Water 
Management Policies in the Arid and Semiarid 
Region of the United States. 

Three southwestem states are chosen to compare their underground water 

management policies. The comparative framework for the three management regimes is 



conducted to identify the regime that approximates the most eflfctive solution Texas, 

New Mexico, and Arizona are chosen to represent the southwestem states because (1) 

they depend heavily on underground water resources, (2) they are currently challenged by 

overdraft problems, (3) they use diflFerent control policies to manage and regulate 

underground water withdrawals. 

An optimal allocation of underground water resources, from a society's view-point, 

should satisfy the notions of economic eflficiency and equity. To maximize social welfare, 

scarce underground water resources should be used eflficiently at their most highly valued 

uses. A control policy achieves the highest possible value in use when it allows the 

resource to move freely from one use to another, or fi-om one region to another. From an 

equity perspective, an underground water regime should take into consideration the fliture 

generations who have the right to use the resource as well. AIso, some parties other than 

those who directly use underground water may be adversely aflFected in the form of higher 

extraction cost or lower water quality. A successful management regime should be able to 

compensate those parties in the case of loss in their welfare. 

This essay develops seven socially desirable criteria to evaluate diflFerent control 

regimes in the three states. Some of these criteria are derived from the notions of 

economic eflficiency and equity, and the others are fi-om the literature of natural resource 

economics. It is expected from a socially desirable control policy of underground water 

resources to: (I) accurately define property rights, (2) allow for flexibility of exchange; (3) 

conserve the resource; (4) protect third-parties; (5) follow a decentralized approach to 

control the resource; (6) provide users the assurance that the supply of water will continue 



in the fiiture; and (7) protect underground water quaUty. This essay also provides a 

qualitative method to measure the degree of success of each criterion in the three control 

regimes. The second essay is discussed in Chapter III of this study. 

Essay 3: Estimating In Situ Underground Water Values 

Landowners in the High Plain Underground Water Conservation District No. 1 

(HPUWCD NO. 1), which is located in the High Plains of Texas, can deduct the value of 

the declining water table from their business income every year. Underground water in 

Texas is treated as an asset, and therefore landowners are eligible for a tax deduction if 

they can prove that their asset (the water below their lands) is declining. A depletion 

deduction of this nature is comparable to the cost depletion allowances made in the case of 

oil, gas, and timber, and is similar to the allowances for depreciation on any equipment 

(machine) used in production. To be eligible for such a tax deduction, landowners must 

show that they have paid more for a land because it had underground water in storage 

than they would have paid for a similar land in the same area which had little or no 

underground water in storage. Furthermore, landowners must show that the level of 

underground water has declined during two successive fiscal years to receive a tax 

deduction. The HPUWCD No. 1 provides landowners data on saturated thickness and 

changes in saturated thickness to the citizens of the area on a yearly basis. The district 

does this by using a network of observation wells, and these are private wells which are 

used for measurement purposes. AIso, the HPUWCD No. 1 contracts with a professional 

land appraiser, who documents land sales which occur in the district each year. The 



appraiser visits each property sold and deducts from it all improvements and other capital 

values. By using the readings on saturated thickness obtained from the observation wells, 

combined with the data on land sales gathered by the appraiser, landowners may show that 

they are eligible for tax allowances. The detailed method of tax allowances calculation is 

shown in Chapter IV of this study. 

This essay will utihze the data provided by the HPUWCD No. 1 and by the 

appraiser to estimate in situ values for underground water in the district. Underground 

water values are estimated as the diflFerence between the price of irrigated farms and the 

price of dryland farms. This essay will estimate demand functions for irrigated and dryland 

farms to show the effect of the availability of underground water on farms prices in the 

district. Quantitative and qualitative data are used to explain the variations in price per 

acre of both types of farms. Some variables are used to capture differences in the aquifer's 

characteristics (i.e., saturated thickness, depth to the aquifer, and quality of water in the 

aquifer), and other variables are used to capture diflFerences in farms' productivity (i.e., soil 

type, precipitation, pumpage capacity of wells, and others). 

This essay estimates four diflFerent in situ values for underground water in the 

HPUWCD NO. 1. The first estimate is the per acre-foot value of saturated thickness. This 

value is estimated as the average diflFerence between irrigated and dryland farms prices, 

divided by the average saturated thickness. The second estimate is the cost-to-water, 

which shows the contribution of irrigation water value to irrigated farms costs. It is 

calculated by dividing the average price of dryland farms by the average price of irrigated 

farms, and then subtract the resuh fi-om one. The third estimate is the value of 
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underground water per acre of irrigated farms. This is simply done by subtracting the 

average price of dryland farms from the average price of irrigated farms. The last estimate 

calculates the value of the entire underground water stock below the HPUWCD No. I. 

The third essay is discussed in Chapter IV of this study. 



CHAPTERII 

AN OPTIMAL CONTROL MODEL WITH UNDERGROUND 

WATER QUALITY CONSIDERATIONS 

Introduction 

Underground water aquifers are characterized by many natural resources 

economists to have two components; stock and flow sources. These natural resources 

exist as stock sources in the saturated zones of aquifers at every point in time. The flow 

component of underground water resources is often referred to as recharge (when water 

percolates into an aquifer), or discharge (when water is extracted fi-om an aquifer) [Burt, 

1966]. Most commonly, natural recharge occurs when water from precipitation or surface 

water percolates into the underground and adds to the deposit of underground water. 

Recharge can be accomplished artificially through injection wells and other mechanisms 

and, in addition, a considerable portion of water applied on farms retums underground. 

Extracted water is used by the agricultural and industrial sectors, and for municipal and 

recreational uses. 

From the point of view of society, the flow component of underground water 

should be fully utilized because of the stochastic nature of natural recharge. This nature 

makes an extraction rate greater than average recharge potentially hazardous, because the 

stock may decline to a level where no underground water resources would be available for 

current and fiiture uses. The ideal situation is for a society to withdraw the amount of 

water every year which equals the amount of natural recharge in the same year. This 
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withdrawal rate is known as the sustainable level of extraction. However, if the level of 

extraction is greater than the natural recharge level at a point in time, then fliture 

generations will suflFer the consequences of this decline in the stock of underground water, 

even if the sustainable level is achieved at all following periods of time Future 

generations will bear the burden of the decline in stock in the forms of higher cost of 

recovery and lower water quality. 

The stock of underground water represents an index of the ease of recovery, in 

that the more stocks have been withdrawn, the more diflficult it often becomes to recover 

more of the resource, since the recovery process becomes economically infeasible. It 

seems reasonable that stocks should affect underground water production costs. The 

lower the stock of underground water in the current period, the greater the pumping lift in 

future periods, and thus, the higher the extraction cost. Also, as wiU be discussed later, as 

depletion of underground water resources proceeds, poorer qualities of water deposits are 

generally utilized This phenomenon of increase in production cost associated with 

decrease in stock level, when property rights are undefined, is called the stock eflFects or 

stock extemalities. Stock eflFects can take three forms: (1) an increase of extraction costs 

as depletion continues; (2) a reduction in fiature use due to a finite limit to the total 

quantity of the in situ resource; and (3) a deterioration in the quality of underground water 

resource. Burt [1966] iUustrated the eflFect of rapid depletion of the stock on underground 

water quality: "However, groundwater could reach in some basins an upper level which 

would hamper productivity. Drainage would become a problem and agricultural 

production would be reduced by so high level of stocks. If groundwater quality 
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systematically declines with storage, this quality change can be reflected in the net-output 

fianction, G(x,s). Such a decline in quality would accentuate the direct relation between 

net output and storage"[p.637]. 

Stock eflfects clearly connect the decisions made in one period with the production 

potentials of following periods. The more in situ resources used today, the higher will be 

tomorrow's recovery costs. The perception of such a pattern of increasing costs may then 

aflFect the behavior of private or public agents who make the decision of whether to extract 

underground water or not. 

Natural resource economists have focused their work on stock extemalities 

associated with the use of underground water resources. They agree that the source of 

such externalities is the common property nature of underground water resources. Two 

forms of externalities can be distinguished: (I) current period externalities; and (2) 

intergenerational extemalities. The first type occurs when one user lowers the water table 

and increases the pumping cost for all neighboring users. Additionally, with property 

rights undefined, farm operators and other users don't have the incentive to conserve the 

resource because what is not withdrawn today will be captured, at least in part, by rival 

users. The second type of stock externalities is caused by utilizing the resource in the 

current period, and ignoring the right of fiiture users to benefit from the resource. This 

type of extemality takes the forms of lower stocks in the future accompanied by poorer 

quality of the resource. These types of extemalities have been discussed in the literature 

by Burt [1964, 1967, 1970], Burt and Stauber [1971], Cummings and McFariand [1974], 

and Brown and Deacon [1972]. 
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The introduction of the stock eflFect greatly increases the complexity of the 

problem faced by any society. The objective of policymakers is to maximize net social 

benefits from a renewable or nonrenewable underground water resources subject to the 

availability of the resource. It is not tme that maximizing net social benefits every year is 

the best policy. Future generations also have the right to use the resource, and therefore 

must be taken into consideration when deciding on the current optimal rate of use This 

intertemporal independency requires poHĉ miakers to develop a descriptive model of how 

an actual policy would use underground water resources over time, and to characterize 

both the perception of reserves and the motivations of the diflFerent agents who make use 

decisions over time. 

The characterization of a socially optimal pattern of underground water use 

provides a benchmark against which the performance of diflFerent market or policy 

stmctures can be judged. The optimal control technique can be utilized to provide an 

answer for the social optimal withdrawal rate and the tme social cost of extracted water. 

The optimal control solution is a theoretical solution to the intertemporal allocation of 

underground water resources. 

Objectives 

The general objectives of this essay are to discuss the nature of underground water 

resources as renewable or nonrenewable resources, to review previous work on optimal 

allocation of underground water resources, and to evaluate diflFerent poUutants that intmde 

into aquifers and deteriorate the quality of underground water resources. 
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The specific objectives of this essay are to: 

1 Discuss, in detail, agricultural activities and saltwater intmsion as potential 

poUutants of underground water 

2. Find the link between the extraction rate of underground water and the 

concentration of nitrates and other chemicals (from agricuhural activities), and the 

concentration of sah (fi-om saltwater intmsion). 

3. Constmct a dynamic optimization model to find the optimal allocation of 

underground water, with emphasis on underground water quality which changes 

with the stock of the resource. 

4. Derive an equation for the flow condition of underground water resources (Basic 

Condition (I)), an equation for the stock condition of underground water resources 

(Basic Condition (II)), and a third equation for the marginal user cost or the 

shadow price of underground water. 

Literature Review 

Economists have appHed various optimal control methods in order to derive an 

optimal water use over time. One of the earliest works in this field was done by Burt 

[1966]. Burt developed a framework for derivation of optimal underground water policies 

focused on temporal allocation. Using sequential decision theory and the expected present 

value of net benefit output from the basin as the primary criterion, Burt derived equations 

for the optimal quantity of water to be withdrawn from storage each year, and also an 

equation for the marginal social cost of underground water. Brown and Deacon [1972] 

14 



derived a formula for a tax that should be imposed on pumped underground water in order 

to yield the optimal control solution. 

Gisser and Sanchez [1980] compared the temporal allocation yielded by optimal 

control with the allocation generated by free markets. According to their argument, 

farmers pump water each year under competition, satisfying the condition that the 

marginal cost of extraction equals the value of marginal product of water. Under optimal 

control, farmers maximize the present value of their fiature income stream generated by 

utilizing the water extracted. They argue that if the storage capacity of the aquifer is 

relatively large, the diflFerence between the two strategies is so small that it can be ignored. 

Among those who agree with Gisser and Sanchez on the assumption that underground 

water users have no incentive to consider the effects of their use on neighboring users and 

extraction cost are Feinerman and Knapp [1985] and Nieswiadomy [1985]. 

Negri [1989] verified the ability of open-loop and feedback equilibria in capturing 

the production cost extemality and the common property extemality. Open-loop solution 

assumes that users commit themselves in the initial period to pumping rates in all fiiture 

periods. Feedback solution assumes that users adopt pumping strategies that depend on 

the reserve stock of underground water. Applying optimal control theory on a common 

property aquifer model, Negri concluded that feedback solution captures both externalities 

where open-loop solution captures only the pumping cost extemality. Van der Ploeg 

[1987] and Reinganum and Stockey [1985] also analyzed both types of equilibria on a 

common property aquifer model. They found that feedback equilibria lead to a more rapid 

extraction level compared to the open-loop equilibria. 
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Economists have also used agricultural production to derive optimal depletion path 

for underground water use. Kim, Moore, Hancher, and Michael [1989] used optimal 

control theory to compare planning equilibrium with common property equilibrium Their 

major emphasis was on the transition time away from grain sorghum production (the 

water-intensive crop) to cotton production. Applying their theoretical findings on 

underground water mining in the Texas High Plains, they found that the common property 

equilibrium of underground water mining greatly exceeds the opthnal rate. Furthermore, 

under common property equilibrium, the production of grain sorghum continues for a 

period that is more than twice as long as the optimum switch point, 95 years versus 43 

years. AIso, net present profit under planning equilibrium (the optimal equiUbrium) 

exceeds the common property equilibrium using 2% and 5% discount rates. They 

concluded that the absence of incentives to forgo current pumping in anticipation of 

reduced future pumping costs resuhs in higher water use, and, relatedly, an ineflficient 

cropping pattem through time. 

Underground Water Oualitv 

Approximately 25 percent of all water used in the United States is withdrawn from 

underground water supplies which provide a major drinking water source for 32 states and 

is the only drinking water sources in many locations. Underground water has been 

monitored for pollutants because, in recent years, a number of incidents have documented 

the existence of underground water contamination having human health implications at 

least as serious as those of surface-water pollution. 
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Underground water contamination is caused primarily by seepage of toxic organic 

and inorganic chemicals into underground aquifers. A variety of industrial, municipal, and 

private operations are responsible for underground water pollution. These include 

seepage from agricuhural activities, leakage from underground injection wells, leakage 

from sewer Hnes, percolation from municipal and industrial landfills. Other sources of 

underground water pollution include saltwater intmsion in coastal aquifers, leakage from 

buried storage tanks, accidental spills of toxic materials, and artificial recharge materials 

[Viessman and Welty, 1985]. 

Underground water moves at an exceedingly slow rate: on the order of five feet 

per day to a few feet per year. At this rate, it may take 100 to 1,000 years for 

contamination to be detected [Viessman and Wehy, 1985]. Moreover, it is diflficuh to 

monitor underground water contamination, because once contaminants enter the 

underground water system, they are scattered in groups. Another problem is that 

underground water does not have the same self-cleaning properties as surface water. 

Contaminants are likely to persist for years. Once underground water contamination is 

detected, h is neariy impossible to remove, and it is quhe expensive to treat. 

The focus of this essay will be on two types of contaminants; saltwater intmsion in 

coastal aquifers and agricultural activities. These pollutants are induced by the amount of 

withdrawal from the stock of water, and therefore will be used in the optimal control 

model as underground water quality variables. More attention will be given to these 

contaminants. A description of the nature and impact of such pollutants will be shown. 
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and a review of previous research that incorporates these contaminants as variables that 

may aflFect the outcome of optimum underground water allocation will be exhibited. 

Agricuhural Activities 

Agricultural operations are a major source of pollution in many areas. 

Overapplication of water, pesticides, and fertilizers can give rise to a number of problems. 

Irrigation practices can raise the concentrations of salts, dissolved solids, and minerals in 

underground water by leaching them out of the soil. Improper management of fertiHzers 

can lead to excess levels of nitrates in the underground water. Pesticides may also 

contaminate underground water. 

The best description of how improper use of irrigation water and fertiHzers can 

lead to the concentration of nitrate and dissolved soHds is found in Saliba [1985]. The 

part that separates the land surface from the water table is known as the unsaturated zone. 

This zone forms a buffer between underground water and human activities on the land 

surface. Substances which infihrate below the crop root zone are transferred by water 

movement through the unsaturated layers where varying degrees of degradation 

(decomposhion of the pollutant) or absorption (retardation of pollutant movement) can 

take place. These processes substantially slow the rate of many contaminants' movement 

to underground water and can prevent some substances (including many pesticides) from 

ever reaching the aquifer. However, other pollutants travel at the rate at which water 

moves through the unsaturated zone and can reach the underground water relatively 

quickly in irrigated areas. Nrtrates and dissolved solids are in this category. Irrigation is a 
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sah-concentrating process in regions where evaporation exceeds precipitation because 

sahs remain behind in crops and the soil as evapotranspiration occurs. Concentration of 

total dissolved soHds increases as water moves downward from the land surface toward 

underground water. 

Studies have found a link between underground water contamination and the 

pesticides and fertiHzers used by the agricultural sector. The Oflfice of Technological 

Assessment [1984] ches the use of agricultural pesticides and fertilizers as a significant 

source of underground water contaminants. Focusing on the regional aspect of the 

problem, Nielsen and Lee [1987] found that not all regions of the United States are 

afiFected by such agricultural contaminants, and significant concentrations of pesticides and 

nitrates do not necessarily occur together. 

Realizing the heahh consequences from the Hnk between underground water and 

agricultural chemicals, several states have started to regulate the use of these chemicals. 

Arizona requhes farmers to use the best management practices while California prohibhs 

firms that employ ten or more people from contaminating water beyond specific levels. 

lowa, on the other hand, levies a tax on fertiHzers [The Ofifice of Technology Assessment, 

1984]. 

Optimal control theory is also used to constmct underground water models with 

water quality considerations. Cummings and Mcfarland [1974] presented a management 

model to analyze decision mles for the conjunctive management of underground water 

reserves and salinity control. Salinity control took two forms; the salt concentration in the 

underground water stock and the sah concentration in the soil The optimum 
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underground water use is, in their model, carried to the point where the present value of 

marginal net benefits equals the present value of the opportunity cost of an increment in 

water use. The present value of marginal net benefits is a complex term that includes 

marginal direct benefits measured as net agricultural incomes net of external costs, and 

also includes the value of water use in terms of reducing soil saHnity for all future periods 

weighted by the impact of marginal water use on soil salinity. The present value of the 

opportunity cost includes the marginal in situ value of water, the marginal value of 

exhausting the aquifer stock, the cost of return flows in terms of underground water 

salinity, and the marginal capacity value of caphal stocks. 

The point that needs to be established is the coimection between underground 

water withdrawal and underground water quaHty. Irrigation water, as discussed above, is 

a major poUutant of underground water. The use of water for agricultural purposes is 

usually accompanied by the appHcation of pesticides and fertilizers. The use of fertilizers, 

if not managed properly, raises the concentration of nitrates in the water, and 

overappHcation of water faciHtates the way for salts and dissolved solids to intmde the 

land surface and deteriorate the quaHty of underground water. More than 70 percent of 

annual underground water withdrawal is used for irrigation purposes [Saliba, 1985], and 

underground water withdrawals are increasing at double the rate of increase for surface 

water use, with half a million new weUs driUed every year before 1984 [Henderson, 1984]. 

This large proportion of underground water used for irrigation purposes establishes a 

connection between extraction rates and underground water quality; the more the water 

extracted, the higher the concentration of nitrates and dissolved soHds in the aquifer. 
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Saltwater Intmsion 

In many coastal areas, the intensive mining of underground water reserves has 

resuhed in a declme in the potential of freshwater and the intmsion of sahwater. This 

problem is particularly serious on the coasts of CaHfomia, Texas, Florida, New York, and 

Hawaii [Todd, 1967]. 

The area that separates saltwater from freshwater is known in the literature as the 

"interface." It represents the sharp boundary curve between the freshwater zone and the 

saltwater zone as a resuh of the equilibrium between the various forces. This interface 

remains steady when the withdrawal rate from the coastal aquifer equals the natural 

recharge rate (or when the sustainable level is achieved). Saltwater forms a wedge 

decreasing to a point beyond which the saltwater vanishes. The length of the intmded 

saltwater wedge depends upon the physical permeability of the aquifer formation, the 

natural rate of freshwater flow, the hydrauHc boundaries and the weights of freshwater and 

saltwater. The thickness of the boundary between saltwater and freshwater depends upon 

the degrees of salinity and the dhections and magnitudes of the water velocity . The shape 

and locations of the boundary zones are afiFected by the changes in the rates of the seaward 

freshwater flow and natural and artificial replenishments. AIso, these boundaries fluctuate 

in response to the tidal efiFects of the ocean, barometric pressures, and climate and storm 

waves [Kashef, 1971]. The concentration of sah in the water varies from about 35 parts 

per thousands (ppt) at the sharp inface with the sea water to very small quantities as one 

moves inland. The maximum level of salt concentration for irrigation water is usually 

around 6 ppt [Todd, 1967]. 
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The intertemporal rate of extraction of underground water stocks in coastal areas 

with the intmsion of saltwater was studied by Cummings [1971]. The theoretical model of 

his work was based on dividing a district that overiays a coastal aquifer into zones. The 

dimension of each zone depend on the impact of saltwater intmsion on pumpmg activity. 

For example, an inland movement of sahwater interface (boundary) to a specific distance 

resuhs in the loss of pumping activity in a given area. This area would be a zone. 

Cummings then showed the marginal benefits from an increment of water delivered from 

one zone to another zone which suffers from sahwater intmsion. The present value of this 

marginal benefit equals: (1) the marginal value of water in storage; (2) the marginal cost 

of water use in terms of capital consumption; and (3) the marginal cost of saltwater 

intmsion, which is measured by muhiplying the intmsion associated with the increment in 

extraction times the marginal cost of an increment of intmsion in a specific period of time 

for all future periods. 

Although optimization models have been discussed thoroughly by economists, only 

a few optimal control models were built to deal with the saltwater intmsion problem. 

Bear and Dagan [1964], Henry [1959], Busch, Matlock, and Fogel [1966], and Tyagi 

[1971] are the early hydrologists who developed the dynamics of saltwater intmsion. 

It is important to establish the relationship between salt concentrations and the 

extraction rate. In coastal areas, the higher the extraction rate relative to the natural 

recharge rate, the more the saltwater intmsion, and thus, the higher the concentration of 

sahs in underground water. 
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An Optimal Control Model With Underground 
Water Oualitv Considerations 

For a management policy of underground water resources to be an optimal policy, 

the efificiency criterion for the aUocation of the resource must be satisfied. An aUocation is 

said to be efificient if the net social benefits from the resource use are maximized over 

time The maximization of net social benefits requires the marginal social benefits from 

the resource utilization to equal the tme marginal social costs. 

Underground water resources are described as exhaustible resources in arid lands. 

The rate of natural recharge is considerably lower than the rate of extraction in arid and 

semiarid lands. The objective of a social plaimer is to maximize social benefits from the 

use of underground water in the current and future periods given the limited recharge of 

such a natural resource. The problem with nonrenewable resources is that any quantity 

extracted and used today wiU not be available tomorrow. Even if natural recharge exists 

in some underground water aquifers, it is msignificant and the current whhdrawal rate wiU 

stiU adversely afiFect future uses. Kim et al. [1989], Cummings [1971], Cummings and 

McFarland [1974], Kim, Hostetler, and Hancher [1993], and Culver and Shoemaker 

[1993] assumed that recharge is zero and did not participate in deriving theh optimum 

management policies for underground water resources. Recharge was part of optimal 

control models constmcted by Burt [1964], Worthington, Burt, and Bmstkem [1985], 

Gisser and Sanchez [1980], and Negri [1989]. However, they realized the fact that 

recharge rates to aquifer are negligible and nonstochastic in nature. In their models, 

recharge rates were assumed constant and exogenously determined. Had recharge been 

assumed zero, they concluded that the outcome of theh models would not change. 

23 



For a social plan to be eflficient, h must determine the optimal quantity that will be 

used in the current period, taking into consideration the forgone future benefits that would 

have been generated from utilizing that quantity. 

The basic relationships of the model are': 

P{t)=D[R(t)]. (2 1) 
S{t) = ̂ (0) - | ; [(1 - a)R{v) - Qdt. (2.2) 

W{t)=f[S{t)]. (2.3) 
Q{t)=g[S{t)]. (2.4) 
SB{t) = \l^'^D[R{t)]dR^Q[S{t)]. (2.5) 

Equation (2.1) is the inverse demand flinction of underground water resources, 

where P(t) is the price of a unit extracted and R(t) is the amount extracted in the current 

period. The second relation is the rate of change in the stock of underground water. The 

stock at any period of time, S(t), equals the stock at the initial period, S(0), minus the sum 

of all withdrawals to that period, plus recharge, C. The retum flow coeflficient is a. The 

retum flow coefificient is the proportion of water extracted that leaks back into the aquifer. 

It is not a fixed coefificient and h depends on the use of underground water. This 

coeflficient is high if used for irrigation purposes, and k is low if used by the industrial 

sector [Gisser, 1983]. Since this is a general model, a recharge term is incorporated. In 

the framework of this model, recharge is assumed to be insignificant and a non-stochastic 

variable. Equation (2.3) is a cost fimction where W(t) is the unit opportunity cost of the 

composite caphal-labor input to extract water. This per unit pumping cost is a function of 

' For a diflFerent configuration of the model, see Appendix A. 
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stock, S(t), because the lower the stock the higher the depth of the water table and, 

therefore, the deeper the driUing. 

Equation (2.4) is the quality-stock relation. As argued before, withdrawing water 

from the aquifer has twofold eflFects on the quality of underground water, Q(t): (1) 

reduction in quahty due to irrigated agricuhural activities that utilize extracted water; and 

(2) reduction in quality caused by sahwater intmsion in coastal aquifers. Since this is a 

general optimal control model, the quality of water, Q(t), is written as a general fijnction 

of stocks, without specifying the source that may change underground water quality. Any 

quantity of underground water extracted in the imtial period entails lower quality of water 

in future periods. This implies that a tme marginal social cost of a unit of underground 

water extracted must consider, at the margin, the opportunity cost of reducing the quaHty 

of water in the current period. This opportunity cost may take the form of improvmg the 

quality of underground water in fliture periods. 

The last relation indicates that social benefits associated whh a rate of 

underground water utilization of R(t) are represented by the area under the demand curve 

for the resource, D[R(t)], up to the withdrawal rate R(t), plus the value of the quality of 

water related to the undistributed stock of/>7 situ resources. The detailed derivations of 

the above model are displayed in Appendix A. 

Equation (2.2) can be written as: 

S{t)=-{\-a)R{t)-\-C. (2.6) 
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Where S(/) is the rate of change in the stock of underground water over time, and C is the 

recharge rate, which is often assumed zero for the aquifer management decisions in arid 

lands. 

Given that the objective of the society is to maximize the net present value of 

social benefits from utilizing the resource, the dynamic optimizing model can be written as 

a set of equations: 

Mæcm = l'lilf^D[R(t)]dR + Q[S{R{t))] - WR{t)]e-^dt. (2.7) 
subject to S(0 = -(1 - o)R{t) + C. 

S{t)>0,R(t)>OX^O. 

where G3is the net present value of benefits from utiHzing the resource, r is the social 

discount rate, and e"* is the continuous time discount factor. 

Three types of variables are already presented in the statement (2.7): t (time); S(t) 

a state variable; and R(t) a control variable. It turns out that in the solution process, yet 

another variable will emerge. It is caUed the costate variable (or auxiliary variable), to be 

denoted by q(t). A costate variable is similar to a Lagrange muhiplier and it is in the 

nature of a valuation variable, measuring the shadow price of the associated state variable, 

S(t). In this context, the costate variable is the user cost, or in situ rent of underground 

water which measures the present value of all fliture sacrifices including forgone use and 

higher extraction costs associated with the current use ofin situ underground water 

resources. The vehicle through which the costate variable, q(t), enters into the optimal 

control problem is the Hamiltonian function (\\). The maximum principle of the optimal 

control theory involves two first-order diflferential equations in the state variable, S(t), and 

the costate variable, q(t). Also the maximum principle requires that the Hamiltonian be 
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maximized with respect to the control variable at every point of time The Hamiltonian 

function consists of the integrand function (in this case the net social benefit function at 

time (t)) plus the product of the costate variable, q(t), and the constrained function in 

(2.7). The appropriate Hamiltonian function for the above model is illustrated in equation 

(2.8): 

H= [\f'^D[R(t)]dR + Qt[St{R{t))]-WR{t)]e-^'-q[{\-a)R{t)-C]. (2.8) 

The type oíHamiltonian function that will be used to derive basic conditions (I) 

and (II) is the current-value Hamiltonian (HJ. The current-value Hamiltonian is free of 

the discount factor and satisfies the condhions of the maximum principle. The term 

"current-value" as opposed to "present value" serves to convey the undiscounted nature of 

the new Hamiltonian [Chiang, 1992]. The current-value Hamihonian for the above model 

is shown in Equation (2.9). 

Hc = He'-^ = C D[R{t)dR + Q{t)[S{t)] - WR{t) - X[( 1 - a)R{t) -C]. (2.9) 

where X{t) = q{t)e'\ implying that q{t) = X{t)e-''. (2.10) 

The first condition in the maximum principle is to maximize Ĥ  with respect to the 

control variable, R(t). DiflFerentiating H, with respect to R(t) yields: 

Two assumptions are essential here: (1) the Ĥ  is diflFerentiable with respect to the 

control variable, i.e, ^ ^ 0, this assumption allows the solution to be an interior solution, 

not a boundary solution, in the control region, and (2) the second derivative of Ĥ  with 
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respect to the control variable is negative, ^ < 0, this assumption confirms that the 

solution is a maximum and not a minimum. 

Given those assumption and setting equation (2.11) to zero, yields Basic Condition 

(I) on price, cost, and user cost, since D[R(t)] is simply the price at time t when the 

utiHzation rate is R(t) and the recharge rate is C: 

Basic Condition I: P{t) = (1 - a ) ^ + ^ + Ut){ 1 - a). (2.12) 

Assuming a retum flow coefificient equals zero and a constant quality of underground 

water, Basic Condition (I) would be similar to the one derived by Howe [1979]. 

Basic Condhion (I), also known as the flow condhion, states that under an 

optimum program of underground water utilization, the marginal social value of 

underground water, P(t), equals the marginal loss in the quality of water muhiplied times 

the proportion of water that does not leach back to the aquifer, (I -o t )^^, plus the 

margmal production cost, W(t), plus the marginal user cost or in situ rent muhipHed times 

the same coeflficient as m the first term, (l-a)X(t). 

The concept of marginal user cost, q(t), is what characterizes underground water 

resources which sufiFer from stock efiFects. Any rate of utilization today wiU increase the 

scarcity of the resource in the future. This scarchy creates an opportunity cost which is 

known as a user cost. To further iUustrate the concept of user cost, let user cost be a 

positive number. In this case, h is expected that the parties who face the prospect of 

experiencing future sacrifices implied by current use would be wiUing to enter the market 

of in situ underground water resources to buy and hold these resources as long as the 
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going price oíin situ resources is less than the present value of the future sacrifices to be 

avoided. 

To derive Basic Condhion (II), four points need to be emphasized: 

1. Basic Condition (II) is the stock condition, which depicts an equation of motion 

for the costate variable, q(t). 

2. Postponing the utilization of underground water in the current period wiU afiFect 

the shadow price, q(t), and wiU involve sacrificing the current use. Therefore, 

forgoing current utUization must be justified by three types of retums: (I) an 

increase in the value ofin situ resources; (2) a reduction in fiiture extraction costs; 

and (3) a better qualhy of underground water resources. 

3. For a society to decide whether to pump or to postpone pumping a specific 

amount of water, h should fkst compare the three types of benefits estabHshed 

above with the socially required rate of retum, r, on the in situ value, X{t). In 

other words, if social discount rate, r, times the value of underground water as a 

stock, Xit), is greater than the three benefits generated by holding a unit of water, 

then the optimum decision is to pump that unit in the current period. However, if 

the social discount rate times the in situ value of underground water is less, then 

the optimum decision is to hold water now and wah until the value of in shu water 

increases. 

4. The reward from holding an in situ unit of underground water resources should be 

equal to the socially required rate of retum, r, times the value of marginal user 
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cost, or in situ water value, 'Ht). This resuh is derived from the equation of 

motion for the costate variable which states that: 

^ = -M-^'"'^«- (213) 

To derive Basic Condhion (II), the current-value Hamiltonian will be used also. 

This is done by deriving an equation of motion for the costate variable, X, and then 

utilizing Equation (2.13). First, an expression for ^ is needed. This is obtained by 

difiFerentiating Equation (2.9) with respect to the state variable. 

as(/) ^^^> ds(t) ^ cis(t) Lf̂  ^s(t) ^^^'^ ds{t) J '^^"^ ^ ^^ dsit) • l ^ - 1 ^; 

CoUecting terms in Equation (2.14) and realizing the condhion stated in Equation (2.13) 

yields an equation of motion for the costate variable, which can be written as: 

x=-[P{t)-w-x(m-a)]'^-^+m)^^+rm- (2.15) 

Rearranging terms m Equation (2.15) yields Basic Condition (II) which can be written as: 

Basic Condition (11): Ã.(0 + [P{t) - W-X{t)( 1 - a ) ] | | + ^ - R { t ) ^ ^ = rX{t). (2.16) 

It is worth noticing here that the above equation can be written in a difiFerent form that 

gives a clearer view of Basic Condhion (II). It is already established, from Basic 

Condhion (I), that: 

P{t)-W-X{\-a) = {\-a)':^. (2.17) 

Inserting Equation (2.17) in Equation (2.16) yields a diflFerent form of Basic Condhion 

(11) 
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BasicCondi,ionaD:X+{^[^^-a^+l]}-RU)'^ = rMt). (2,18) 

Basic Condition (II) defines three types of benefits a society enjoys from holding 

one extra unit ofin situ underground water. These benefits are shown on the left-hand 

side of the equation above: (1) an increase in in situ value of underground water 

resources, (2) a reduction in future extraction cost since ^ < 0, and (3) the value of 

improved qualhy of underground water. Basic Condhion (II) states that, at the optimum, 

these benefits enjoyed by a society should equal the social discount rate, r, times the 

marginal user cost or the in situ underground water value, X{t). 

Basic Condhions (I) and (II) give important information about the opthnal 

behavior of prices, extraction levels, and stock changes of underground water resources. 

One of the specific objectives of this essay is to study the efiFect of underground water 

quality on optimal management policy of such resources. Howe [1979] showed that 

introducing stock effects to the management of underground water change the efificiency 

conditions dramatically. He showed that the price which users of underground water 

should be confronted with is higher than the marginal extraction cost. The difference 

between price and marginal extraction cost is the marginal user cost. These results were 

derived from Howe's Basic Condhion (I). 

The model derived above shows that users of underground water resources should 

be faced with the opportunity cost of reducing water quality, in addhion to marginal 

extraction cost and marginal user cost. Figure 2.1 illustrates the differences between the 

resuhs derived by Howe [1979], and the resuhs obtained from the model developed 

above. Under static efificiency conditions, the price faced by underground water users is 
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Price/Acre-Foot 

MSC*=MCE+MUC+MVQ 

MSC=MCE+MUC 

MC=MCE 

D[R(t) 

^ Acre-Feet 

Where: MC is the marginal cost of static eflficiency; 
MCE is the marginal extraction cost; 
MUC is the margmal user cost; 
MSC* is the marginal dynímîic social cost with underground water 
quaHty recognition; 
MSC is the marginal dynamic social cost without underground water 
quaHty recognition; 
MVQ is the marginal value of underground water qualhy, and 
D[R(t)] is the demand schedule for underground water. 

Figure 2.1. Optimal Extraction and Price Levels of Underground Water 
with and without Water Quality Consideration. 

P* per acre-foot, and the extraction rate is Rt* acre-feet. Basic Condhion (I) derived by 

Howe [1979] implies that the optimal price level that users of the resource should be faced 

whh is Pt per acre-foot, and the optimal extraction rate is Rt acre-feet. However when 

introducing underground water quality as a variable that is poshively related to the stock 

of water, the price that consumers of underground water should be faced with is higher 
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than the prices derived by the static efificiency conditions and by Howe [1979]. An 

optimal management program of underground water resources which aims to intemalize 

intergenerational extemahties should force prices to mclude the opportunity cost of 

reducing underground water quality. As Figure 2.1 shows, this price is Pqt per acre-foot 

and the extraction level associated with this price is Rqt, which is less than the other 

levels. 

The paths of underground water extraction, R(t), and the in situ stocks, S(t), also 

difiFer when including underground water qualhy in the management problem as a variable 

that changes with the stock of underground water, S(t). The comparison between the 

extraction and stock paths derived in this chapter and those derived by Howe [1979] is 

shown in Figure 2.2. 

As shown in Figure 2.2, in situ stock of underground water starts at a given level 

at time t. The rate of change in stock level when introducing the quality of underground 

water, Sqt, is relatively lower than that derived by Howe [1979], St, which was derived 

whhout any recognition to underground water qualhy. The curve St is steeper than the 

curve Sqt because the whhdrawal rate with water qualhy recognition, Rqt, exceeds the 

withdrawal rate when the quality aspect of underground water is absent, Rt, at any time 

period. In the current period, the curve Rt starts at a higher pomt as compared to the 

starting point of the curve Rqt. The reason for this is because of dififerences in prices, 

P(t). The optimal price faced by underground water users when water quality is 

recognized, Pqt (from Figure 2.1), is greater than the optimal price when underground 

water quality is ignored, Pt (from Figure 2.1). This is due to the fact that the marginal 
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R(t) 
S(t) 

Sqt 

St 

Rqt 

Rt 

- • Time 

Where; Sqt is the path of in situ stock with underground water quaHty 
consideration; 
St is the path of in situ stock without underground water quality 
consideration; 
Rqt is the path of extraction rate with underground water quality 
consideration; and 
Rt is the path of extraction rate wíthout underground water quality 
consideration. 

Figure 2.2. Paths of Optimum Extraction and In Situ Stock of Underground 
Water with and without Water Quality Consideration. 

social cost, MSC, overlooks the opportunity cost of reducing underground water quality, 

MVQ. The failure to capture this value Pt to be lower than Pqt in the initial period. 

As time proceeds, the stock of underground water continues to decline. However, 

the rate of change in stock when underground water quality is considered is relatively 

faster. This fact generates two resuhs, which are shown in Figure 3.2: (1) the growth in 

scarcity when underground water quality is not recognized is higher due to rapid 

depletion, and thus the growth in the scarcity rent (marginal user cost) will be higher; and 
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Pt 

Pqt 
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Where: Pt is the price path without underground water quality consideration; 
Pqt is the price path with underground water quaHty consideration, 
MUC is the marginai user cost path without underground water quality 
consideration, and 
MUCq is the marginal user cost path whh underground water quality 
consideration. 

Figure 2.3. Paths of Optimum Prices and User Costs of Underground 
Water with and without Water Quality Consideration. 

(2) the marginal extraction cost without underground water quality recognition wiU grow 

by a higher rate. These two resuhs generate two conclusions. First, at a specific period of 

time Pt wiU equal Pqt, but after that period the rate of change in Pt wiU exceed that of Pqt. 

Second, since the marginal extraction cost with underground water quality recognition wiU 

grow more rapidly than the marginal extraction cost with the ignorance of underground 

water quality, extraction becomes economically infeasible. Therefore, after a specific 

period of time, Rt wiU lay below Rqt at all succeeding time periods. The previous 
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arguments are iUustrated graphically in Figure 2.3, where the paths of underground water 

prices (flow) and in situ values of underground water (stock) are depicted. 
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CHAPTERIII 

COMPAÍIATIVE FRAMEWORK FOR UNDERGROUND WATER 

RIGHTS DOCTRINES IN THE ARID AND SEMIARID 

REGION OF THE UNITED STATES 

Introduction 

The United States has an abundant water supply on a nation wide basis, ahhough 

eastem states enjoy more supply than westem states. Events such as floods, droughts, 

over-pumping of underground water, and water contamination occur in various regions 

and states. Finding solutions for these incidents, and developing new water supplies for 

rapidly developing areas, create poHcy issues for local, state, and federal water authorities. 

It is important that policymakers determine how water resources can be better managed to 

support a robust economy and a protected environment. 

Continuous and carefiil review of the changing nature of water-related policy 

decisions is essential to improve the management of water resources. Various levels of 

water authorities in the United States are confronted v t̂h challenging water-related issues. 

Lawmakers, at all levels, are dealing with a large number of surface and underground 

water problems. They are finding ways to fund water development projects, establish 

water rights, plan for efiFective management of water resources, enhance water quality, 

encourage conservation, and stimulate cooperation among users. 

For water management policies to be efiFective, demand for and supply of water 

resources should be considered simuhaneously in decisionmaking. Current water 
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management policies and practices are predominantly supply management policies, while 

demand management and markets are ignored [Jonish and Al-Hmoud, 1993]. The major 

features driving the changes in water management policies are the recognition of 

increasing scarcity of new surface and underground water resources, and the reduced 

quality of those resources. In arid and semiarid regions such as the southwestem U.S., 

water resources cannot accommodate aU difiFerent us ers of water. To face these 

chaUenges, three issues must be addressed: (1) to determine the availability of water 

resources; (2) to determine present and future water demand by all users; and (3) to 

allocate suppHes among demanders. An efificient allocation of water resources among 

users can be achieved by changing water control and allocation from centralized 

bureaucratic sources to decentralized market systems whh well-defined property rights to 

sell, lease or transfer water rights would be necessary [Howe, Alexander, and Moses, 

1982; Gibbons, 1986; Postel, 1992; Stroup and Baden, 1983; Anderson, 1983]. 

In the United States, arid and semiarid westem states are currently engaged in 

extensive water rights Htigations. The objective of these judicial decisions is to 

comprehensively determine all the state and federal water rights to a particular water 

resource. These decrees are important to the arid and semiarid westem states because 

they provide a measurement of the amount of water that is available for future state 

development. They also provide a measurement of water that wiU not be available in the 

fiiture for the same purpose Addhionally, water rights provide a sense of security to 

water rights holders whose rights are precisely determined and quantified in the litigation 

process. 
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The optimal allocation of underground water resources is achieved by using the 

optimal control technique-derived in the second chapter of this study. The optimal 

control solution provides answers to the optimal resource price that reflect all social costs 

(Basic Condhion (I)), and to the optimal growth in in situ value of the resource (Basic 

Condhion (II)). It is the solution where maximum economic efificiency of underground 

water allocation is realized. However, real life is usually more compHcated. The optimal 

management poHcy of underground water resources is solved only by setting and defining 

assumptions, some of which are not realistic and do not reflect real life. 

ReaHzing that the optimal allocation of underground water resources caimot be 

achieved easUy, the society and poHcymakers should develop management poHcies that 

come very close to the optimal poHcy. The society should create underground water 

mamagement institutions to attempt a pragmatic "second best" approach to solve for the 

optimal resource depletion rate. 

Westem states are facing a serious overdraft problem. Water tables are declining 

every year. Those states are trying hard to solve, or reduce the severity of, this problem 

through the implementation of underground water laws and statutes. Their objective is 

the same, but their means to achieve this objective are difiFerent. The purpose of this essay 

is to examine underground water rights regimes in the arid and semiarid regions of the 

United States. Three states in the southwestem region of the United States were chosen, 

Texas, New Mexico, and Arizona. These three states were selected for this study 

because: (1) the three states are in the arid and semiarid region of the U.S. and they 

depend heavUy on underground water resources; (2) they are experiencing declines in 
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underground water levels due to overdraft; (3) the three states have difiFerent underground 

water rights doctrines which aUows a comparative framework (the English mle in Texas, 

the appropriation doctrine in New Mexico, and the reasonable use doctrine in Arizona); 

and (4) the three doctrines used in the three states constitute most of underground water 

doctrines in the southwestern region of the United States (the correlative doctrine is used 

in California but not used in this study). 

Specifically, the purpose of this essay is threefold: 

1 Derive, from the economic theory, socially desirable criteria that characterize the 

optimal allocation of underground water resources. 

2. Discuss underground water rights doctrines and their implementation in the arid 

and semiarid regions of the United States, specifically Texas, Arizona, and New 

Mexico, and show the pros and cons of each states poHcies and practices. 

3. Evaluate the three doctrines in terms of their ability to achieve the socially 

desirable criteria. 

Literature Review 

Economists have long debated the optimal management policy of underground 

water resources. They have not reached a consensus on the most efificient property rights 

regime which restores underground water resources to their optimal steady-state. Some 

economists argue that ineflficient rates of underground water pumping can be remedied by 

implementing central control by a regulator who uses taxes and quotas to obtain the 

eflficient allocation of the resource over time. Others argue that a private property rights 

40 



regime is the optimal tool to reach the most efificient allocation of underground water 

resources. 

Smhh [1977] and Anderson, Burt, and Fractor [1983] suggested an altemative 

insthutional arrangement in which private shares to underground water stock are 

established. Under this system, firms do not hold particular units of underground water, 

but they hold the right to pump or sell a certain number ofin situ units of stock whenever 

they desire. This arrangement, according to their conclusions, oflfer a viable ahemative for 

water management, especially when central control is not feasible. When a firm consumes 

or sells in situ unit of stock, hs share of underground water stock is reduced. Its share is 

increased via hs enthlement to natural recharge and by purchasing shares from other users. 

Provencher [1993] argued that private property rights regime recovers about 95 

percent of the potential gain from underground water management. The regulation that he 

suggested is to initially allocate all underground water stock as private shares and 

aimounce that at a specific fliture date a particular number of stock shares—enough to 

ultimately prevent the underground water stock from falling below the optimal 

steady-state level—will be reclaimed from each firm using the resource. Using dynamic 

optimization to solve the management problem, he argued that firms would conserve stock 

shares to maintain their access to the underground water resource after the regulator's 

reclamation of the aimounced number of shares. 

Gisser and Sanchez [1980] compared two underground water rights doctrines, a 

private property regime, and a central-control regime where the state controls the 

resource. They argued that gains from a controUed regime do not justify the cost of 
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operating such a doctrine. A privately compethive property rights regime with no 

control, when the storage capacity of an aquifer is large, and a central control regime 

perform equally well. They applied dynamic optimization on the Pecos Basin, New 

Mexico to derive these resuhs. 

Gisser [1983] showed that under circumstances that generally prevail in semiarid 

regions, assigning property rights to underground water resources and permitting the 

market to determine the aUocation of water use can lead to a second-best solution He 

argued that if potential users are allowed to Coase-bargain with incumbent users on the 

issuance of new underground water rights, the second-best solution is elevated to a Pareto 

optimal solution where efificiency of underground water allocation is at hs maximum. 

Gisser compared the market-oriented state property regime in New Mexico—where the 

state owns underground water resources~whh the reasonable use doctrine in Arizona 

which is a regulatory regime. His findings were that assigning property rights 

accompanied with a competitive market (the case in New Mexico) comes very close from 

the optimal allocation of underground water resources. The doctrine in Arizona, which is 

regulatory rather than market-oriented, reveals that when property rights are Ul-defined 

and water law is not clear, problems such as overdraft may occur. 

A comparison between private ownership and central control of underground 

water resources was also discussed by Howe, Schurmeier, and Shaw [1986]. In their 

work, they identified characteristics that would be generally desirable for underground 

water resources allocation mechanism. According to their argument, flexibiHty of 

allocation, security of tenure, a tme social cost of the resource, and predictabUhy of 
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outcome are desirable attributes, and water markets possess them more than any other 

setting (i.e., a central control system). They also suggested that water markets can be 

developed and substantially expanded within the existing federal and state underground 

water law. The appropriation doctrine, which is implemented in westem states, can be 

modified within the context of underground water laws to become more market-oriented, 

and to capture the deshable attributes of water markets to capture. 

Criteria to Evaluate Underground Water 
Rights Doctrines 

When water was abundant, the problem that water authorities had to deal with, 

when faced by increased demand for the resource, was a supply based problem. 

Developmg new sources of water supply was generally the solution for excess demand. 

The problem is different at the present time. There is a country-wide recognition of 

increasing scarcity of new surface and underground water sources. Scarcity of water 

resources characterizes arid and semiarid regions, especially westem states. Water 

problems in this region are often discussed in terms of finite supply versus infinite demand. 

There is a need to enhance the productivity of water in hs muhiple uses. 

To achieve social objectives from water resources allocation, economic efificiency 

should be satisfied. Economic eflficiency implies that water is used at hs most highly 

valued uses. An aUocation gives users the most highly valued uses if h brings them the 

highest possible rate of retum on their investment. The only situation that the eflficiency 

criterion can be achieved is when water is allowed to be transferred freely, without any 
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restrictions. Only then water can be directed to hs highest valued uses [Howe et al., 

1986]. 

To achieve social objectives when allocating underground water resources, equity 

in distribution should be also satisfied. Generally, govemment policies which are designed 

to increase social welfare should be equhable in their eflFects on people. Policies that 

attempt to allocate underground water resources among their users are not an exception 

Three types of equhies are recognized: (1) horizontal equity; (2) vertical equity; and (3) 

intergenerational equity. The first type of equity implies that people in equal positions 

should be treated equally. Equal positions can be defined using various indexes (i.e., 

income, expenditures, or wealth). The second type of equity implies that an appropriate 

differentiation among the unequals should be made [Rosen, 1992]. The third type of 

equity is defined by MikeseU [1989] as the management of natural resources that 

maximizes the net present value of society's social product. Future generations should be 

taken mto consideration when making current decisions regarding the use of scarce natural 

resources such as underground water resource. 

Economists have realized the trade oflFbetween economic eflficiency and equity 

[Rosen, 1992; Browning and Browning, 1983]. The most eflficient allocation of 

underground water resources, or any other resource, may not imply the most equhable 

allocation. When social poHcies attempt to achieve eflficiency in distribution of the 

resource, equity in distribution may be lost. Similarly, when the underiine objective of 

social poHcies is the equhable division of the resource among users, regardless of the value 

which water wiU generate in each use, economic eflficiency may not be achieved. For 
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example, assume that the value that the industrial sector generates when utilizing an 

acre-foot of water is larger than that derived by the agricultural sector when utilizing the 

same amount of water. Economic eflficiency in this case implies that more underground 

water should be allocated to the industrial sector. Underground water users in the 

industrial sector may perceive this allocation as fair, where users in the agricuhural sector 

may not perceive the allocation as fair. Furthermore, their is a trade off between economic 

eflficiency and equity within a particular use. Assume that from an economic eflficiency 

perspective, the industrial sector should get more underground water than the agricultural 

sector, since the former use generates more value from water than the latter use If 

underground water was distributed equally among various industries, economic eflficiency 

may be lost. Various industries generate various values when utilizing underground water. 

If the priority of a social planner is to achieve economic efificiency, then more water should 

be allocated to industries that generate the most values from utilizing the resource, and 

hence a violation of equity. 

The criterion of equity must reflect nonobjective and individual standards of 

faimess. The exact definition of equhy is ambiguous, and individual interpretations of 

faimess diflFer. An allocation of underground water may be perceived by some people as 

fair, but at the same time the allocation may be perceived as unfair by others. Since the 

objective of this essay is to compare actual control policies of underground water whh the 

optimal control policy (which defines the most eflficient allocation of underground water 

not the most equitable), the equity criterion will not be used to evaluate actual control 

poHcies. 

45 



Problems may arise from the allocation of underground water resources because 

the society's and the individual's objectives are diflFerent. An individual's goal is to achieve 

maximum private net retum from utilizing the resource, where a society's objective is the 

maximization of net retum to the society as a whole. The discrepancies between the 

individual and the social maxima of net return from water use result from the failure to 

incorporate costs (or benefits) bemg hnposed on (or gamed by) persons other than the 

individual water user. This phenomenon characterizes fugitive resources, such as 

underground water resources, in general. Therefore, a desirable property of water 

allocation is to minimize the gap between social and private costs and retums. 

Many natural resources economists have argued that to achieve the desirable 

criterion of eflficiency, weU defined property rights to seU, use, or transfer water would be 

necessary [Howe et al., 1982; Gibbons, 1986; Postel, 1992; Stroup et al, 1983; Anderson, 

1983]. Property rights are " . assigimients to things that each and every person must 

observe in his interactions with other persons, or bear the cost for nonobservance The 

prevaUmg system of property rights in the community can be described, then, as the set of 

economic and social relations definmg the poshion of each individual with respect to the 

utUization of scarce resources" [Fumbotn and Pejovich; p. 1139, 1972]. 

To examine and evaluate the eflFectiveness of underground water management 

poHcies and doctrines in the arid and semiarid southwestem U.S, or mdeed any political 

jurisdiction, some common criteria must be utiHzed Some criteria that wiU be used are 

related to the notion of economic eflficiency, others are derived from the natural resources 
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Hterature, and the rest are socially desirable criteria. The criteria adopted here include the 

foUowing: 

1 Property rights should be well-defined. They should clearly define the quantity 

allowed to extract, use, and lease underground water. Addhionally, property 

rights should clarify any responsibiHty on the owner in terms of protecting water 

quality. WeU-defined property rights provide clear interpretation of each user's 

rights and duties. 

2. Flexibility to buy and sell, or lease, property rights to underground water among 

and between different classes of users to accommodate the changing economic 

environment, and to reallocate water rights to higher valued uses. The 

transferabUity of water rights performs two functions: (I) enhances compethion 

among users and ensures that the most valuable wUl be utiHzed, and (2) 

competition among potential contract participants and a resource owner's ability to 

transfer the right to use his resource reduce the cost of enforcing the stipulated 

terms in a contract [Cheung, 1970]. 

3. Conservation of underground water. A socially desirable underground water 

management doctrine is expected to stimulate conservation. Water users should 

be rewarded rather than penalized for conserving water. A property right holder 

may conserve water and be rewarded in the form of obtaining rights to the new 

water created. If property rights were not weU-defined in terms of the allowed 

quantity of water to be extracted and utilized, some rights holders may be 

penalized if they choose to conserve. Underground water is a fughive resource, 
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and pumping activhies of one user aflFect the water table of the neighboring users 

who share the same aquifer. 

4. Third-party eflFects should be addressed eflFectively. A socially desirable 

underground water management doctrine is expected to give the parties who do 

not hold rights a chance to protect their welfare. This can be achieved by an 

underground water management doctrine that is able to inform the pubHc of any 

proposed reallocation of rights, and is flexible enough to compensate third parties 

if h was proven that the reallocation action reduces their welfare. 

5. Security of tenure. To enhance eflficiency of water allocation, property rights 

holder should be assured a continued use of the resource. Otherwise, users will 

not have the incentives to engage in long-term projects, since lack of certainty 

implies higher risk, and higher risk means lower expectations of fijture net retums. 

6. CentraHzed versus decentralized control. Property rights of underground water 

resources can be vested ehher wdth individuals (private property rights doctrine) or 

whh the state (state property doctrine). In a state property doctrine, ownership 

and control over use rest in the hands of the state. Individuals may be able to 

utiHze the resource, but only with the permission of the state In a private property 

doctrine, owners of underground water rights could be individuals or groups. 

Owners can make decisions and investments in the full knowledge that good 

management of the resource will bring private retums. Many natural resources 

economists have emphasized the likely advantages of private ownership over 

centralized control of resources [Stroup et al., 1983; Gardner, 1983, Rucker and 
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Fishback, 1983; Anderson, 1983; Howe et al., 1986]. They argued that economic 

growth and eflficiency are aflFected by the way in which existing mstitutions allow 

property rights to be traded and aUocated. When rights are both privately owned 

and easUy transferable, decision makers have easy access to information, as weU as 

an mcentive to aUocate the resource to higher valued uses and enhance eflficiency. 

7. Protect underground water quality. An underground water management doctrine 

is expected to protect and maintain the quaHty of water. As mentioned in Chapter 

II, underground water quality may deteriorate as a result of excessive pumpage or 

inadequate appHcation of fertUizers. Laws and regulations are directed to monitor 

underground water quahty, and programs are hnplemented to improve it. A 

good-quahty underground water encourages investors to engage m long-term 

investments, because h mcreases theh expected fliture profitabUity. 

Types of Underground Water Rights 
Doctrines in the United States 

Four underground water rights doctrines can be recognized in the southwestem 

region of the United States: the appropriation rights doctrine; the absolute ownership 

doctrine (also known as the old English doctrine); the correlative rights doctrine, and the 

reasonable use doctrine (also known as the American version of the old EngHsh doctrine). 

The major diflFerence between the three property rights doctrines is the nature of rightsper 

se. Under the appropriation rights doctrine, rights holders have the right to "use" the 

resource, but they do not own h. According to the other three doctrines, rights holders 

"own" the resource. The correlative rights doctrine is appHed in Califomia. This doctrine 
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is very similar to the reasonable use doctrine, where the only diflFerence is that if the supply 

of underground water is not adequate to provide for the needs of overiying landowners , h 

may be allocated among them on a co-equal basis. Therefore, the correlative rights 

doctrine is not a part of the comparative framework of this study, and therefore wiU not be 

discussed any further. 

The Appropriation Rights Doctrine 

Appropriative rights are established to provide users the right to apply 

underground water to a beneficial use (beneficial uses are determined by state laws and 

legislation). The fundamental mle of the doctrine is "first in time-first in right". This 

principal serves to allocate the resource among competing users. Under this doctrine, four 

points are recognized: (1) the right to use is not perpetual, (2) users bear the consequences 

of falling water levels and the associated higher pumping cost and lower yield, (3) 

potential appropriators can obtain property rights only if h was proven that the new 

appropriations do not affect the welfare of old appropriations, and (4) the stock of 

underground water can be depleted at various rates [Bagley, 1961]. 

Underground water rights in the appropriation doctrine are exclusively owned by 

the state, and quantified based on the consumptive use (consumptive use is pumpage 

minus the water that percolates back into the aquifer). Each right holder is enthled a 

consumptive use which is determined by the state This doctrine aUows for free transfer 

and place of rights, and h gives users control over the choice of use, subject to protection 

of other rights. Security of tenure is guaranteed, and rights are flexible in adjusting water 
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uses to changed economic condhions. Theoretically, the doctrine ensures that the 

utiHzation of water is harmless. Incumbent users are forced to use the resource in a 

beneficial way that does not cause harm to others, otherwise rights will be taken from 

them and given to potential users [Matthews, 1994] 

The appropriation doctrine has some shortcomings also. Determining water rights 

in terms of consumptive use is diflficuh, expensive, and a waste of resources [Gould, 

1988]. Another problem is that the doctrine does not enhance conservation. It stimulates 

early depletion since those who exercise their rights early wUl have lower extraction cost. 

Ineflficient uses are protected, few incentives are given for improvements in technology, 

and few rewards are given for conservation under the appropriation rights doctrme 

[Matthews, 1994, Tarlock, 1987]. 

Beneficial use, the mle that is appHed in the appropriation doctrine, prevents water 

users to use the resource in hs higher valued uses. Water used for domestic and 

agricuhural uses fall in the category of beneficial use. However, in most statutes, water 

used in coal mines is usually not stated as a beneficial use [Anderson, 1983]. If an 

irrigator and a coal miner were competing to buy water, the irrigator wiU be favored, even 

if the coal miner's wiUingness to pay for h is higher. 

The Absolute Ownership Doctrine 

The English mle was adopted in the United States because of the diflficulty in 

assigning Hability when third party eflFects resuhed from underground water use [Stroup 

and Baden, 1983]. This ownership doctrine is recognized as a mle of capture. 
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Landowners own all underground waters below their lands, and are free to use, sell, or 

transfer water as desired whhout any consideration to the other users of the resource. 

According to this doctrine, underground water resources are common property. 

The absolute ownership doctrine can be perceived as a private property of a 

common resource (such as an aquifer) [Bromley, 1991]. The common property represents 

private property of a group of owners, where others are excluded from the use of the 

resource. Each individual owner has the right to use, sell, or transfer the resource as 

desired. 

Under the absolute ownership doctrine, a private right of one individual is not 

related to the other private rights within the same common property; an owner's decision 

is not a function of other owners' decisions. Since underground water resources are 

described as fugitive resources, this phenomenon creates some problems. Owners are 

guaranteed a share of the resource when they withdraw it before other owners do. 

Therefore, uncontroUed exercise of the mle of capture raises the problem of early 

depletion. Time is very important, and the expected retums from utilizing the resource are 

often ignored. To postpone withdrawal by an individual owner, in the current period, is to 

reduce the chance of capturing it in the fliture. Another problem associated with fast 

depletion is the security-of-future-supply problem Fast depletion creates uncertainty 

about the future availability of the resource and, therefore, precludes investors from 

engaging in long-term investments. A general weakness of this doctrine, if more than one 

user exists, is that present uses are favored to future uses. 
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A poshive property of the absolute ownership doctrine is that the administration of 

such a doctrine is relatively uncompHcated and cheap [Matthews, 1994]. Since property 

rights are private and underground water resources are owned by landowners, the only 

thing left for laws and consthutions to consider is injurious practices by some owners to 

others. 

The Reasonable Use Doctrine 

This doctrine is an American variation of the EngHsh common law doctrine. 

Property rights holders "own" the resource, and they are free to use the resource as 

desired subject to the "reasonable use" constraint. This constraint is what makes the 

difference between the English and the American versions of the absolute ownership 

doctrine. 

Under this doctrine, private ownership of a common resource prevails also. 

Individuals may utilize the resource by applying h in a reasonable use (or a beneficial use) 

only. This reasonable use is determined by state laws and statutes, and may vary from one 

state to another. The pros and cons of the absolute ownership doctrine may be applied to 

the reasonable use doctrine. The only advantage of the American version is that by 

specifying what reasonable or beneficial uses are, the society as a whole may enjoy a better 

environment. The disadvantage is that determining beneficial uses could be confiising and 

costly, since what is perceived as a beneficial use today may change tomorrow and be 

perceived as a harmful use 
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Underground Water Laws in Texas 

The Texas law recognizes four distinct classes of water. These are: (I) surface 

water, (2) diflfiised surface water, (3) underground water (or percolating water), and (4) 

underground streams [Kaiser, 1993]. The use of each type of water is controUed by 

separate mles. The state of Texas can be divided into two areas: areas under the mling of 

underground water conservation districts; and the rest of Texas. The English mle of 

absolute ownership of underground water is followed in areas where undereground water 

districts do not exist. In areas where districts exist, underground water resources are 

managed by laws and regulation of the underground water conservation districts. Some of 

the Texas water law mles have changed by the Texas legislators and courts while others 

have remained the same. Surface water is owned by the state where underground water is 

owned by landowners. 

Underground water in Texas was recognized in 1949 whh a special legislation as 

private property of landowners. The same legislation also authorized the creation of 

underground water conservation districts. The Texas underground water law is derived 

from the English common law mle of absolute ownership. The Texas Water Code 

considers underground water as the property of land owners and may be used or sold as 

private property [Kaiser, 1993]. Landowners could use all the percolating water they 

could capture from weUs on their lands for beneficial purposes ehher on or oflFthe land 

Also landowners could sell the water to others for beneficial purposes ehher on or oflFthe 

land and outside the basin where produced, just as they could sell any other property. 

54 



Texas courts have adopted this mle and h has not been changed by legislators since 1949 

[Kaiser, 1993]. 

The argument in Texas is that all sources of underground water are percolatmg 

waters as opposed to subterranean rivers. Landowners own underground water and may 

use h as desired until h is proven that the source of supply is a subterranean river. The 

eflFect of this law is that a landowner can dry up an adjoining landowner's well, and that the 

adjoining landowner will be left without a legal remedy. However, there are some 

situations where this absolute ownership of underground water is restricted: (I) if one of 

the neighbors trespasses on the land to whhdraw water by drilling a weU in the other 

neighbor's land, (2) if it is proven that one of the users is withdrawing water for the 

purpose of injuring other neighbors, (3) if withdrawing water from a weU causes water 

quality to deteriorate, and (4) if overpumping from an aquifer causes land subsidence 

[Kaiser, 1993]. 

The 1949 legislation also authorized the creation of underground water 

conservation districts. These are the only entities that are able to restrict the use of 

underground water in Texas. They were created to provide for the conservation, 

preservation, protection, and prevention of waste of the underground water of reservoirs 

or theh subdivisions, and to control subsidence caused by whhdrawal of water [Texas 

Water Code, Section 52.001]. There are two types of underground water districts in 

Texas; Underground Water Conservation Districts and Subsidence Districts. 

Underground Water Conservation Districts 
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There are 23 Underground Water Conservation Districts in Texas, around 16 

districts are relatively active. The 1949 Texas legislature passed a law authorizing , with 

local voter approval, the creation of such districts. The 1985 legislation added a 

modification to the existing statutes [Kaiser, 1993]. In the past, residents could appeal to 

the state to create a district. After 1985, the Texas Water Commission started to 

designate certain areas as "critical underground water areas" and to initiate the creation of 

underground water districts. A critical area is the area in which massive underground 

water withdrawal has caused large and continuous underground water overdraft If voters 

choose not to have an underground water district in their area, state funding for water 

projects can be withheld. 

Policies and regulations adopted by the districts aim to encourage conservation, 

protect underground water quality, and enhance the available supply of water. Those 

policies and regulations do not involve any mechanism to change the price of underground 

water to reflect scarcity of the resource. They tend to change the demand and supply for 

underground water at each given price level. Some of the policies are 

conservation-oriented policies. These are: (I) publishing newsletters and reports, and 

development of public schools programs to mform and educate the pubHc on the new 

technologies that help conserving underground water resources, (2) implementing new 

methods to reduce the cost of pumping irrigation water, and (3) providing low interest 

loans for farmers to purchase water conservation equipment [Jonish, 1991]. 

Underground water in Texas is a common property resource; a landowner may 

pump as much water as desired ignoring the neighbor's water table. Very often, this 
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practice leads to overpumping, and therefore production extemalities which is a departure 

from the "optimal depletion rate" of the resource. The other policies implemented by the 

districts direct the eflFort to reduce the severity of such undeshed outcomes that usuaUy 

accompany the use of a common property resource. Also, these poHcies are designed to 

protect underground water quality, and to conserve the resource. Some of these policies 

and mles are shown below: 

1. Well permits: any landowner who wishes to dig a weU for the purpose of 

withdrawing water must obtain the permission of the underground water 

conservation district. Chapter 52 of the Texas Water Code states that any person 

who intends to drill a well should apply for the district in his area to drill or alter 

the size of an existing well. In a report prepared by Urban, Jonish, Klemnt, and 

Wyatt [1989] on poHcy issues of underground water conservation districts, the 

report shows that most of the operating districts in Texas have a well permitting 

program, or are planning to use them in the fiiture. 

2. Well-Spacing: some underground water districts may require a certain space 

between one well and the other. The objectives of well-spacing are to restrict the 

aggregate water whhdrawn from aquifers, to control subsidence, and to prevent 

waste. These mles do not stop the mining of underground water, but they lower 

the decline in water tables relative to the case of unrestricted withdrawal. For 

example, in the High Plains Underground Water Conservation District No. 1 

(HPUWCD No. 1) in Lubbock, Texas, the distance between a well, with 6-inch 

inside diameter, and the next nearest well should be 300 yards. The pumping rate 
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of this weU should range between 390 gaUon per minute (GPM) at the minimum, 

and 560 GPM at the maximum [High Plains Underground Water Conservation 

District No. 1, 1980]. The report prepared by Urban et al. [1989] shows that only 

four districts require weU spacing, and six others are planning to develop such a 

program. 

3. Monitoring water quality: the underground water qualhy issue has become a 

major concem on the county, state, and federal levels. Underground water 

districts in Texas have realized that, and are currently engaged in programs that 

aim to monitor and improve water quality. Districts may develop water quality 

monitoring programs with the coordination of state agencies, such as the Texas 

Railroad Commission and Texas Water Development Board, or they may develop 

local programs as part of their own activhies. There are ten districts in Texas (out 

of sixteen active districts) that have water quaHty monitoring programs, and two 

others indicated plans to embody them in the future [Urban et al., 1989]. 

4. Conservation: conserving underground water resources was the major purpose for 

the 1949 legislature, which allowed for the creation of underground water 

conservation districts in Texas. The districts use two policies to achieve this goal; 

promote eflficiencies in water uses, and enhance public awareness to the senshive 

underground water issues. The first policy is conducted by introducing to 

agricultural, municipal, and industrial users of underground water various 

conservation techniques, and helps water users to obtain these techniques (i.e., 

provide farmers low-interest loans to purchase central pivots). The second policy 
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aims to provide information to the public on the significance of underground water 

resources in Texas. According to Urban et al. [1989], nine districts in Texas ehher 

have or intend to have conservation programs. 

Some active underground water districts in Texas, such as the HPUWCD No. 1, 

take advantage of the Intemal Revenue Service (IRS) mHng concerning cost-in-water 

income tax depletion. According to this mle, which is described in detaU in Chapter IV, 

landowners can deduct the value of the declining water table from their business income 

every year. The common property nature of underground water resources in Texas made 

the IRS mling possible. Underground water is considered an asset to landowners, and any 

depletion in this asset is treated as a depreciation which can be deducted from the income 

base for tax purposes. Only the districts in the High Plains of Texas take advantage of the 

IRS mling, and these are: the HPUWCD No. 1; DaUam County Underground Water 

Conservation District No. 1; North Plain Ground Water Conservation District No.2; and 

Panhandle Ground Water Conservation District No.3. 

This tax depletion aUowance is perceived as a reward-on-depletion that may oflfset 

the objective of conservation programs. However, actual water-trend levels in some 

districts indicate an upward movement in the water table levels As an illustration, in the 

HPUWCD No. 1, the average withdrawal rate between the years 1963 and 1967 was 

2,246,300 acre-feet per year. This average decreased to 1,308,370 acre-feet per year 

between 1972 and 1977, and dropped again to 297,329 acre-feet per year between the 

years 1982 and 1987 [Jonish, 1991]. The only explanation for this trend in water table 

levels is that the other poHcies implemented by the HPUWCD No. 1, such as well-spacing 
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and well-permits, have a significant efifect on reducing underground water consumption, 

and that these policies have succeeded in reducing withdrawal rates in the district. The 

reward-on-depletion efifect is ofiFset by the conservation programs implemented by the 

HPUWCD No 1 

Subsidence Districts 

The creation of such districts is also authorized by the 1949 legislation. There is 

only one active subsidence district in Texas, which is the Harris-Galveston Coastal 

Subsidence District. This district was created in 1975 in the Houston Area to "...provide 

for the regulation of withdrawals of groundwater whhin the boundaries of the district for 

the purpose of ending subsidence" [Texas Water Code, Sections 52.001 to 52.501]. 

It is worth noting here that Subsidence Districts in Texas are the only agencies 

authorized by the law to use economic incentives to reduce withdrawal of underground 

water. Texas courts mled in the case of Beckendorff v. Harris-Galveston Subsidence 

Districts that the district can use fees for permits to withdraw water based upon the 

quantity withdrawn [Kaiser, 1993]. 

Underground Water Law in New Mexico 

The New Mexico courts declared, without defining underground water, that all 

underground waters are public waters. The mle also prohibhs the removal of water for 

transportation outside New Mexico without a permit from the state, and specifies that 

underground water may be appropriated outside of the boundaries of declared 
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underground water basins for beneficial use within the state v t̂hout the appropriator 

making appHcation to the State Engineer Ofifice (the authority that manages underground 

water in New Mexico), subject only to prior and existing rights within such areas [New 

Mexico Statutes Annotated; Sec. 72-2-8]. Underground water resources in New Mexico 

are owned and controUed by the state. In 1931, the State Legislature imposed a permit 

system for the appropriation of underground water which is stiU in efiFect. The property 

rights doctrine that is applied in New Mexico is the appropriation rights doctrine. 

In the late 1940s, The New Mexico State Engineer divided the state into township. 

Each township is a 36 square-miles of land. The underground water in the aquifer below 

each township is treated as a separate source of water, even if two adjoining townships 

share the same aquifer. It is assumed by the State Engineer Oflfice that under each 

township there is a stock of underground water which is diflFerent in hs characteristics 

from the water stock below the adjoining township. This assumption was made to 

facUhate the calculation of the aggregate supply of water below each township, so that the 

State Engineer Ofifice can determine the aggregate appropriatable quanthy of water. This 

division of the total area of the state and its underground water resources was also 

essential to set mles for underground water transfers. 

As mentioned before, underground water rights in the appropriation rights doctrine 

are exclusively owned and based on consumptive use. In New Mexico, underground 

water rights were determined at 3 acre-feet of consumptive use per acre of land [New 

Mex. St. Eng. OfiF., 1991; Art. 1-15.1]. The total amount of water an individual right 

holder may withdraw is a function of the consumptive use set by the state, and the return 
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flow coefificient which varies whh the type of use and is determined by the state also (i.e., 

h equals one third for irrigation purposes and zero for industrial uses m New Mexico 

[Gisser, 1983]). For example, if a farmer wishes to irrigate his land, he may extract a 

specific quanthy (W). Whh a return flow coeflficient equals 1/3 for hrigation purposes, 

and a consumptive use equals 3 acre-feet per acre, this farmer may withdraw 4.5 acre-feet 

per acre per year (this is done by using the equation: W = 3/(l-return flow coeflficient). 

Each appropriator has the right to use underground water resources for a period 

determined by the State Engineer Oflfice, which equals 40 years. 

Underground water rights holders in New Mexico have the right to reallocate the 

resource, granted that their action does not impair existing rights. Property rights holders 

may transfer the resource from one location to another whhin the boundaries of a 

township, from a township to another, and outside the state. However, each type of 

transfer is subject to different policies. If rights are to be transferred within a township, 

then the retum flow coeflficients of the initial usage and the final usage are considered, so 

that the consumptive use at the end equals the consumptive use at the initial location This 

is because the initial and the final location of water aflFect the same aquifer. However, if 

rights were transferred outside the boundaries of a township, then only the retum flow 

coeflficient of the initial usage needs to be considered. Appropriators can only export their 

consumptive use in this case. Any person intending to withdraw water from an 

underground water source and transport it outside the state must apply to the State 

Engineer Oflfice for a permit to do so ([Gisser, 1983] and [New Mex. St. Eng. OflF., 1991; 

Art. IA-2]). In practice, the New Mexico underground water law aUows for underground 
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water transportation outside the state. For example, in 1966 the New Mexico Supreme 

Court gave the permission to an oil company located in Texas (Texaco, Inc,) to 

appropriate 350 acre-feet per year [Gisser, 1983]. 

Any applicant who wishes to transfer water rights must publish the application in a 

weekly newspaper for three consecutive weeks. This gives others the opportunity to 

voice their objections to the appHcation, if they feel that the reaUocation of water will 

impair their rights. Any person objecting that the granting of the appHcation will be 

contrary to the conservation of water within the state, detrimental to the public welfare, or 

aflFecting substantially this person's rights shall have standing to file objections or protests. 

If the appHcant fails to prove that the application is harmless, the State Engmeer will 

revoke the permit [New Mex. St. Eng. OflF., 1991; Art. 1-7]. 

The New Mexico statutes did not specify clearly the usage of underground water 

that are considered beneficial uses. The statutes declared that underground water permits 

may be granted for agricultural (which includes Hvestock water), industrial, and municipal 

purposes. It also specified that other permits may be granted, in an amount not to exceed 

3 acre-feet of water per acre for a definite period not to exceed one year, for prospecting, 

mining, constmction of public works, constmction of highways and roads, and for drilling 

operations designed to discover natural mineral resources [New Mex. Stat. Eng. OflF., 

1991; Art 1-15.3 and 1-15.6]. Underground water rights that are used for purposes other 

than those mentioned in the statutes are subject to termination 

To control aggregate withdrawals from aquifers, The State Engmeer Oflfice 

requires the appropriators to obtain a permit to driU a weU. The application to obtain a 

63 



well permit passes through the same procedures as in the appHcation water appropriation, 

application, publication in newspaper, and hearing if there are objectors to the drilling. 

The State Engineer requires the same procedures also if a person wishes to change the 

location of the well. The owner of a water right may driU and use a well within 100 feet of 

another well only if the well is drilled in the same township or the same underground water 

source, provided that the casing for such well wiU not exceed two and three-eighths (2 and 

3/8) inches outside diameter [New Mex. Stat. Eng OflF, 1991; Art. 2-1.1] 

Monitoring underground water quality is not mandatory in New Mexico The 

statutes of the state requires the person intending to driU or use existing wells for control 

or recovery of poUution from aquifers to file an application to do so. Drillmg these weUs 

is optional, and they wiU not be used after to whhdraw underground water [New Mex. St. 

Eng. OflF., 1991; Art. 1-17.1]. 

The New Mexico Statutes do not guarantee potential users the right to use 

underground water. The State Engineer Oflfice divides the state into townships to 

determine the aggregate supply below each township. However, if the supply in a 

township was fiiUy appropriated, then the State Engineer Oflfice cannot provide a potential 

user the right to extract water, because this will impair the rights of incumbent users. Only 

when the supply of underground water is not fiiUy appropriated, potential users may 

obtain rights to utUize the resource. The doctrine in New Mexico gives temporal priority 

to the first user, since the policy that is appHed is "fh-st m time, first in right." Those who 

have property rights to the resource may utilize their share m a given year, or they may 

choose not to utilize h. If they choose not to utilize their rights in a given year, they will 
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lose them. Underground water policies in New Mexico do not encourage users to 

postpone consumption in the current period, because users cannot save theh rights for 

future periods. This phenomenon may have adverse eflFects on eflficiency, since the "use it 

or lose h" poHcy may preclude water from being used in hs higher value uses. AIso, h 

may oflFset any conservation program that the state wishes to implement 

Underground Water Law in Arizona 

The Arizona Supreme Court has held that underground water resources are not 

subject to appropriation, but belong to landowners. In 1953, the court has accepted the 

reasonable use doctrine (the American version of the absolute ownership doctrine). It 

declared that "under the doctrine of reasonable use, property ovmers have the right to 

capture and use underground water beneath theh land for beneficial purpose on that land, 

but no landowner can transport water off the land from which it came if transfer injures 

the water supply of neighboring property owners" (Arizona Revised Statutes Annotated; 

Ch.2, Sec. 45-401). The interpretation of the Arizona Supreme Court of the reasonable 

use doctrine is that landowners cannot transport water away from the land from which h 

was taken if other landowners overlying the same aquifer were thereby injured [Gisser, 

1983]. Water withdrawn from an aquifer must be appHed to the overlying land. 

In Arizona, the first act that attempted to aUeviate the problem of overdraft was 

the Critical Ground Water Code of 1948 This code allowed for the estabHshment of 

critical underground water areas in which the development of new irrigation areas was 

prohibhed. Once an area has been established, no one may constmct an hrigation weU 

65 



within the area unless an application for a permit to do so was obtained from the State 

Land Department (the State Land Department was the underground water authority at 

that time). The 1948 code did not provide any crheria for the designation of critical 

underground water areas, and faUed to solve the overdraft problem in Arizona. 

The first comprehensive legislative framework for managing underground water 

resources in Arizona was the Arizona Ground Water Management Act of 1980. This act 

created the Department of Water Resources which took the responsibility of managing 

underground water resources from the State Land Department. The 1980 act established 

four Active Management Areas (AMA's)~the Tucson AMA, the Phoenix AMA, the 

Prescott AMA, and the Pinal AMA—in which intensive underground water management is 

needed because of continuous overdraft. The act sought to reduce pumping rates to the 

safe yield levels by the year 2025 (safe yield was defined by the code as the long-term 

balance between the annual amount of underground water withdrawals and the annual 

amount of natural recharge in an AMA). The code's objective is to achieve the safe yield 

levels over a five-management-periods; the 1980-1990, the 1990-2000, the 2000-2010, 

the 2010-2020, and the 2020-2025 management periods (Ariz. Rev. Stat. Ann., Ch.2; Sec. 

45-464 to -468). 

In Arizona, underground water rights were divided into two categories; property 

rights in a critical underground water area, and property rights m an AMA. In a critical 

underground water area, the 1980 code prohibhs the constmction of new weUs for the 

purpose of irrigation. However, landowners have the right, under the reasonable use 

doctrine, to use underground water from theh weUs on their lands, even if the area is 
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designated as critical area. They also have the right to transfer underground water to any 

other area (other than the AMA's), provided that this area was not declared an irrigation 

area for five years before h was designated a critical area (Ariz. Rev Stat. Ann , Ch.2; 

Sec. 45-401). 

Property rights in the four AMA's are treated diflFerently. The right to whhdraw or 

receive and use underground water is known as a "grandfathered right." There are three 

categories of grandfathered rights: (1) non-irrigation rights associated with retired 

hrigated lands; (2) non-irrigation rights not associated with retired irrigated lands; and (3) 

irrigation rights. The first category deals with individuals who own land which was 

designated as irrigated land, and who retired such land from irrigation after 1965 and 

before 1980. An mdividual in this category has the right to whhdraw from such lands 3 

acre-feet of underground water per acre per year, given that the land has been held under 

the same ownership since h was retired from irrigation. These rights are owned by 

landowners, and they can be leased with the land. The second category deals with 

individuals who own lands which underground water was being legally withdrawn and 

used for a non-irrigation purpose before 1980. Under this category, a person can 

withdraw annuaUy the maxhnum amount of underground water legally whhdrawn from 

such lands and used by the same person in any one of the five years preceding the 

designation of an AMA. These rights are owned by landowners, and they can be leased to 

other users provided that the location of diversion is withm the AMA. The last category 

defines property rights for individuals who own lands which was legally irrigated at any 

time during the five years preceding 1980, and which is capable of being hrigated and has 
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not been rethed from irrigation for non-irrigation purposes. Owners of such lands are 

entitled to the maximum amount of underground water which may be used every year for 

irrigation. This amount is derived as foUows: let (Acres) be the highest number of acres in 

the farm which was irrigated at any time during the five years preceding 1980 (known as 

the water duty acres), (Irr.Acres) be the number of irrigated acres which were legally 

irrigated at any time during the five years preceding 1980 (known as the irrigation acres), 

and let (Water) be the maximum historical amount of water used to irrigate each irrigated 

acre between 1975 and 1980 (known as irrigation water duty). The maximum amount of 

underground water which may be used per year for the irrigation of each irrigated acre in 

the farm is, then, equals [(Acres)(Water)/(Irr.Acres)], which is expressed in acre-feet per 

year. Property rights of this type are owned by landowners and can be leased with the 

land (Ariz. Rev. Stat. Ann., Ch.2; Sec. 45-462 to -465). 

The 1980 Act also requires developers who use underground water in theh 

projects to demonstrate that suflficient underground water wiU be of adequate qualhy and 

continuously available to satisfy their projects' water needs for 100 years [Water 

Strategist, 1991]. This requirement put pressure on underground water users to invest 

money on constmcting devices to monhor underground water quality. 

A person who is enthled to withdraw underground water in an AMA or in a 

critical area should apply to the Department of Water Resources. The department adopts 

mles and regulations goveming the location of existing wells, new wells, and replacement 

wells to prevent unreasonable damage to neighboring users. WeU-spacing requirements 

are not clearly defined in the Arizona Statutes The statutes indicate that the director of 
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an AMA will define what consthutes a replacement weU, including the distance from an 

original weU she (Ariz. Rev. Stat. Ann , Ch.2; Sec 45-591 to -599). 

Any person who holds property rights from types (1), (2), or (3) mentioned 

previously, must pay an annual water quaHty assurance fee which equals $2.12 per 

acre-foot. A proportionate rate for any lesser or greater quantity of underground water 

whhdrawn will then be added. Wells constmcted to withdraw water must be equipped 

with meters to measure yearly whhdrawals, and quality devices to monitor underground 

water quality (Ariz. Rev. Stat. Ann., Ch 2; Sec. 45-616). 

The resuhs from the first management plan for the AMA's (from 1980 to 1990) 

were not consistent with the conservation targets set forth by the 1980 code. For 

example, the first management plan for the Phoenix AMA set conservation targets to 

reduce daily per capha water use from 256 gaUons in 1980 to 241 gallons in 1990 (Ariz. 

Rev. Stat. Ann., Ch.2; Sec. 45-564). By 1989, residents in the Phoenix AMA were using 

258 gallons per capita per day. The problem was that large cities in Arizona had bought 

"water farms" that existed outside their own boundaries (water farms are farms purchased, 

merely, to withdraw underground water from and transport it elsewhere). Large chies, 

such as Phoenix, became landowners. This created a problem for the counties where 

water farms were located, because these counties lost a part of theh revenues from 

property taxes. Therefore, the 1980 underground water code had to be reconsidered. In 

1991, Arizona rewrote the 1980 act, and two amendments were enacted: (1) set mles for 

transporting water, the closure of several basins to water exports, and the requirement of 

in lieu taxes on municipal farms which export water, and (2) the establishment of a 
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replenishment underground water district whhin the boundaries of the existing Phoenix 

AMA 

The first amendment, which can be found in Ch.2, Sec. 45-556 of the Arizona 

Revised Statutes, sets the mles for the transportation of underground water from basins 

where property rights had already been established, and closed most other basins to 

export. The new mle created "voluntary contributions" which water farms owners must 

pay to the state. These contributions equal the property taxes that would have been 

assessed on those farms if they were not owned by chies. The state wiU then divert to the 

counties where water farms are located an amount of sales tax revenues equal to these 

contribution. These contributions will be used by water-exporting-counties for economic 

development programs. Underground water may not be transported if these contributions 

have not been made. The new act also limhs the number of acre-feet of underground 

water to be transported. Rights to export water are given on a lO-years basis. Chies may 

transport from water farms 3 acre-feet per each "historically-irrigated" acre per year. In a 

single year, cities may divert up to 6 acre-feet per historically-irrigated acre, provided that 

the total amount of whhdrawn water in 10 years does not exceed 30 acre-feet per 

historically irrigated acre (historically irrigated acre means the average of annual amount 

of water used to irrigate a specific acre). Transporting underground water to an AMA 

requires the payment of a transportation fee paid to the exporting county and subject to 

the foUowing schedule: 
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Underground Water Transported 

0 to 1 million acre-feet (af) 

over I miUion af to 2 miUion af 

over 2 miUion af to 3 miUion af 

over 3 miUion af to 4 miUion af 

over 4 miUion af to 5 miUion af 

1 over 5 miUion af 

Fee Per Acre-Foot 

$3.00 

$5.00 

$7.50 

$10.00 

$15.00 

$30.00 

Source: Ariz. Rev. Stat. Ann., Ch.2; Sec. 45-556. 

These fees are allowed to adjust for inflation using the GDP implicit price deflator. 

Transporting underground water from AMA's is strict and subject to very limited 

exemptions. 

The 1991 second amendment creates an underground water replenishment district 

for the Phoenix AMA. The purpose of the district is to achieve safe-yield in 17 years 

(where safe-yield is as previously defined). The district wiU achieve this objective by 

keeping cumulative underground water accounts for all members in the district who hold 

property rights from types (1) and (2). These rights were discussed previously; they are 

rights to withdraw underground water within the district for non-irrigation purposes. 

Each member wiU have a replenishment obligation, which is an account that sets an upper 

limit on the permissible whhdrawal rate by any member. Members have the choice to 

pump more than their replenishment obligation every year, and they may pump less. 

However, if they choose to pump more than their permissible level in a given year, they 

will have to ehher pay a replenishment tax to the district, or buy credhs from other 

members who have saved part of their share in that year. The tax wiU be high enough to 

raise the revenues needed for the district to buy an amount of water, surface water or 
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underground water from other AMA's, necessary to oflFset the debit balances in its account 

[Water Strategists, 1991]. 

The 1980 Act was rcAvritten again in 1993, and a new amendment was enacted. 

The 1993 amendment created the Central Arizona Ground Water Replenishment District, 

which wiU not be eflFective untU the year 1995. According to this new mle, developers of 

new projects in any of the AMA's must demonstrate that suflficient supply of water 

(whether from underground or surface sources) whh adequate quality wiU be available to 

satisfy their projects for 100 years. In the Phoenix AMA, developers should show that 

7.5% of their water needs wiU be obtamed from underground water resources, and that 

the remaining 92.5% wiU be acquired from surface water sources. If water users show 

that they can only acquire less than 92.5% of their water needs from surface water 

sources, then they will have to join the replenishment district (which is created by the 1993 

amendment). The replenishment district wiU, then, sell the water users the remaining 

quantity of water, which wiU be obtained from underground water resources The 

replenishment district wiU use the revenues from such sales to buy the necessary quantity 

of water to replenish the aquifer where underground water was withdrawn and sold from. 

For the other AMA's, the process is similar. The only diflFerence is that developers have to 

acquire 15% of theh water needs from underground water resources, and 85% from 

surface water resources [Ticknor, 1994]. 

Suzan Ticknor, the director of the Central Arizona Ground Water Replenishment 

District, stated that these regulations are fairiy new, and that the district is stUl in the 
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process of evaluating them. Therefore, the 1993 new law will not be discussed any 

further. 

The Evaluation of Propertv Rights Doctrines 

In this section, underground water management doctrines in Texas, New Mexico, 

and Arizona will be evaluated using the seven deshable criteria of underground water 

allocation developed earher in this chapter. The analysis will start by verifying whether a 

specific criterion exists in a particular doctrine or not. Then the question of to what 

degree this specific criterion is realized in that particular doctrine wiU be answered. To 

determine the degree of success of each criteria in each doctrine, an ordmal qualhative 

scale of measurement will be used. This ordinal qualhative scale includes three points of 

reference: 

• High: this qualitative measurement will be given to the doctrine which achieves 

a specific criterion with a high degree of success for underground water 

management doctrines. 

• Moderate: this qualhative measurement is given to the doctrine which partially 

achieves a specific criterion. The possibUity for a change in the 

institutional arrangements in order to make the doctrine more 

successful in achieving the criterion does exist. 

• Low: this qualhative measurement is given to the doctrine which does not 

meet a specific criterion at all. This may occur because a state's law 

fails to set policies and regulations to meet a specific criterion, or 
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because it is impossible for a specific criterion to be achieved in the 

existing framework of a particular doctrine. 

The qualitative resuhs for each desirable criteria in each doctrine are shown in Table 3.1 

Table 3.1. Evaluation of Policy Control of Underground Water 
Resources in Texas, New Mexico, and Arizona 

The Criteria 

Well-Defined Property 
Rights 

Freedom to Exchange 

Conservation 

Protection of Third-Parties 

Centralized Control versus 
Decentralized Control 

Security ofTenure 

Protection of Underground 
Water Quality 

Arizona 

Low 

Moderate 

Moderate 

Moderate 

Low 

Moderate 

High 

New Mexico 

High 

Moderate 

Moderate 

High 

Low 

Moderate 

Low 

Texas 

(1) 
Low 

High 

High 

Low 

High 

Moderate 

Moderate 

(2) 

Low 

High 

Moderate 

Low 

High 

Low 

Moderate 

where: (1) is the part of Texas managed by underground water conservation 
districts, and 

(2) is the remainder of Texas. 

Well-Defined Property Rights 

A well defined property right doctrine should specify the right to use the resource, 

and the right to exclude others from using h. Also, methods to quantify and enforce 

property rights are required in a weU-defined property rights doctrine [Cheung, 1970; 

Tietenberg, 1988]. In Arizona, the reasonable use doctrine is still used in critical areas and 
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areas located outside the AMA's. However, this doctrine is not used in the four AMA's, 

since h was substituted whh the 1980 act which sets controUed poHcies to manage 

underground water resources in those areas. In critical areas and areas outside AMA's, 

property rights are not well-defined. Landowners may pump the quantity they desire, 

under the reasonable use doctrme, while ignoring the neighboring users. Hence, 

quantification of rights is missing from the doctrine. A landowner cannot exclude others 

from using the water below his land, because underground water is treated as a common 

property. Therefore, the doctrine does not contain exclusivity power. Furthermore, the 

right to use water is limited to reasonable or beneficial uses, which implies that landowners 

may not apply water to any other uses not approved by the Department of Water 

Resources. In an AMA, property rights are quantified. Non-irrigation rights (types (1) 

and (2)) and irrigation rights are permitted to whhdraw a specific amount of underground 

water every year (i.e., non-irrigation rights from type (1) may withdraw up to 3 acre-feet 

every year). The right to use underground water in the AMA's is very restricted. For 

example, rights from types (1) and (2) cannot be used for irrigation purposes, and rights 

from the type (3) may be only used for irrigation purpose. Therefore, h can be concluded 

that underground water rights in Arizona are ill-defined (low). 

In New Mexico, property rights are well-defined. Underground water rights 

holders have the right to utUize 3 acre-feet of consumptive use per acre of land. Property 

rights are quantified and enforced by the authorities of the State Engineer Oflfice. AIso, 

right holders (incumbent users) are protected and, by law, potential users are excluded. 
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The State Engineer Oflfice's poHcy implies that individuals may appropriate water, but only 

if the new appropriation does not impair other existing rights. 

In Texas, landowners own the underground water below their property. In areas 

that are not managed by underground water conservation districts, the old English 

doctrine is appHed and landowners may withdraw the amount of water they desire. A 

landowner may pump an acre-foot of water a year, or may pump the entire stock of 

underground water. Landowners are not entitled to a specific amount of water every year 

Exclusivity is missing from this doctrine also. Landowners cannot prevent others from 

using the water below their lands due to the common property nature of underground 

water resources in Texas and the flighive nature of such resources. However the right to 

use water is fliUy satisfied in Texas. There are no restrictions on the type of underground 

water use. 

The underground water conservation districts were created for many purposes. 

However, defining property rights of underground water resources was not one of those 

purposes. Therefore, the previous argument on property rights in areas that are not under 

the mling of underground water conservation districts appHes also to property rights in 

areas under the mling of those districts. In general, property rights are not weU-defined in 

Texas (low). 

FlexibiHty to Buy and Sell Property Rights 

This criterion ensures that underground water resources will be used in theh 

highest valued uses. In Arizona, the reasonable use doctrine, by definition, should give 
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underground water resource a high level of flexibiHty to move from one location to 

another. The serious overdraft problem, due to massive withdrawals by big cities, caUed 

for the interference of water authorities to stop or reduce overdraft. The 1980 Act and 

the 1991 amendments imposed restrictions on underground water transportation The act 

banned the transportation of underground water from critical areas to any AMA. Also the 

1991 amendments closed most basins which used to supply the AMA's with water, and 

aUowed only some basins where property rights had already been established to do so. 

The transportation of underground water from municipalities outside the critical areas to 

the AMA's is permitted, and the only restriction is that water exporters should pay a 

transportation fee per acre of exported water, plus the voluntary contributions. The 

flexibility of underground water transportation in Arizona is moderate. 

In New Mexico, difiFerent policies were set to manage underground water 

transfers. The New Mexico Statutes distinguished between three types of transfers; from 

one location to another inside a township, from a township to another, and outside the 

state. The last type is the least flexible, since individuals who wish to transport water 

outside the boundaries of the state must first take the permission of the State Engineer 

Ofifice first. However, the other two types of transfers are moderately flexible, and 

individuals may transport their consumptive uses of water inside the state subject only to 

the consideration of the retum flow coefificients. The flexibility of underground water 

transportation in New Mexico is moderate. 

The ownership nature of underground water resources in Texas aUows landowners 

to transfer their asset wherever they desire and with no fiirther complications. 
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Underground water resources are flexible and can move to their highest valued uses, 

whether the point of diversion is located in an area managed by underground water 

conservation district, or located elsewhere in Texas. The flexibUity of transportation of 

underground water resources in Texas is high. 

Conservation 

The Arizona courts enacted the 1991 mles because the first management period 

(the 1980-1990 management period) failed to achieve the conservation targets set forth by 

the 1980 Act, especially in the Phoenix AMA. It is still too eariy to verify whether or not 

the 1991 amendment was successful in achieving the safe-yield level. The water-trend 

levels and the per capha consumption of underground water for the past three years are 

not available yet to judge Arizona's new policy. However, the success of the new policy 

depends on the ability of the replenishment district to set and enforce the voluntary 

contributions paid by water exporters. Giving members the right to consume in the fliture 

whatever they save in the current period, and allowing those who want to consume more 

in the current period to buy extra credhs, are two mles that can be perceived as pro 

conservation. The problem is that the new policy is only applied in the Phoenix AMA, and 

not appHed in the other AMA's. Hence, even if the 1991 policy proved to be efiFective in 

conserving water, the overdraft problem will, most Hkely, continue in the other AMA's and 

in the declared critical areas. In critical areas, the reasonable use doctrine is still applied. 

The only restriction on landowners in these areas is that they may not develop new 

irrigation lands, but meanwhile they may withdraw the desired quanthy to satisfy any 
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reasonable uses. Well-permits and well-spacing requirements in Arizona are not clearly 

defined. Considering that: (1) the 1991 amendment is only applied in the Phoenix AMA; 

(2) the other AMA's are still without remedies, (3) the reasonable use doctrine in critical 

areas and areas outside the AMA's is stUI appHed; and (4) members can save their 

allotments for future uses, h is concluded that conservation programs in Arizona in general 

are partially successflil. 

In New Mexico, appropriators of underground water are not given the incentives 

to conserve the resource. As mentioned earlier, each appropriator in New Mexico may 

use at the maximum 3 acre-feet of consumptive use per acre every year. Therefore, a 

farmer who chooses to use 2 acre-feet of consumptive use in the current period may not 

use 4 acre-feet in the next period, since he is only enthled to 3 acre-feet per acre per year. 

However, this farmer may lease or sell his share to others during that specific year. The 

"use-h-or-lose-it" policy may hinder any plan that aims to achieve conservation. Also, 

early depletion is another problem which challenges the conservation programs in New 

Mexico. Appropriators are encouraged to withdraw their allotments in early stages. 

Delaying the pumping process may raise the possibility of higher extraction cost due to 

lower underground water table. The New Mexico State Engineer Ofifice requires a permit 

to driU irrigation wells. It also requires that an appHcation to driU a weU to withdraw 

water from an aquifer to pass through some legal procedures, so that others who use the 

same aquifer have an opportunity to object the appHcation. The application wiU be 

rejected if it is proven that drilling a new well will impair existing rights This requirement, 

plus the requhement that wells must have a specific size may be perceived as steps toward 
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achieving conservation targets in New Mexico. The conservation programs in New 

Mexico are partially successfiil. 

The major purpose of creating underground water conservation districts in Texas 

is to conserve underground water. Those districts have implemented many policies to 

achieve this goal. Educational programs, low-interest loans to farmers who wish to 

purchase water conservation equipment, well-permhs, and well-spacing are programs 

implemented by underground water conservation districts to achieve lower withdrawal 

rates. There are 23 districts in Texas, only few are currently active. The HPUWCD No. 1 

is considered the most active district in Texas. Although landowners in the High Plains of 

Texas may get credh for depleting underground water resources (via the tax depletion 

allowances), this district succeeded in lowering total withdrawals from the Ogallala aquifer 

from 1,308,370 acre-feet during mid 1970's to 297,329 acre-feet in mid 1980's [Jonish, 

1991]. The major explanation for this fact is that the impact of the conservation programs 

implemented by the district has overwhelmed the incentives to deplete underground water 

in the Ogallala aquifer. Not all districts in Texas are active, and those that are active do 

not implement all policies that are designed to conserve underground water resources (i.e., 

only four districts in Texas implement well-spacing poHcies [Urban et al., 1989]). 

However, many districts have revealed the intention to implement these programs as part 

of their activities. Subsidence districts in Texas, on the other hand, use economic 

incentives to reduce whhdrawals of underground water. The district can achieve the 

targeted water levels by using fees for permits to withdraw underground water based on 

the quantity withdrawn. The district has the flexibility to change those fees when needed 
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The conservation programs implemented by the active underground water conservation 

districts and by the subsidence districts are successfiil. 

In the remainder of Texas, the old EngHsh mle, which give landowners total 

control on underground water resources, is stUI applied. This doctrine, by nature, does 

not enhance underground water conservation However, the 1985 Texas legislature 

encouraged the declared critical areas to establish underground water conservation 

districts. The 1985 mle emphasized the importance of such districts. It provided those 

critical areas the incentive to establish underground water districts by ofiFering state fimds 

for water projects. If voters in those areas voted against the creation of underground 

water districts, then state funds would be whhheld. This new mle motivates counties in 

the rest of Texas to approve the creation of those districts, and hence achieve conservation 

targets. The success of conservation programs in the rest of Texas is moderate. 

The Third-Party EflFect 

This criterion is important for a socially desirable underground water management 

doctrine. When underground water is reallocated, parties other than exporters or 

importers of the resource may be aflFected. To reallocate underground water and maintain 

equity, a successful underground water management doctrine should consider the welfare 

of third parties, and the legal system in any state should find ways to compensate them in 

the case of loss in their welfare. This criterion should be analyzed while keeping a close 

attention to the flexibility-of-exchange criterion UncontroUed and unmanaged exchange 

of underground water leads to serious third-party eflFect. A doctrine may achieve a 
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desirable resuh by aUowing flexible exchanges of underground water, but while doing this 

h may allow for socially undesirable results to arise if those exchanges are not managed 

properly. 

In Arizona, the biggest issue that challenges policymakers is the transportation of 

underground water from mral to urban areas Big chies, such as Phoenix, purchased 

water farms in various counties to withdraw water from and utilize h elsewhere to satisfy 

domestic and industrial uses. It tumed out that the parties suflFering from such deals were 

the counties where water farms are located. Those counties lost part of their tax base 

which led to lower tax revenues, and thus less development projects. Other losers were 

farmers and other underground water users. Big chies, while transporting massive 

quantities of underground water, have caused water tables below water farms to decline. 

The continuous decrease in water tables has caused higher extraction costs and lower 

underground water quality. The 1991 mle was enacted to reduce depletion, and to 

manage underground water transfers. It is stiU too early to judge the impact of the new 

mle on third parties. The new mle provides a rigorous way to Hmit withdrawals in the 

Phoenix AMA, in sphe of the fact that h does not oflfer any remedy to the other AMA's 

nor to critical areas. The voluntary contributions that are paid by water exporters will be 

used for development projects in counties where water farms are located. These 

contributions are a form of compensation to thh-d parties. Enforcing the new law is 

essential to achieve the desired resuhs. Considering all these facts, h is concluded that 

third parties in Arizona are partially protected 
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In New Mexico, underground water transfers are flexible, but subject to many 

constraints. To insure that water transfers do not cause third-party eflfects, the State 

Engineer Oflfice sets mles and regulations to control and manage water transfers. When 

an appHcant wishes to transfer underground water, the new allocation of water must be 

determined first because, as mentioned previously, each type of transfer is subject to 

diflferent mles. The return flow coeflficients of the initial use and the new use must be 

taken into consideration to ensure that water transfers do not harm other users. The New 

Mexico Law gives third parties the right to object any application to transfer underground 

water. If it is proven that an application to transfer water wiU impair existing rights, and 

that the applicant can not prove otherwise, the application wiU be revoked. Third parties 

in New Mexico are well protected. 

In Texas, whether in areas managed by underground water conservation districts 

or not, underground water transfers are extremely flexible. The courts may interfere and 

ban transfers in one case only, and that is if a landowner physically trespasses on the land 

by drilling a well in the other neighbor's land to withdraw water and transfer it elsewhere. 

Underground water districts do not have the power to ban harmfiil transfers of water, 

because managing water transfers is not one of the goals they were established to achieve. 

Landowners may experience a decline in their water tables due to excessive whhdrawals 

by other neighbors, but they will be left with no legal remedy. In general, third parties in 

Texas are not well protected. 
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Central Control versus Decentralized Control 

For this particular criterion, the most centraHzed policies of underground water 

management will be given the qualhative measurement "Low," and the least centraHzed 

policies will be assigned the measurement "High." This is because decentralized 

management of underground water resources is the socially desired management style 

Central control of underground water exists through courts and bureaucratic 

agencies. Central management of such resources may take the form of permits to 

withdraw and transfer the resource, as well as assigning yearly quotas for users who wish 

to utiHze underground water resources. The criticisms of central control stem from these 

facts: (1) the central management, which is responsible for the distribution of the 

resource, must determine the relative value of the resource among competing users; (2) 

the central management must determine the total supply of underground water in any 

aquifer, and decide on the optimal withdrawal rate, and (3) the real incentives that central 

management authority would face to conserve the resource are not clear. Central control 

of underground water resources is expensive, confiising, and lacks real incentives to 

conserve the resource. Nevertheless, central management of underground water has some 

advantages. Authorities who make decisions regarding underground water have the 

power to set and enforce mles when problems associated whh underground water use, 

such as exteraalhies and water quality deterioration, arise. On the other hand, private 

control of underground water at the local level generates decentralized decisions regarding 

the use of the resource. This type of control produces many benefits. Managing the 

resource at the local level, as compared to the state level, ehminates the communication 
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channels that Hnk policymakers with the users of the resource. This yields a better 

production of information and a lower cost of operation. AIso, when underground water 

is privately owned and managed at the local level, the allocation of the resource is allowed 

to change to adapt the changing economic condhions, individuals are free to participate in 

underground water activhies if they wish to do so, and underground water users may use 

the resources whenever they wish. 

In Arizona, the management of underground water resources is highly centralized. 

Any activity related to underground water must be approved by the directors of the four 

AMA's, who implement a complicated, and a continuously changing, underground water 

law. The 1980, the 1991, and the 1993 acts were enacted to solve the severe underground 

water depletion m the state. The 1980 Act had the potential to reduce the depletion rate, 

but h could not. The enactment of the 1991 Act, which has the same objectives as the 

1980 Act, indicates that. Also, the enactment of the 1993 Act is a testimony that the 1991 

Act could not achieve its sought objectives ehher. The 1980 Act contained the proper 

policies which, if implemented correctly, would have reduced the depletion of 

underground water. The failure of the 1980 and the 1991 acts could be due, in part, to the 

large number of policies and regulation which created confusion and uncertainty among 

underground water user. 

In New Mexico, aU underground water resources are owned and managed by the 

state through the New Mexico State Engineer Oflfice. Therefore, underground water 

management in the state is highly centralized. The State Engineer Oflfice determines the 

amount of underground water in each aquifer, and also determines the maximum quantity 
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of water that is available for appropriation. Underground water users can obtain 

appropriative rights on a first-come-first-served basis. When appropriation rights are not 

established in an area, underground water may only be transported to other areas after the 

permission of the State Engineer Oflfice. Transporting underground water outside the 

state requires a permit, whether rights are estabHshed or not. The State Engineer Oflfice 

also determines the consumptive use and the return flow coeflficient for each type of 

underground water uses. The consumptive use diflfers from one use to another (the 

consumptive use in the agricultural sector is lower than that of the industrial sector), and it 

varies through time. This adds complexity, and causes the cost of operating and enforcing 

underground water policies to increase. 

In Texas, h is the landowners or underground water districts who make decisions 

and policies regarding any underground water activities. Underground water is an asset to 

landowners, and they bear all consequences (profit or loss) that generate from engaging 

their asset in any project. Even in areas under the mling of underground water districts, 

the resource is privately owned and a district's regulations does not interfere with 

landowners' dicisionmaking regarding water uses. In those areas, residents voted for the 

creation of underground water districts. Therefore, underground water management m 

Texas is decentrahzed, and decisions are uhimately made by individual landowners who 

own the resource. 
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Security of Tenure 

This criterion was chosen to describe an optimal management policy of 

underground water resources because future avaUabiHty of this resource implies economic 

eflficiency. When certainty of future supplies is present, underground water users are 

stimulated to engage in long-term projects. This implies that the resource will be utilized 

eflficiently, because certainty enhances stability and stability reduces the risk from 

long-term investments. As an Ulustration, farmers who irrigate their lands will only engage 

in fiiture development plans for their farms (buy advanced technology that increases farm's 

yield) if they were assured that the future stream of water supply wiU continue. 

In Texas and Arizona, the conservation of underground water resources is the only 

assurance that the future stream of underground water supply will continue. Property 

rights in both states are rights to own the resource. The major factor that determines the 

availability of underground water resources in the fiiture in the two states is the success of 

policies and regulations which are directed to conserve the resource. Since there is a 

relationship between conservation and the fliture availability of underground water in 

Arizona, the success in the former objective aflfects the success in the latter. The 

conservation program in Arizona, as was discussed, is partially successflil. By the same 

token, underground water conservation districts were established to conserve the resource 

in Texas. Therefore security of tenure is partiaUy attained in those areas. In the rest of 

Texas, the mle of capture is stiU applied, and serious eflforts to conserve the resource have 

not been attempted. The certainty of fliture avaUability of underground water in areas not 

managed by underground water districts is minimal. 
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In New Mexico, appropriators have the right to use, not own, underground water 

resources. The appropriation doctrine, which is enforced by the New Mexico State 

Engineer Oflfice, guarantees each appropriator the right to use 3 acre-feet of consumptive 

use per acre of land, and for 40 years. This is the case whh incumbent users. Potential 

users, on the other hand, do not enjoy much securhy. Potential users may use the 

resource if h was proven that the incumbent users are using their rights in a non-beneficial 

use, or if the aggregate supply of water is not fially appropriated. Therefore, security of 

tenure in New Mexico is moderately achieved. 

Protection of Underground Water Quality 

In Arizona, property rights holders in the four AMA's must pay an annual water 

quality assurance fee equals $2.12 per acre-foot, plus a proportionate rate if they withdrew 

any extra quantity of underground water. To monitor the quality of underground water, 

the law requires a quality monitoring device to be attached to any constmcted well. 

Therefore, the policies designed to protect underground water quality in Arizona are 

highly efifective. 

In New Mexico, underground water users are not required to monitor the quality 

of the water, and they are not penalized for deteriorating underground water qualhy. 

However, some underground water users, ahhough not mandatory, do monhor water 

quality by constmcting wells for that purpose. To drill such wells, the law in New Mexico 

requires underground water users to file an appHcation to do so. These weUs may not be 
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used for withdrawing water. The protection of underground water quality in the state is 

minimal 

In Texas, one of the few situations where the absolute ownership of underground 

water is restricted is when withdrawal causes underground water qualhy to deteriorate. 

Underground water conservation districts were created to serve many purposes, one of 

which is the protection of underground water quality. Many active underground water 

districts are involved in programs to achieve this objective. For example, the HPUWCD 

No. 1 conducts a comprehensive examination of underground water quality in all counties 

using a network of observation wells every five years. However, Underground water 

districts cannot use monetary incentives to protect water quality, and therefore the 

protection of underground water quality is partially successflil. 

Concluding Remarks 

As inferred from the previous discussion and from Table (3.1), none of the existing 

underground water management doctrines is well adapted to promote the optimum 

distribution in the aUocation of underground water stock. The optimal control poHcy for 

underground water management is the policy that achieves economic efificiency, as well as 

the other desirable criteria developed in this chapter. Overall, no policy control in Texas, 

New Mexico, and Arizona satisfies all the desirable criteria. Therefore, none of the 

control policies adopted in any of the three states is the optimal control poHcy or the 

"best" control policy. AIso, a look at the success of each criterion across the three states 

reveals that none of the criterion is fliUy satisfied. The flexibiHty-of-exchange criterion is 
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the most achieved in the three states, and the well-definition-property-rights criterion is 

the least successful. This could be due to the nature of the property rights doctrines in the 

three states. For example, the first criterion, which is the weU-definition of property 

rights, cannot be achieved in Arizona, nor in Texas. This is because landowners own the 

underground water below their lands, and they cannot exclude anybody from using h. 

Another example is the centralized doctrine in New Mexico. The control system in New 

Mexico has to be centralized because the state owns all underground water resources, and 

h controls all property rights and any other water-related activities. 

Since the three management doctrines in the three states failed to achieve the 

"best" control poHcy, h would be of significance to decide on the doctrine that achieves 

the "second best" control poHcy. From the previous discussion and Table 3.1, the doctrine 

in the areas managed by underground water conservation districts in Texas achieves most 

of the criteria with a high and moderate degrees of success. The only two criteria that are 

not achieved in those areas are the well-definition of property rights and the protection of 

third-parties. The reason why third-parties are not protected is because rights are not 

well-defined; there is a correlation between the two crheria. The reason why property 

rights are not well-defined in Texas is because of the nature of underground water 

resources ownership. Three criteria are achieved with a high degree of success, and two 

criteria are achieved with moderate success. 

However, control policies in areas managed by underground water conservation 

districts in Texas may be modified to achieve the "best" policies rather than being the 

"second best" policies The problem in these areas is that property rights are not 
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well-defined. Enacting new amendments to change the ownership nature of underground 

water resources from absolute ownership to "limited and defined" ownership would 

possibly improve the control poHcies in those areas to achieve the "best" solution The 

experience from New Mexico is encouraging; thhd parties are well protected because 

property rights are quantified and are weU-defined. Restrictions may be miposed on 

landowners in underground water districts areas to limit whhdrawals of underground 

water based on appropriation. Surface water and subterranean rivers are aheady owned 

by the state and subject to appropriation. Changing underground water laws to limh the 

total yearly withdrawals each landowner may withdraw could be the remedy. 
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CHAPTERIV 

ESTIMATING THEIN SITU UNDERGROUND WATER 

VALUE IN THE HIGH PLAINS OF TEXAS 

Introduction 

The Ogallala aquifer is a 174,000-square-miIe body of water that underiies parts of 

Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and 

Wyoming. The Ogallala aquifer contains about 3.5 biUion acre-feet of water and is 

considered one of the most important aquifers in the United States [Torell, Libbin, and 

MiUer, 1990]. 

The characteristics of the OgaUala aquifer are Ulustrated in Smith, McReynolds, 

and Wyatt [1992]. Accordmg to their description of the Ogallala, the aquifer consists of 

clay, silt, fine to coarse-grained sand, gravel and caliche. The layering of these materials is 

very erratic and varies within short distances, both vertically and horizontally. Water in 

the Ogallala is stored in the pore spaces of the clay, sih, sand and gravel which make up 

the geological deposh. The water in the formation is not confined under layers of clay or 

rock. Therefore, it is considered to be under water-table condhions. The chemical quaHty 

of the water in the Ogallala aquifer is acceptable for most uses. The water is considered 

"hard" due to divalent metallac ions (primarily Ca^ and Mg^), although the total 

dissolved solids are generally in acceptable concentrations for most counties in the area 

Natural recharge to the aquifer is beHeved to be less than one inch annually. The principal 
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source of recharge to the aquifer is preciphation on the land surface. A small portion of 

the water pumped from the aquifer for irrigation percolates back. 

The Ogallala aquifer was developed for irrigation and other uses eariier this 

century. The utUization of underground water from the aquifer began shortly after Worid 

War I, when the agricultural boom in Texas started. The economic benefits acquired by 

the High Plains region due to utUizing underground water from the aquifer are enormous 

The Ogallala aquifer was responsible for $20 bUlion worth of High Plains food and fiber 

production in 1989, with auxiliary economic benefits estimated at $50 billion a year 

[Lewis, 1990]. In the High Plains region, the agricuhural sector depends heavily on 

hrigation water withdrawn from the OgaUala Aquifer. More than 20% of irrigated lands 

in the United States (approximately 17 miUion acres) are located in the High Plains region. 

In Texas, underground water is a significant source of water supply. It suppHes about 

60% of the total water used in the state and about 85% of aU agricultural water usage 

[Kaiser, 1993]. 

Chronic mining of the Ogallala aquifer, particularly the southem region of the High 

Plains, has caused a decline in the water table. More than seventy years of steadily 

mcreasmg pumping have reduced the aquifer's reserve of water. Experts now estimate 

that 11% of the aquifer has been pumped since the 1930's, and that 25% of hs reserves 

wiU disappear by the year 2020. Texas, as an example, in 1948 had 8,356 weUs, 42,225 

wells in 1957, and 75,000 in 1981. In 1950, total quantity of water withdrawn from the 

aquifer was 7 miUion acre-feet. This number dropped down to only 4.7 mUlion acre-feet 

in 1990 [Lewis, 1990]. 
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This situation of overexplohation of the resource, accompanied by increasing 

pumping lifts and increased energy prices, forced many weUs in the eight states that overlie 

the Ogallala aquifer to be shut down. Many irrigated farms shifted to dryland farms due to 

declining reserves. However, since 1980, the utiHzation of the aquifer became more cost 

efifective and more conservation-oriented. 

Available water for irrigation purposes is recognized as a valuable asset to 

landowners in the High Plains of Texas because since irrigated farms produce more than 

dryland farms. However, there are costs associated with extracting a unit of underground 

water for irrigation purposes. A major determinant of extraction cost is depth to water. 

Therefore, from a theoretical perspective, the avaUabiIity of underground water for 

irrigation purposes and depth to water should explain the difiference between hrigated and 

dryland farms prices 

The purpose of this essay is to examine the role played by aquifer characteristics in 

determining the variation in price per acre of farms in the High Plains of Texas. 

Specifically, the objectives are to: 

1. Esthnate price equations for dryland farms in the High Plams of Texas. 

2. Esth iate price equations for irrigated farms in the High Plams of Texas. 

3. Esthnate general price equations for farms in the High Plains of Texas. 

4. Compute in situ underground water value in the High Plains as the price 

dififerential between irrigated and dryland farms prices. 

5. Find the percentage of irrigated farm land prices attributed to irrigation water 

(known as cost-to-water) m the High Plains region of Texas. 
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6. Find the value of underground water per acre of irrigated farms. 

7. Find the total value of underground water below the High Plains Underground 

Water Conservation District No. 1. 

Lherature Review 

There have been only a few studies that utilized farm sales to derive values for 

underground water. The most popular method that has been used by numerous 

researchers is the crop budgeting technique. LaceweU, Sprott, and Beattie [1974] 

developed water values using crop budgets for dififerent crops and yields, price levels, and 

levels of input costs for each crop used. Gibbons [1986], using crop price mdices 

developed by LaceweU et al. [1974], calculated underground water values. They ranged 

from $15/acre-foot for wheat production and $87/acre-foot for soybean production. 

The most serious attempts to estimate underground water values using farm sale 

prices were by Sunderiand, Libbin, and ToreU [1987], Hartman and Taylor [1989], and by 

ToreU, Libbin, and MiUer [1990]. The first study was an estimation of underground water 

value m New Mexico, the second research was on farm sales in Colorado, and the thhd 

study was an estimation of underground water values in the High Plains. 

Sunderiand et al. [1987] aimed to calculate the depletable basis for cost depletion 

of underground water for six counties in New Mexico. Their objective was to calculate 

the basis on which depletion allowances are determined. The procedure used was to 

allocate the purchase price of a parcel of land, minus the value of any houses and 

buUdings, between the value of the land and the value of underground water. They 
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developed two econometric models, one valued dryland farms and the other valued 

irrigated farms. They used only one variable to explain variations m dryland farm prices, 

and two explanatory variables for the irrigated farms model. For the dryland farms model, 

the per-acre house and buildmgs values was used as an mdependent variable with a 

significant and poshive coefificient of 1.79. For the irrigated farms model, saturated 

thickness was used as an explanatory variable in addhion to the value of buUdmgs and 

houses. The resuhmg coefificients for building values and saturated thickness were 

significant and poshive. Sunderland et al. [1987] calculated the value of underground 

water per acre of irrigated farms under three assumptions. The first assumption was that 

the entke difiference between irrigated farm values and dryland farm values is attributed to 

water in-storage. The value of underground water was, then, $721 per acre of hrigated 

farms. The second assumption was that the difiference is attributed to land. Under this 

assumption, the value of underground water was $625 per acre of irrigated farms. The 

third assumption, which stated that the difiference in prices is attributed to proportionate 

change in land and water in-storage, indicated underground water value of $699 per acre 

ofirrigatedfarms. 

Hartman et al. [1989] attempted to esthnate underground water values for Yuma 

County, Colorado. Their objective was to derive underground water values by takmg the 

sale price of hrigated land and subtract from h a price of dryland or grazing land, the 

opportunity cost of land m irrigation, plus the investment in wells and pivot sprinkler 

systems. The difiference, according to their argument, would be the value of net income 
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flow resuhing from water appHcation, or underground water value. They gathered data on 

farms sales and other variables for the years 1968 to 1988. 

Their statistical test was to regress the price of irrigated farms on acres of irrigated 

farms, acres of dryland farms or grazing farm, value of improvement, soil, and 

characteristics of weUs reflecting saturated thickness and depth to the aquifer. They 

divided the total size of each farm to hrigated land, dryland, and grazing land According 

to Hartman et al. [1989], the part of an irrigated farm that cannot be reached by the center 

pivot system on the farm was considered dryland or grazing land. The empirical results 

from their regressions did not show any significant coefificients for saturated thickness, 

depth to water, and other variables. 

The third attempt to estimate underground water values was conducted by ToreU 

et al. [1990]. Usmg farm sale data from the seven states in the High Plains, they 

calculated underground water values as the price differential between irrigated and dryland 

farm sales. They did not exclude the price of caphal and building from the price per acre 

of irrigated or dryland farms. They estimated two price equations for each type of farms. 

The price equation of irrigated farms was a flinction of buildings and improvement values 

whhm the farm, time trend for farm sales, the location of the farm in the High Plains, the 

size of the farm, expectation of annual income eamings from the farm, a location variable 

captures recharge to the Ogallala aquifer, saturated thickness, and depth to the aquifer. 

The price equation for dryland farms was the same flinction but without the last three 

variables in the irrigated farms model. 
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They estimated values for underground water for the years 1979 to 1986. The 

estimated value of water per acre foot of saturated thickness is $8.35 in New Mexico, 

$1.52 in Oklahoma, $5.45 in North Colorado, $2.99 in South Colorado, $2.40 in Kansas, 

and $2.89 in Nebraska. The average saturated thickness during the time frame of theh 

study was 70 feet in New Mexico, 164 feet in Oklahoma, 130 feet in North Colorado, 94 

feet m South Colorado, 147 feet in Kansas, and 188 feet in Nebraska. They also esthnated 

the value of water per acre of irrigated farms. The maximum was in North Colorado at 

$710 per acre of irrigated farms, and the minimum was estimated for South Colorado at 

$282 per acre of irrigated farms. 

Data and Scope 

Scope 

The scope of this study wiU cover the High Plains Underground Water 

Conservation District No. 1 (HPUWCD). As shown in Figure 4.1, this district is located at 

the northwestem end of Texas. The HPUWCD was created m 1951 by special legislation 

of the state of Texas. It covers 8,149 square miles of part or aU of 15 counties in the High 

Plams. These counties are: Armstrong (AR), BaUey (BA), Castro (CA), Cochran (CO), 

Crosby (CR), Deaf Smith (DS), Floyd (FL), Hale (HA), Hockley (HO), Lamb (LA), 

Lubbock (LU), Lynn (LY), Parmer (PA), Potter (PO), and Randall (RA). Agriculture is 

the leading sector in the district's economy, and underground water from the Ogallala 

aquifer is the dominant source of irrigation water. 
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Figure 4 1 The High Plains Underground Water Conservation District No. I 
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Data 

Data were coUected from the HPUWCD No. 1, The SoU Conservation Service 

(SCS), and from Jones Appraisal. The HPUWCD No. 1 is the agency that regulates 

underground water whhdrawal in the district. The Soil Conservation Service, among other 

responsibUities, classifies types of soils into groups and monitors soils and the changes in 

the qualhy of soils. Jones Appraisal is a private agency hired by the district to evaluate 

farms that are sold in the district after deducting all caphal and improvement values. The 

summary statistics for all variables are shown in Appendix B. 

The HPUWCD No. 1 coUects data on the saturated thickness, depth to the aquifer, 

and salts and other compounds in the aquifer every year. Using more than 1,100 privately 

owned observation wells scattered within 8,149 square miles of land, the district's 

personnel vish seven selected counties every year and coUect data from the observation 

weUs on the Ogallala aquifer's status. The combined density of water-level measurements 

is approximately one weU per seven square miles. This ratio is not the same across 

counties. It is lower in counties with intensive agricuhural activities. (Hale County is an 

example of a county with intensive agricultural activities.) 

Because of financial constraints, the HPUWCD No. 1 limits the number of counties 

to be vished to seven. The selection of counties to be vished is not based on a particular 

system, although the selection is biased toward counties with intense agricultural activities. 

Measurements usually are made in the winter and early spring when the water levels 

generally have fully recovered from pumping during the previous irrigation season and 

present the highest water table conditions during the year. This fact reduces the 
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fluctuation in water levels which enables the HPUWCD persoimel to produce accurate 

measurements on saturated thickness and depth to water. 

Using geological maps on the area, the HPUWCD No. 1 identifies the altitude of 

the base of the Ogallala Aquifer and the ahitude of the land surface at each observation 

well's location. The slope of the base of the aquifer (knovm as the bedrock or the red bed) 

is not constant and nehher is the slope of the land surface. Therefore h is important for 

measurement purposes to estabhsh the ahitudes of the base of the aquifer and the land 

surface at each well's location. The altitude of the base of the aquifer is subtracted from 

the althude of the land surface to get the approximate thickness of the OgaUala at a 

specific location. The sea-level altitude is used as a reference point. The HPUWCD No. 1 

sends hs personnel every year to those weUs, and by inserting a metal tape into the 

observation well, they can identify the distance the tape traveled before touching the water 

table. Then, by subtracting the length of this distance from the thickness of the aquifer, 

they identify the approximate depth to the aquifer, and thus, the saturated thickness at a 

specific location. 

This process can be shown m Figure 4.2. If the altitude of the base of the aquifer 

is 3,000 feet and the altitude of the land surface is 3,500 feet, then the thickness of the 

aquifer is 500 feet (3,500 feet - 3,000 feet). If the metal tape used by the HPUWCD No. 1 

traveled into the observation well 200 feet before touching the surface of water, then the 

depth to water is 200 feet. Finally, the depth to the aquifer, 200 feet, is subtracted from 

the thickness of the aquifer, 500 feet, to identify the saturated thickness. The saturated 

thickness in the example above is 300 feet (500 feet - 200 feet). 
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Figure 4.2. The Method Used by the HPUWCD NO. 1 to Calculate 
Saturated Thickness and Depth to Water. 

The same network of observation wells is utiHzed by the HPUWCD No. I to 

coUect data on underground water quality. During the irrigation season, water samples 

are coUected from pumping observation wells and sent to the Texas Department of Health 

Laboratory for chemical analysis through a cooperative agreement with the Texas Water 

Development Board. Records of the analyses are maintained at the district oflfice and a 

copy is maUed to the landowner or operator of the well upon completion of each sampling 

eflFort. 

The chemical quaHty of the water in the Ogallala aquifer has historically changed 

very slowly, except in areas where economic activities and municipahties have intensified 

waste deposhs. Therefore, water samples are coUected on three- to five-year intervals to 

monitor regional changes which occur in water quaHty. The Texas Water Conmiission 
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(now the Texas Natural Resource Conservation Commission), The Texas Railroad 

Commission, and The Texas Department of Heahh require water samples to be coUected 

at more frequent intervals at permitted waste disposal sites and for pubHc water supply 

systems. 

The chemicals and diflFerent contaminants the HPUWCD No. 1 tests for are: silica, 

calcium, magnesium, sodium, potassium, bicarbonate, carbonate, sulfate, chloride, 

fluoride, nitrate, and dissolved soHds. However, since the principal use of underground 

water m the HPUWCD No. I is for irrigation, only the elements that are considered 

hazardous for irrigation water wiU be considered in this essay. Although many chemical 

constituents or properties of water aflFect hs suhability for irrigation, the two main criteria 

for determining the suhability of water for irrigation are dissolved solids (saHnity hazard) 

and sodium concentration (sodium hazard) [Krothe, Oliver, and Weeks, 1982]. 

The second source of data for the empirical part of this work is the SoU 

Conservation Service (SCS). The SCS classifies soil types in the district into eight 

groups. The criteria used in the soil classification process are limitation of use, range of 

use, and risk of damage when they are used. Table 4.1 shows the eight classes of soils in 

the district and a description of each one. SoUs from Class 1 do not exist in the district. 

The majority of soUs occur in Classes 2, 3, 4, and 5, and only few soUs are found in classes 

6, 7, and 8. 

The third and final source of data used in this essay is the Jones Appraisal done by 

a private firm located in Lubbock, Texas and contracted by the HPUWCD No. 1. Jones 

Appraisal is owned and managed by B.L. Jones, III. Founded m 1979, Jones Appraisal 
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Table 4.1. Classification and Description of SoUs in the HPUWCD No. 1. 

CLASS DESCRIPTION 

Class 1 Soils that have few limitations that restrict their use. 

Class 2 SoUs that have some limitations that reduce the choice of plants or require 
moderate conservation practices. 

Class 3 Soils that have severe limitations that reduce the choice of plants or require 
special conservation practices, or both. 

Class 4 Soils that have very severe Hmitations that restrict the choice of plants, 
require very carefiil management, or both. 

Class 5 
Soils that have little or no erosion hazard but have other limitations that are 
impractical to remove without major reclamation, that limit their use largely 
to pasture, range, woodland, or wiIdHfe food and cover. 

Class 6 

Class 7 

Class 8 

SoUs that have severe limitations that make them generally unsuhable for 
cultivation and Ihnit their use largely to pasture or range, woodland, or 
wildlife food and cover. 

Soils that have very severe limitation that make them unsuhable for 
cuhivation without major reclamation, and restricts their use largely to 
grazing, woodlands, or wUdlife. 

Soils that have limitations that preclude their use, whhout major 
reclamation, for commercial production of plants and restricts their use to 
recreation, wildlife, water supply or aesthetic purposes 

Source: Soil Conservation Service, 1967. 

evaluates lands in the High Plains of Texas for individual farmers, commercial banks, and 

the HPUWCD No. 1. The firm's revenue is generated by charging a flat rate for any 

individual who wishes to evaluate a parcel [B.L. Jones, III, 1994]. 

Jones Appraisal meets every year with the personnel from the HPUWCD No. I and 

from the IRS to discuss the allowance for the depletion of underground water As noted 

in chapter III, underground water in Texas is considered an asset to landowners, and any 

depletion in that asset enthles landowners a tax deduction from their business income. To 

determine the allowance for the depletion of underground water, three things must be 
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done: (1) establish that landowners have a cost m theh underground water as 

distinguished from the cost of the soil and anyother value on the land; (2) estabhsh that the 

underground water is depleted through hs use; and (3) establish the annual rate at which 

such depletion occurs. 

Jones Appraisal evaluates farms that are purchased in the High Plains of Texas 

every year. Information is gathered on irrigated land prices and dryland prices The 

values of buildings, irrigation equipment, improvement, and any other capital are provided 

by county level appraisals. County level appraisers make field trips each year to appraise 

any asset on farms. They apply the market evaluation approach once every three years on 

each farm. The reason for the time lag between one trip and the other is to allow the 

market value of assets to change. Jones Appraisal then takes the value of assets on each 

farm, provided by the county level appraisals, and deduct them from the price per acre of 

each irrigated or dryland farm. The resuhing price from this process is a per acre price of 

farms (whether irrigated or dryland acres), minus the value (or market price) of any asset 

on those farms. The diflFerence between irrigated farm prices and dryland prices is known 

as the "cost-in-water" [B.L.Jones, III, 1994]. 

Jones Appraisal coUects data on farms sale prices from six counties on average 

every year. These six counties are not necessarily the same every year. The number of 

counties is limited to six because of financial constraints. Additionally, according to B.L 

Jones III, the idea of coUecting data on sale prices is to estimate a tax depletion rate. 

CoUecting data from six counties out of a total of fourteen counties (Lubbock is 

excluded), suflfices because the economies of counties in the district are shnilar, and the 

105 



depletion rates are equivalent [Jones, 1994]. Therefore, the estimated tax depletion 

allowances for six counties can be generalized and applied to the remaining counties. Hale 

County is the only county that occurred frequently in the data coUection because, 

according to B.L Jones III, the majority of farms in the county are irrigated farms. They 

depend heavily on underground water from the Ogallala aquifer. 

Three points are hnportant to mention about the evaluation procedure conducted 

by Jones Appraisal. First, when irrigated farm prices and dryland prices are gathered to 

decide on the cost in water, farms sold to family members are excluded. The reason is 

that, according to the appraiser's opinion, the price paid for an acre of land by one famUy 

member to another is usually low and does not reflect the tme market price of that acre. 

Second, data on farm prices are coUected from all counties in the HPUWCD No. 1 except 

Lubbock County. Due to the business nature of Lubbock County, Jones Appraisal 

believes that there are other factors aflFect prices of lands, which overestimate the tme cost 

and, therefore, they should be excluded. Finally, pumping wells on farms are the only 

equipment that are not excluded from farm prices evaluations. The rationale behmd this 

exclusion is that the existence of wells on a farm is what categorizes h as an irrigated farm, 

and without wells on h the farm is a dryland farm. 

With this information on farm sale prices fiimished by Jones Appraisal and data on 

saturated thickness and change in saturated thickness provided by the HPUWCD No. 1, 

the IRS and the HPUWCD No. 1 meet every year with Jones Appraisal to decide on the 

allowance for the deduction of underground water m the High Plams of Texas. The 

method they use to decide on the allowance for deduction of the resource is iUustrated by 
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the foUowing example. Suppose the average price of dryland farms in a county during a 

year evaluated by Jones Appraisal is $200 per acre, and the average price of irrigated 

farms in the same county and the same year is $500 per acre. The maximum that can be 

claimed as cost in water is $300 ($500 minus $200). Suppose that the saturated thickness 

is 200 feet. This means that the cost in water is $1.50 per foot of saturated thickness 

($300/200). Let the current withdrawal from the Ogallala aquifer resuhs in a decline in 

the saturated thickness of 2 feet per year. If a farmer has 100 acres, the resuhing 

cost-in-water income tax depletion is $300 ($1.50X2X100). 

It is clear from this illustration that the larger the diflFerence between average 

irrigated farm prices and average dryland farm prices, the higher the tax depletion. Also, 

the lower the saturated thickness, the higher the tax depletion. Finally, the faster the 

decHne in the saturated thickness, the higher the tax depletion. 

Methodology 

This essay, as mentioned earlier, wiU present a technique to estimate price 

fimctions for both irrigated and dryland farms. The micro-oriented set of data that is 

coUected for this empirical work wiU generate unique estimates. However, the procedure 

of evaluation that wiU be implemented emphasizes the market value of farms only. By 

deducting all caphal, buUdings, and improvements from the cost of an acre of land 

(whether h is irrigated land or dryland), the price per acre will, then, reflect the tme cost 

of land without any considerations to any other attributes. Also, the interpretation of the 

coefficients wiU accurately describe the eflFect of changes in a particular variable on tme 
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farm land prices. This is a major departure from the model constmcted by ToreU et al. 

[1990]. They could not generate a set of coeflficients that describe the eflFect of changes in 

explanatory variables on the price of an acre of land only. Their derived coeflficients show 

the effect of a change in a particular variable on the price of an acre of land plus caphal, 

buildings, and hnprovements. 

Ordinary Least Squares (OLS) regression was used to estimate three price 

fiinctions: (1) a price equation for hrigated farms; (2) a price equation for dryland farms, 

and (3) a general price equation that estimates the price per acre of land without giving 

any consideration to the nature of farming practices. The general price equation is 

constmcted by combining data from irrigated farms and dryland farms together, and then 

variables that do not explam the variations in dryland farm prices are assigned the value 

zero. The general forms of the three relations are shown in equations (4.1), (4.2), and 

(4.3). 

IRR. LANDS: Pim =f{SAT,DEP,DIS,SIZE,INCH,SOIL,DS,SOD,PREQ. (4.1) 

DRYLANDS: PDRY = d{DIS,SIZE,SOIL,PREQ (4.2) 

GENERALFORM:P = g{SAT,DEP,DIS,SIZE,INCH,SOIL,DS,SOD,PREQ. (4.3) 

In Equation (4.1), the explanatory variables SAT, DEP, INCH, DS, and SOD are 

given the value zero for dryland farms because they do not contribute m explaming the 

variations in price per acre of dryland farms. 
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The explanatory variables of all models are shown and described in Table 4.2. 

The price per acre of irrigated farms equals the present value of fiiture incomes from land 

plus the present value of future incomes from underground water. The price per acre of 

dryland farms equals the present value of fiiture incomes from land only. This is a tme 

statement because all other variables that aflFect the price per acre of irrigated farms and 

dryland farms are already deducted. Therefore, the diflFerence between price per acre of 

irrigated farms and price per acre of dryland farms is attributed to the amount of 

underground water (saturated thickness). Thus the coeflficient of saturated thickness is 

expected to be poshive, as h indicates the potential quantity of underground water 

available to the landowner. 

From a theoretical perspective, the coeflficient of depth to the aquifer is expected 

to have a negative sign. The deeper the pumping lift, the higher the cost of extraction and 

the lower the expected present value of fiiture profits. Depth to the aquifer is an 

important factor that should aflFect pumping costs poshively, and the price per acre of 

hrigated farms inversely. 

The location of each purchased farm is also an important factor that impacts the 

price per acre. A farm could be isolated in the county whh no access to major highways 

or farmroads, or h could be at a location distant from a city or a town where farm needs 

and other facUhies are avaUable. In these situations, h is expected that the cost of 

operating the farm would be relatively higher, whether it is an irrigated or a dryland farm. 

The willingness to pay for a farm is expected to be inversely related with distance. The 
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Table 4.2. Variables, theh Definitions, and Sources of Data.' 

Variable 

P 
p 

P 

SAT 

DEP 

DIS 

SIZE 

INCH 

SOIL 

DS 

SOD 

PREC 

Definition 

Price/acre of purchased farms in general. 

Price/acre of purchased irrigated farms . 

Price/acre of purchased dryland farms . 

The distance from the water table to the bottom of the 
aquifer. Measured in feet. 

The distance from the land surface to the water table 
surface. Data obtained from the observation well closest 
to the sold farm. Measured in feet. 

The distance from the sold farm and any major town or 
highway in the county. Measured in miles 

The size of the purchased farm. Measured in acres. 

The pumping capacity of weUs located in the sold farm. 
Calculated by multipying number of wells times the 
diameter, in inches, of each weU. Measured in mches. 

A dummy variable to control for soil types. It carries the 
value 1 if the soU , in the sold farm, is from class 1, 2, or 3, 
and it carries the value zero if otherwise. 

The concentration of dissolved solids in underground 
water under the purchased farms. Data coUected from the 
observation wells. Measured in miUigrams/lher. 

The concentration of sodium in underground water under 
each farms. Data coUected from the observation weUs. 
Measured in miUigrams/Hter. 

The annual average preciphation in the county of the farm 
sale. Calculated as the historical average m each county. 
Measured in inch/year. 

Data 
Source 

Jones Appraisal 

Jones Appraisal 

Jones Appraisal 

HPUWCDNol 

HPUWCD No 1 

HPUWCD No. 1 
and 

Jones Appraisal 

Jones Appraisal 

Jones Appraisal 

SCS 

HPUWCDNo 1 

HPUWCD No. 1 

HPUWCDNo 1 

• The summary statistics for all variables are shown in Appendix B. 
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coeflficient of the explanatory variable DIS is expected to have a negative sign for aU 

models. 

The coeflficient of the variable SIZE is also expected to have a negative sign. 

Operating a large farm impHes more equipment, wells, and other capital. Since the 

majority of farms in the High Plains of Texas are operated by individuals and not by big 

agricultural firms that enjoy economies of scale, it is more profitable from a single farmer's 

perspective, to operate a smaU-size farm rather than a large-size farm. Therefore, it is 

expected that the coeflficient of the variable SIZE to have a negative sign in the three 

models. 

The variable INCH captures the pumping capacity of each irrigated farm. In an 

agricultural region, water is a very important element that contributes heavily to the 

success of hs economy. The pumping capacity of wells should, therefore, play a major 

role in determining the retums to irrigated farms. A limited pumpmg capacity hnpHes 

buying and transporting water to meet agricultural activities on the farm, or relying on 

preciphation. Farmers in the High Plains of Texas own underground water and they can 

pump h as desired if farms are equipped with an adequate pumping capacity. The variable 

INCH is expected to have a poshive relationship with price per acre of irrigated farms. 

The variable that captures the impact of soil types on the price per acre of land is 

SOIL This is a quaHtative variable that carries the value 1 if the soU on a particular farm 

is from classes 1, 2, or 3, and zero if otherwise. SOIL enters the regression models to 

measure how much higher (lower) the relative response of price per acre of land when 

soUs from classes 1, 2, or 3 are present. It is expected that the coeflficient of SOIL wdU be 
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poshive, since the first three classes of soUs have less Hmitation and greater range of use 

compared to the other classes. 

Dissolved solids and sodium enter the regression models to capture quality eflFects 

of underground water on price per acre of land. These contammants were chosen, among 

others, because at high concentrations, they could adversely aflFect irrigation water. 

SaHnity, which is caused by high concentration of dissolved soHds, aflFects inversely crop 

production. Accumulation of sodium in soils, as a result of applying water on land, aflFects 

plant growth and decreases soU permeability and tiUability [United States Geological 

Survey, 1982]. The coeflficients of DS and SOD are expected to be negative. 

The last variable that wiU enter the regression models is preciphation. 

Preciphation is taken as the historical average in each county. It is an essential factor that 

irrigated and dryland farm operators depend on. Ample rainfall is considered a free source 

of irrigation water that reduces the dependence on underground water or any other source 

of water. Hence, average annual rainfall is expected to be related poshively with the price 

per acre of irrigated and dryland farms. It is also expected that average rainfall v̂ II have 

more of an impact on dryland farm prices than on irrigated farms prices. The utility that 

dryland farms operators derive from rainfall exceeds, at the margin, the utUity that 

irrigated farms operators derive. 

Methods to Calculate In Situ Underground 
Water Values and Cost-to-Water 

In situ underground water values will be calculated as the diflFerence between the 

average price per acre of irrigated farms and the average price per acre of dryland farms in 
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the HPUWCD No. 1. As mentioned earlier, all land prices used in this empirical work are 

"net" prices. The monetary values of aU factors of production such as caphal, buildings, 

equipment, and improvements are deducted. Therefore, any price differential between 

irrigated farms and dryland farms is due to the value of underground water, which is 

another important factor of production that is not deducted from the cost of farms. The 

in shu underground water values wiU be calculated using Equation (4.4): 

AVG.PiRR{in%/acre)-AVG.PDRY{in$/acre) ^, ^ ^ , , . , , , , , 
TT̂ TTT"—^ . ^;. . .. ^ ,. = $/acre-foot of saturated thickness (4.4) 

AVG.Saturatea Tnw ness{mfeet) ^ 

where: 

AVG.PjRR is the average price per acre of irrigated farms in the district m a given year, 

AVG.PDRY is the average price per acre of dryland farms in the district in a given year; 

AVG. Saturate Thickness is the average water level under lands purchased in a given year. 

The cost-to-water wiU be defined as the percentage of farm price (cost) per acre 

attributed to irrigation water. This term is important to calculate because it shows the 

time path of the contribution of water to irrigated farms costs. The cost-to-water wiU be 

calculated usmg Equation (4.5): 

_ . AVGPDRYÍfor the district) 
Cost-to-Water = 1 - j^vGPmRÍfor the district) ^^^^ 

where AVG. PDRY and AVG. PæR are as previously explained. 
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Empirical Resuhs of the Mndels 

The empirical resuhs are obtained by mnning OLS regressions using the RATS 

statistical software. Resuhs from the estimation of irrigated land demand equation are 

shown first, foUowed by the dryland demand and the combined form equations. 

Irrigated Lands: Basic Model 

This Basic Model is an estimation of a price equation for irrigated farms in the 

HPUWCD No. 1. This model wiU examine whether the signs of the coeflficients are 

consistent v^th a priori expectations or not. None of the variables was left out, and also 

none was transformed to any other form. Three regressions were used to estimate basic 

demand equations for irrigated farms These are Reg.(l. 1), Reg.(l.2), and Reg.(l.3). 

Reg.(l. 1) estimates a Hnear demand equation for irrigated farms. The coeflficients from 

Reg.(l. 1) explain the change in price per acre (price/acre) of land associated with a unit 

change in any of the explanatory variables. Reg.(l. I) can be written as foUows: 

Regil.l): 
PiRR = Po + PiSAT+ P2DEP + P3DIS + P4SIZE + P5INCH 

+ ^eSOIL + P7DS+ ̂ sSOD + ̂ sPREC. (4.6) 

The second regression is Reg.(l.2). This regression is done by taking the 

logarithm of aU variables except the dunmiy variable SOIL. Smce the objective is to 

estimate a demand fimction, h is usefiil to conduct a logarithmic transformation of both 

sides of the equation because the slope of the regression line for the transformed variables 
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wiU measure price elastichies. The slope is then interpreted as showing the percent change 

in price per acre of irrigated land associated v t̂h 1% change in one of the explanatory 

variables, holding everything else constant. Reg.(1.2) can be written as: 

^^^.(1.2): 
LPnm = Po + ^xLSAT+ P2LDEP + ^^LDIS + ^ALSIZE + ^^UNCH 

+ PeSOIL + P7LDC+ ̂ ^LSOD+^^LPREC. (4.7) 

It is usefiil to derive a set of coeflficients that explain the change in price/acre of 

hrigated farms associated with a percentage change in one of the explanatory variables, 

holdmg everything else constant. This can be done by estimating the third and final 

regression for irrigated farms, which is Reg.(l.3). The equation for Reg.(l.3) is a 

semi-logarithmic transformation, where only the explanatory variables are transformed to 

their logarithms. The form ofReg.(l.3) is: 

Reg.{\.^): 
PiRR = ^o + ^iLSAT+ ^2LDEP+ P3LDIS+ ^^LSIZE+^sLINCH 

+ ^eSOIL + p7LDS+ PsLSOD+ ^gLPREC. (4.8) 

The empirical resuhs for the basic model of irrigated farms are shown in Table 4.3. 

The quantity of water available below farms strongly aflFects farmers' v^Uingness to pay for 

an acre of irrigated farms in the HPUWCD. A one foot increase in saturated thickness 

raises the price/acre of irrigated farms by $1. From Reg.(l .2), a 1% increase in saturated 

thickness resuhs in 0.19% increase in price/acre. Also, from Reg.(1.3), a 1% increase in 
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Table 4 3. Empirical Resuhs for Irrigated Lands: Basic Model* 

Variable 

Constant 

SAT 

DEP 

DIS 

SIZE 

INCH 

SOIL 

DS 

SOD 

PREC 

Reg.(l.l) 

457.01* 
(140.92) 

1.0* 
(014) 

-0.023 
(0.106) 

-7.15* 
(1.45) 

-031* 
(0.04) 

5.39* 
0.83 

78.59* 
(12.72) 

-0.1** 
(0.04) 

-035 
(0.5) 

0.73 
(6.87) 

Reg.(1.2) 

7.39* 
(0.8) 

019* 
(0.02) 

-0.07*** 
(0.03) 

-0.05* 
(OOl) 

-015* 
(0.02) 

013* 
(0.02) 

011* 
(0.02) 

-017* 
(0.04) 

OOl 
(0.05) 

-0.07 
(0.23) 

Reg.(1.3) 

908.35* 
(443.9) 

101.4* 
(14.06) 

-30.37*** 
(19.46) 

-24.45* 
(6.6) 

-96.03* 
(11.3) 

86.02* 
(12.68) 

65.56* 
(12.7) 

-78.48* 
(23.99) 

01 
(27.82) 

24.84 
(129.2) 

R̂  

D-W 

F(9,505) 

F(9,470) 

F(9,470) 

0.43 

1.73 

43.84* 
— 

— 

0.44 

1.65 
— 

43.63* 
— 

0.44 

1.77 
— 

— 

42.9* 

* The coeflficient is significant at a = 0.01 
** The coeflficient is significant at a = 0.05. 
*** The coeflficients are significant at a = 0.1 
• ThecoeflficientsofReg. (l.l)andReg. (I.3)aredoIlarvalues, andmReg. (1.2)the 

coeflficients are percentages. 
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saturated thickness resuhs in $1.01 increase in price/acre of irrigated farms in the High 

Plains of Texas. These resuhs from the three regressions are consistent whh the theory, 

which suggests that the availability of underground water raises the present value of fiiture 

stream of benefits from farms. 

Depth to water should theoretically be an important factor determining pumping 

costs and thus expected profit of irrigated farms. The coeflficient of DEP, although h has 

the expected sign in all three regressions, is not significant in Reg.(1.1). It cannot be 

concluded that changes in depth to water aflFects the price/acre of irrigated farms. 

However, in Reg.(1.2) and Reg.(1.3), the coeflficient of DEP is significant at a = 0.1, and 

is interpreted as foUows: a 1% decline in the water table reduces the price/acre by 0.07% 

(from Reg.(1.2)) and reduces the price/acre by $0.304 (from Reg.(1.3)). 

The conclusion that aquifer characteristics aflFect the price/acre of irrigated farms is 

a major improvement on the models developed by Torell et al. [1990], Hartman et al. 

[1989], and Sunderland et al. [1987]. These models included saturated thickness and 

depth to water, but only Torell et al. [1990] showed that saturated thickness is a 

determinant of price/acre of irrigated farms. The coeflficient of SAT in their model is 

comparable to that derived by Reg.(l .3) in this study. They argued that a 1% increase in 

saturated thickness raises the price/acre of irrigated farms by $0.63. They could not find a 

relation between price/acre and depth to water. The other two models could not find a 

relation between price/acre of irrigated farms and aquifer characteristics at all. Yet, with a 

unique set of data, this study argues that both depth to water and saturated thickness are 

major determinants of price /acre of irrigated farms in the High Plams of Texas. 
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The resuhs from other explanatory variables are significant, except for the 

concentration of sodium (SOD) and the yearly average rainfall (PREC). The coeflficient of 

DIS is negative, as expected, and statistically significant An extra mile away from the 

location of a town or highway resuhs in $7.15 reduction in farms' price/acre. From 

Reg.(l .2) and Reg.(l .3), a 1% increase in the distance between an irrigated farm and a 

major town or highway resuhs in a 0.05% or $0.24 decrease in hs price/acre. Farmers m 

the HPUWCD No. 1 prefer farms that are relatively close to towns and highways, where 

marketing facUities and access to roads are available. The location of irrigated farms m 

counties explains, with high level of certainty, the variations in their price/acre. 

The size of irrigated farms is another explanatory variable that, theoreticaUy, 

aflFects the price/acre. The coeflficients of SIZE are significant in the three regressions, and 

have the expected negative sign. The price/acre drops dov^ $0.31 for every addhional 

acre attached to irrigated farms. A 1% increase in the size of farms resuhs in a 0.15% 

reduction in price/acre. Also, a 1% increase in size yields a reduction of $0.96 per acre in 

hrigated farms prices. 

Farms with more pumping capachy sold for higher prices in the HPUWCD No. 1. 

The coeflficients of INCH are significant and have the expected sign. Farmers' wiUingness 

to pay for an acre of land shows high degree of senshivity to the abUhy to pump the 

desired quantity of water for irrigation purposes. An addhional mch of pumping capacity 

raises the price/acre of irrigated farms by $5.39. From Reg.(l.2) and Reg.(l.3), 

price/acre increases by 0.13% or $0.86 for each 1% increase in pumpmg capacity. The 

availabiHty of extra pumping capacity in farms tends to decrease the cost of buying and 
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transporting water for irrigation uses or relying on precipitation, and therefore increases 

the expected profitabUity. 

The variable that captures the impact of soU types on price/acre of irrigated farms 

is SOIL. More Hmitations and narrow range of use leave farmers with less choice of crops 

and deprive them from cuhivating high-value agricultural products. AII this reduces 

expected profits of farms, and thus, aflFects their prices. The coeflficients of SOIL are 

positive and significant in all regressions. In Reg.(l. 1), the coeflficient of SOIL shows the 

difference in price/acre when soUs from types 1, 2, and 3 are present. Compared to the 

other five types of soUs in the HPUWCD No. 1, the existence of types 1, 2, or 3 in 

irrigated farms resuhs in $78.6 difiFerence in price/acre. Also, the avaUability of those 

three types resuh in an 11% per acre price diflFerential. 

The quality of underground water is a variable used in this work to determme 

changes in price/acre of irrigated farms. The quality aspect of underground water has not 

been used in the previously mentioned studies. The unique source of data (a network of 

observation wells) used in this work facilhated the coUection of quality attributes; 

dissolved solids and sodium. High concentrations of these elements may limit the 

appHcability of underground water, and therefore, lowers hs value. The three regressions 

show significant resuhs for DS and insignificant resuhs for SOD. For DS, all coeflficients 

have the expected negative sign but, for SOD, the signs of the coeflficients vary and are 

not consistent. From Reg.(1.1), an increase in the concentration of DS by 1 mg/1 lowers 

the price/acre of irrigated farms by $0.1, and, from Reg.(1.2) and Reg.(1.3), a 1% increase 

in the concentration lowers the price/acre by 0.17% or by $0.78. 
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Water avaUabilhy is also, from a theoretical perspective, important for agriculture 

in arid lands such as the HPUWCD. Annual rainfall is a factor that farmers take into 

consideration when they make cropping and irrigation decisions. The availability of 

suflficient annual rainfall reduces dependence on underground or surface water, and 

therefore, lowers the cost of operating farms. Even if farmers have access to underground 

water (the case of irrigated farms), h is expected that annual rainfaU enters their decision 

making process as a factor that determines the expected profitability of their farms. From 

Table 4.3, the coeflficients of PREC in the three regressions do not show high levels of 

significance and in Reg.(l .2) the coeflficient has the unexpected sign. Average annual 

rainfaU does not explain the variations m price/acre of hrigated farms m the sample taken 

from the HPUWCD. The three studies that this work is compared to did not include 

average annual rainfall as a determinant of irrigated farms price/acre. Only ToreU et al. 

[1990] considered average annual rainfaU as an explanatory variable in their dryland price 

equation (comments on their findings are in the dryland demand model). 

Irrigated Lands: An Extension to Basic Model 

The foUowmg group of regressions is constmcted to esthnate demand fiinctions 

for irrigated farms in the High Plains of Texas also. The objective of this extension is to 

generate a more significant set of coeflficients relative to the first group. It is done by 

dropping the statistically insignificant variables from the previous Basic Model. Three 

regressions were used for this purpose; Reg.(1.4), Reg.(l 5), and Reg(1.6) Reg.(1.4) is 

similar to Reg.(l. 1) in the Basic Model but without the variables DEP, SOD, and PREC 
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which are not significant in the earlier regressions. Regressions (1.5) and (1.6) are 

analogous to Regressions (1.2) and (1.3), successively, but without the variables SOD and 

PREC 

The empirical resuhs for the extension to Basic Model are shown in Table 4.4. 

The variables that were significant at a = 0.01 mReg.(l.l), Reg.(1.2), and Reg.(1.3) are 

stiU significant at the same level in Reg.(l.4), Reg.(l.5), and Reg.(l.6). The coeflficient of 

DS improved and is significant in Reg.(1.4) at a = 0.01, as compared to Reg.(l.l). 

An F-test can be done to verify the influence of the omitted variables m explaming 

the variations in price/acre of irrigated farms. This F-test examines the nuU hypothesis 

that the coeflficients of the omitted variables equal to zero and the subset of variables is 

statistically insignificant. The test statistics can be vmtten as: 

{RlR-Rl)/q 
^ ' ^ "̂  {\-RIR)/{N-K) 

Where: q is the number of variables that are omitted; 

N is the sample size; 

K is the number of explanatory variables; 

R̂  is the goodness-of-fit statistics for the unrestricted model: the original model; 

R̂  is the goodness-of-fit statistics for the restricted model: the model that 

variables were dropped from. 
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Table 4.4. Empirical Resuhs for Irrigated Lands: An Extension to Basic Model* 

Variable 

Constant 

SAT 

DEP 

DIS 

SIZE 

INCH 

SOIL 

DS 

SOD 

PREC 

Reg.(1.4) 

453.39* 
(3011) 

1.02* 
(013) 

— 

-7.06* 
(1.44) 

-031* 
(0.04) 

5.38* 
(0.82) 

8017* 
(12.07) 

-011* 
(0.03) 

— 

— 

Reg.(1.5) 

7.21* 
(0.38) 

019* 
(0.02) 

-0.06*** 
(0.03) 

-0.05* 
(OOI) 

-015* 
(0.02) 

013* 
(0.02) 

011* 
(0.02) 

-017* 
(0.03) 

— 

— 

Reg.(1.6) 

983.9* 
(212.9) 

101.I* 
(13.5) 

-30.47*** 
(19.15) 

-24.22* 
(6.56) 

-96.03* 
(11.28) 

85.75* 
(12.65) 

64.9* 
(12.18) 

-78.57* 
(18.31) 

— 

— 

R̂  

D-W 

F(6,508) 

F(7,472) 

F(7,472) 

0.43 

1.73 

65.5* 
— 

— 

0.45 

1.65 
— 

55.83* 
— 

0.44 

1.77 
— 

— 

54.5* 

*The coeflficient is significant at a = 0.01. 
** The coeflficient is significant at a = 0.05. 
*** The coeflficient is significant at a = 0.1. 
• The coeflficients in Reg. (1.4) and Reg. (1.6) are doUar values, and the coeflficients in 

Reg. (15) are percentages. 
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The procedure of the test is as follows: a level of significance is chosen first, and then the 

test statistics (the value obtained from the equation above) and the critical value of the F 

distribution (the table value ofF) are compared. If the test statistics is larger than the 

critical value, the nuU hypothesis is rejected. 

An F-test is conducted to verify whether DEP, SOD, and PREC are important 

variables for Reg.(l. 1). By treating Reg.(l. 1) as the unrestricted model and Reg.(l.4) as 

the restricted model, the value of the test statistics, with 3 and 496 degrees of freedom, is 

zero which is lower than the critical value (F̂ ,̂̂  from a statistical table equals 3.78). The 

nuU hypothesis, which states that the coeflficients of DEP, SOD, and PREC equal zero, 

cannot be rejected. This leads to the conclusion that those omitted variables are not 

important m explaining the variation m price/acre of irrigated farms m Reg.(l. 1). 

A similar F-test is conducted for Reg.(1.2) versus Reg.(1.5), and Reg.(1.3) versus 

Reg.(l.6). Regressions (1.5) and (1.6) are the restricted models. The conclusion reached 

is that the variables SOD and PREC are not significant m explaining the change in 

price/acre of hrigated farms in Reg.(l.2) and Reg.(l.3). These resuhs are reached because 

the goodness-of-fit statistics (the R^) for the unrestricted models are ehher equal to or 

less than those in the restricted models. This means that the proportion of the variation in 

price/acre which is explained by the multiple regression equations of the Basic Model, is 

the same in the extension to the Basic Model. 
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Irrigated Lands: Whhout Aquifer Characteristics 

The third and final group of regressions in the demand equation for irrigated farms 

is formed by dropping saturated thickness and depth to water from the regressions in the 

Basic Model. The objective of these regressions is to verify whether the characteristics of 

the aquifer hnpact the price/acre of irrigated farms. These regressions are expressed as 

Reg.(1.7), Reg.(1.8), and Reg.(1.9). 

Compared to the Basic Model, the significance level of most coeflficients, after 

dropping SAT and DEP, have not changed. These results are shovm in Table 4.5. The 

only major change is that the variable SOD is now significant as compared to the Basic 

Model. The variable SOD also has the expected negative sign. The interpretation of the 

coeflficient of SOD is that a unit increase in the concentration of sodium lowers the 

price/acre of irrigated farms by $1.32. From Reg.(l.8) and Reg(l .9), a 1% increase in the 

concentration of sodium lowers the price/acre by 0.07% or $0.49, successively. 

However, the objective of this other extension of the Basic Model is to test the 

hnportance of aquifer characteristics in the price equations for irrigated farms. This is 

done by using the same F-test. Regressions in the Basic Model are treated as the 

unrestricted equations, and regressions wáthout aquifer characteristics are considered the 

restricted regressions. The nuU hypothesis is that the coeflficients of SAT and DEP equal 

zero. Considering the arithmetic equations first, the test statistics of F distribution from 

Reg.(l 1) and Reg.(l .7) v t̂h 2 and 496 degrees of freedom equals 26.1. This value is 

higher than the critical value of F̂ ^̂ ^ (which equals 2.6 at 0.05 significance level) and 

therefore, the nuU hypothesis is rejected. 
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Table 4.5. Empirical Resuhs for Irrigated Lands: without Aquifer Characteristics.* 

Variable 

Constant 

SAT 

DEP 

DIS 

SIZE 

INCH 

SOIL 

DS 

SOD 

PREC 

Reg.(1.7) 

679.5* 
(134.4) 

— 

— 

-8.8* 
(1.5) 

-0.33* 
(0.04) 

6.1* 
(0.86) 

68.1* 
(13.27) 

-013* 
(0.04) 

-1.32* 
(05) 

-1.39 
(7.14) 

Reg.(1.8) 

8.27* 
(0.75) 

— 

— 

-0.06* 
(OOI) 

-018* 
(0.02) 

015* 
(0.02) 

0.09* 
(0.02) 

-019* 
(0.04) 

-0.08*** 
(0.05) 

-0.006 
(0.25) 

Reg.(1.9) 

1427.6* 
(412.6) 

— 

— 

-25.9* 
(6.95) 

-108.3* 
(11.8) 

96.2* 
(13.3) 

53.52* 
(13.2) 

-87.82* 
(24.4) 

-49 1*** 
(27.8) 

54.85 
(135.8) 

R̂  

D-W 

F(7,507) 

F(7,472) 

F(7,472) 

037 

1.74 

43.75* 
— 

— 

038 

1.65 
— 

42.71* 
— 

038 

1.77 
— 

— 

42.33* 

* The coeflficient is significant at a = 0.01 
** The coeflficient is significant at a = 0.05. 
*** The coeflficient is significant at a = 0.1. 
' The coeflficients in Reg. (1.7) and Reg. (1.9) are doUar values, and the coeflficients in 

Reg. (18) are percentages. 
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The conclusion is that aquifer characteristics are important for the demand for land in 

irrigated farms. 

The same test is conducted on the double-log equations (Reg.(1.2) and Reg.(1.8)), 

and on the semi-Iog equations (Reg.(1.3) and Reg.(1.9)). The test statistics of F 

distribution at 2 and 461 degrees of freedom is 24.7 for the double-log equations, and is 

the same for the semi-log equations. The conclusion is reject the nuU hypothesis at 1% 

and 5% significance level. Saturated thickness and depth to the aquifer are essential 

variables that explain the variation in price/acre of irrigated farms. 

Dryland Farms: Basic Model 

The second model is constmcted to estimate demand equations for dryland farms 

in the HPUWCD No. 1. This model does not include any underground water-related 

variables, since those variables, unHke the irrigated land model, do not aflFect the price/acre 

of dryland farms. Three forms of demand equations for dryland farms are esthnated. The 

first form (Reg.(2.1)) is an arithmetic equation, and is estimated using the actual data 

coUected without any transformation of any of the variables. The specification of 

Reg.(2.1)is 

Reg.{2.\): 
PDRY = Yo +yiDIS+y2SIZE+y3SOIL+y4PREC. (4.10) 

The second regression is a logarithmic transformation of Reg.(2.1). The 

logarithms of both sides of the equation are taken. This is an hnportant transformation 
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since the resulting coeflficients wiU determine price elastichies. This regression is 

expressed as Reg.(2.2) and can be written as 

Reg.{2.2): 
LPDRY = yo +yiLDIS+y2LSIZE+y3SOIL + y4LPREC. (4.11) 

The third and final regression for the dryland model is a semi-log transformation 

for the equation in Reg.(2.1). Only the logarhhms of explanatory variables are taken 

(variables on the right-hand-side). This regression is conducted to provide wider 

interpretations of what may aflFect the price/acre of dryland farms. The thhd regression 

can be written as 

Reg.{2.3): 
PDRY = yo+yiLDIS+y2LSIZE+y3SOIL + y4LPREC. (4.12) 

The complete resuhs of the dryland model are shown in Table 4.6. AII variables in 

the three regressions are significant at a = 0.01. Similar to the irrigated farm model, the 

distance between the location of dryland farms and major towns or highways in the county 

has an impact on farms' price/acre. An extra mile away from a town or a highway, the 

price/acre of a dryland farm drops down by $4.22. From Reg.(2.2), a 1% increase in 

distance lowers the price/acre of dryland farms by 0.06%. Also, from Reg.(2.3), a 1% 

increase in distance decreases the price/acre by $0 16. 

The size of dryland farms also impacts their prices. As Table 4.6 shows, an extra 

acre attached to dryland farms lowers their price/acre by $0.05. A 1% increase in the size 
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Table 4,6. Empirical Resuhs for Dryland Farms: Basic Model.* 

Variable 

Constant 

DIS 

SIZE 

SOIL 

PREC 

Reg.(2.1) 

-21.26 
(73.73) 

-4.22* 
(1.03) 

-0.05* 
(OOl) 

62.5* 
(9.12) 

16.9* 
(3.94) 

Reg.(2.2) 

2.82* 
(0.9) 

-0.06* 
(0.02) 

-0.08* 
(0.02) 

021* 
(0.04) 

1.1* 
(031) 

Reg.(2.3) 
-454 4** 
(222.3) 

-16.2* 
(5.02) 

-18.11* 
(5.4) 

55.8* 
(9.09) 

278.9* 
(75.54) 

R̂  

D-W 

F(4,355) 

F(4,335) 

F(4,335) 

0.22 

1.26 

26.01* 
— 

— 

016 

1.21 
— 

17.66* 
— 

018 

1.21 
— 

— 

19.14* 

* The coeflficient is significant at a = 0.01. 
** The coefificient is significant at a = 0.05. 
*** The coefificient is significant at a = 0.1. 
• The coefificients in Reg. (2.1) and Reg. (2.3) are dollar values, and the coefificients in 

Reg. (2.2) are percentages. 

of dryland farms lowers their prices by 0.08% or $0.18. These resuhs were reached by 

ToreU et al. [1990]. Their resuhs indicate that a one acre increase in farm size decreases 

the sale price by $0.16/acre for dryland farms in the High Plains. 

DifiFerences in soils in dryland farms are captured by the dummy variable SOIL. 

Similar to the irrigated farms model, soil types are divided so that soUs from classes I, 2, 

or 3 carry the value one, and the other classes carry the value zero. The coefficient of 

SOIL in Reg.(2.1) is 62.5, which means that the existence of soils from types 1,2, or 3 
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results in a difiFerence of $62.5/acre compared to the other types of soUs. The avaUabiIity 

of soils from types 1, 2, or 3 increase the price/acre of dryland farms by $0.56. 

The average annual rainfaU was not significant in determining the price/acre for 

irrigated farms. However, armual rainfall, as shown in Table 4.6, is a major determinant of 

dryland farms prices in the HPUWCD No. 1. Reg.(2.1) shows that one addhional inch in 

average annual rainfaU raises the price of dryland farms by $16.9/acre. The resuhs derived 

by ToreU et al. [1990] show that one addhional inch in preciphation increases the 

price/acre by $57.1 for dryland farms in the High Plains. This study also shows that when 

average annual rainfaU increases by 1%, the price/acre of dryland farms rises by more than 

1%, or wiU rise by $2.79 (from Reg.(2.3)). 

Combined Irrigated Lands and Drylands: Basic Model 

The objective of this model is to estimate determinants of price of farmlands in the 

High Plains of Texas without giving any consideration to farm practices. This model 

estimates general price equations for farms regardless whether they are irrigated lands or 

drylands. If the farm is a dryland farm, then variables that are related to underground 

water are given the value zero These variables are SAT, DEP, INCH, DS, and SOD If 

the farm is an irrigated farm, then those underground water-related variables take the same 

values as in the Basic Model for irrigated farms. This model attempts to find a set of 

coefificients that explain the variation in price/acre of farms in general. 

Unlike irrigated land farms and dryland farms models, only arithmetic forms of the 

demand equation wiU be considered in this combined model. The double-Iog and the 
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semi-log transformations wiU not be conducted here, because the underground 

water-related variables have the value zero for dryland farms. The logarithm of zero is an 

undefined quanthy, and any undefined quanthy drops out from the regression and does not 

affect the determination of coeflficients. Hence, for example, if the logarithm of both sides 

of the demand equation for farms in generai is taken, the resuhing equation will be exactly 

similar to that obtained from Reg.(l .2) in the Basic Model for irrigated farms. 

Three regressions are taken to estimate price/acre equations for farms in the 

HPUWCD No. 1. The empirical resuhs for the "Combined Basic Model" are shovm in 

Table 4.7. The first regression, which wiU be expressed as Reg.(3.1), includes aU data 

coUected for all variables. None of the variables is dropped from Reg.(3.1). It can be 

written as 

Reg.{3.\): 
P^bo+^iSAT+S^DEP + biDIS+b^SIZE+dsINCH+beSOIL 

+ 67DS + bsSOD + b9PREC. (4.13) 

The second equation, Reg.(3.2), is estimated by omitting from Reg.(3.1) the 

statistically insignificant variables, and variables with unexpected coeflficients' signs. As 

Table 4.7 shows, the coefificient of DS, ahhough has the expected negative sign, is 

insignificant and is dropped from Reg.(3.2). The coefificients of DEP and SOD have the 

unexpected poshive sign. They are also dropped from Reg.(3.2). The objective of 

Reg (3 2) is to enhance the significance of the price equation for dryland farms in the 

HPUWCD No. 1. The specification of Reg.(3.2) is 
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l^eg.(3.2): 
P = bo+SiSAT+b2DIS+b3SIZE+64lNCH 

+b5SOIL + d6PREC. (4.14) 

The third and final regression of the Combined Basic Model is Reg (3.3). The 

objective of this regression is to verify whether the characteristics of the aquifer afiFect the 

price/acre of farms or not. The regression is conducted after omitting saturated thickness 

and depth to the aquifer from Reg.(3.1). Then, later, Reg (3.3) will be treated as the 

restricted model and Reg.(3.1) as the unrestricted model, and an F-test will be conducted 

to examine the importance of aquifer characteristics in explaining the variations in 

price/acre of farms. Reg.(3.3) is written as 

Reg{3.3): 
F = ôo +S1DIS+ d2SIZE+ 63INCH+ SASOIL + 65DS 

+ 66SOD + b7PREC. (4.15) 

Table (4.7) shows the resuhs of the three regressions. Saturated thickness afiFects 

the price/acre of farms in general. From Reg.(3.1), A foot increase in saturated thickness 

raises the average price/acre of farms by $1.38. This impHes that the availability of 

underground water in the Ogallala aquifer not only impacts the price/acre of irrigated 

farms in the HPUWCD, but also afiFects the price/acre of all farms in general. Depth to 

water, although significant in Reg.(3.1), afiFects the general price/acre of farms poshively, 

which is an unexpected resuh. Underground water quality attributes don't seem to have 

anv significant eflfect on the general price/acre of farms. This is why they are omitted from 
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Table 4.7. Empirical Resuhs for the Combined Irrigated 
Lands and Drylands: Basic Model* 

Variable 

Constant 

SAT 

DEP 

DIS 

SIZE 

INCH 

SOIL 

DS 

SOD 

PREC 

Reg.(3.1) 

159.8* 
(78.5) 

1.38* 
(0.09) 

023* 
(0.06) 

-7.41* 
(0.95) 

-01* 
(OOl) 

3.47* 
(0.61) 

79.67* 
(8.5) 

-0.05 
(0.03) 

03 
(0.4) 

7.44* 
(4.15) 

Reg.(3.2) 

179.7** 
(78.6) 

1.55* 
(0.08) 

— 

-7.23* 
(0.95) 

-01* 
(OOl) 

3.92* 
(0.55) 

82.13* 
(8.27) 

— 

— 

6.4 
(4.16) 

Reg.(3.3) 

363.5* 
(93.8) 

— 

— 

-9.33* 
(1.14) 

-016* 
(0.02) 

10.12* 
(061) 

88.9* 
(102) 

-0.03 
(0.04) 

1.22* 
(0.5) 

-0.73 
(4.98) 

R̂  

D-W 

F(9,864) 

F(8,867) 

F(7,866) 

0.64 

1.61 

174.1* 
— 

— 

0.64 

1.63 
— 

255.16* 
— 

0.47 

1.61 
— 

— 

114.05* 

* The coefificient is significant at a = 0.01. 
** The coefificient is significant at a = 0.05. 
*** The coefificient is significant at a = 0.1. 
• The coefificients in Reg. (3.1) and Reg. (3.3) are doUar values, and the coefificients in 

Reg (3.2) are percentages. 

132 



Reg.(3.2). The other variables seem to explain the variation in price/acre of farms 

ingeneral also. The empirical results of their coefificients are shown in Table 4.7 

Reg.(3.2) shows that after omitting the statistically insignificant variables and 

variables v^th unexpected direction of impact from Reg.(3.1), some of the variables gained 

more weight in determining the price/acre of farms. The coefificient of SAT is 1.55 in 

Reg.(3.2) compared to 1.38 in Reg.(3.1), without loss of significance. The only variable 

that lost some significance is PREC. It is significant at significance level a = . 12 in 

Reg.(3.2), which is not considerably higher than significance level 0.1. 

An F-test is conducted on Reg.(3.1) and Reg.(3.2) to verify the influence of the 

omitted variables on the determination of farms price/acre. The nuU hypothesis is that the 

coefificients of DEP, SOD, DS equal zero. The test statistics of F distribution, with 3 and 

855 degrees of freedom, is approximately zero which is considerably lower than hs critical 

value. The null hypothesis cannot be rejected. The omitted variables do not influence 

price/acre of farms in general. 

The last regression in the Combined Basic Model is conducted to verify the 

validity of aquifer characteristics in determining the price/acre of farms in the HPUWCD. 

Reg.(3.3) is treated as the restricted model and Reg.(3.1) is the unrestricted model. The 

nuU hypothesis is that the coefificients of SAT and DEP equal zero. The test statistics 

value of/^ distribution at 2 degrees of freedom in the numerator and 855 in the 

denominator is 201.9. The critical value at the same degrees of freedom is 4.61. The nuU 
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hypothesis is rejected at 1% and 5% significance level. Saturated thickness and depth to 

the aquifer are important variables that influence the change in the general price/acre of 

farms. 

Estimating Underground Water Values in the HPUWCD No. 1 

Average prices for irrigated farm land in the HPUWCD No. I are shown in Table 

4.8. The annual averages for the entire district are also displayed in the same table. As 

Table 4.8 shows, the change in average irrigated farm prices does not follow a specific 

trend. An increment in average prices in one year is foUowed immediately by a fall in the 

average in the year after, and so forth. During the study period considered by this work, 

the average price reached a peak in 1987 and a trough in 1992. The highest increase in 

average price/acre occurred between the years 1988 and 1989. Average prices increased 

by $66.13/acre. The highest drop took place between 1987 and 1988, where average 

prices faU by $72.78/acre. 

The average price/acre of dryland farms are shown m Table 4.9. Analogous to 

average price/acre of irrigated farms, the change in average price/acre of dryland farms 

does not foUow a particular trend either. The largest increase occurred between 1991 and 

1992 where average prices increased by $14.16/acre. The steepest drop in the average 

price/acre of dryland farms took place between the years 1987 and 1988. Average prices 

decreased by $20.48/acre. These fluctuations could be attributed to changes in crop 

prices. 
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Table4.8. Average 

Year 
County 

BAILEY 

CASTRO 

COCHRAN 

CROSBY 

DEAF SMITH 

FLOYD 

HALE 

HOCKLEY 

LAMB 

LYNN 

PARMER 

RANDALL 

DISTRICT 
AVERAGE 

Price per Acre of Irrigated Farms in the HPUWCD No 1 * 

87 

600.35 

650.33 
— 

— 

502.3 
— 

583.52 

51065 
— 

560.38 
— 

— 

567.92 

88 

— 

525.83 
— 

360 
— 

— 

580.13 
— 

468.75 
— 

541 
— 

495.14 

89 

590.35 

648.33 
— 

— 

487.5 
— 

536.53 

508.75 
— 

557 

600.43 
— 

561.27 

90 

— 

— 

326.85 
— 

352.85 

541 

585.83 
— 

— 

498.33 

638.17 
— 

490.5 

91 

478.33 

502.08 
— 

— 

— 

542 

647.5 
— 

540.45 
— 

576.66 
— 

547.84 

92 

— 

— 

— 

— 

501.11 

409 

633.21 

406.14 

537.35 
— 

— 

445 

488.63 

93 

567.5 
— 

— 

453.75 
— 

— 

548.61 

453.33 
— 

— 

602.91 

322.5 

491.43 

* AU numbers are in nominal doUars. 
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Table 4.9. Average 

Year 
County 

BAILEY 

CASTRO 

COCHRAN 

CROSBY 

DEAF SMITH 

FLOYD 

HALE 

HOCKLEY 

LAMB 

LYNN 

PARMER 

RANDALL 

DISTRICT 
AVERAGE 

Price per. 

87 

225.87 

265.89 
— 

— 

215.65 
— 

32038 

300.5 
— 

385.44 
— 

— 

285.62 

Acre of Dryland Farms in the HPI JWrn No 1 * 

88 

— 

227 
— 

287.69 
— 

— 

295.69 
— 

253.88 
— 

261.36 
— 

265.12 

89 

220 

270.5 
— 

— 

200.9 
— 

283.57 

31083 
— 

389.44 

261.25 
— 

276.64 

90 

— 

— 

175 
— 

271.66 

263.33 

279 
— 

— 

457.85 

283 
— 

288.31 

91 

196 

213.33 
— 

— 

— 

278.57 

351.66 
— 

314.37 
— 

274.16 
— 

271.35 

92 

— 

— 

— 

— 

216.25 

228 

324.16 

324.07 

288.12 
— 

— 

332.5 

285.52 

93 

191.66 
— 

— 

310 
— 

— 

333.33 

310 
— 

— 

257 

220 

270.33 

* AU prices are in nominal doUars. 

Four values for underground water are estimated: (1) the value of underground 

water per acre-foot of saturated thickness; (2) the percentage of farm's price attributed to 

irrigation water; (3) the value of water per acre of irrigated farms; and (4) the total value 

of underground water below the HPUWCD No 1 

To estimate the value of underground water per acre-foot of saturated thickness in 

the HPUWCD No. 1, Equation (4.4) will be used To use this equation, the average 

difiference in average price/acre of irrigated farms and average price/acre of dryland farms 

should be calculated first. Table 4.10 shows the average diflference in price/acre for 

irrigated and dryland farms in each county, and also the average diflference for the district 
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Table4.10. 

Year 
County 

BAILY 

CASTRO 

COCHRAN 

CROSBY 

DEAFSTH. 

FLOYD 

HALE 

HOCKLEY 

LAMB 

LYNN 

PARMER 

RANDALL 

DISTRICT 
AVERAGE 

Average Diflferences in Price/Acre, and Average 
Saturated Thickness m the HPUWCD No 1 

87 

(1) 

375 

384 

— 

— 

287 

— 

263 

210 

— 

175 

— 

— 

282.3 

(2) 

152 

160 

— 

— 

100 

— 

115 

55 

— 

80 

— 

— 

110.3 

88 

(1) 
— 

299 

— 

72 

— 

— 

284 

— 

215 

— 

280 

— 

230 

(2) 
— 

146 

— 

115 

— 

— 

141 

— 

91 

— 

124 

— 

123.4 

89 

(1) 

370 

378 

— 

— 

287 

— 

253 

198 

— 

168 

339 

— 

284.7 

(2) 

156 

176 

— 

— 

114 

— 

104 

49 

— 

78 

137 

— 

116.3 

90 

(1) 
— 

— 

152 

— 

81 

278 

307 

— 

— 

41 

355 

— 

202.3 

(2) 
— 

— 

73 

— 

71 

138 

103 

— 

— 

53 

134 

— 

95.3 

91 

(1) 

282 

289 

— 

— 

— 

263 

296 

— 

226 

— 

303 

— 

276 

(2) 

124 

138 

— 

— 

— 

113 

134 

— 

122 

— 

127 

— 

126.3 

92 

(1) 
— 

— 

— 

— 

285 

181 

309 

82 

249 

— 

— 

113 
203.2 

(2) 
— 

— 

— 

— 

127 

56 

130 

43 

129 

— 

— 

73 
93 

93 

(1) 

375 

— 

— 

144 

— 

— 

215 

143 

— 

— 

346 

103 

221 

(2) 

145 

— 

— 

90 

— 

174 

52 

— 

— 

132 

80 
112.2 

where: (1) is the diflference between average price/acre of irrigated farms and average 
price/acre of dryland farms (in nominal dollars); and 
(2) is the average saturated thickness. It is calculated by using water level below 
irrigated farms that were actually purchased, and not by using water level below 
the whole county (in feet). 

The latter average wiU be used to calculate Equation (4.4) Average saturated 

thickness (in feet) for the district is also needed. This is calculated for each county, and 

then the average for the whole district is obtained. Average saturated thickness for 

counties and for the HPUWCD No. 1 are displayed in Table 4 10. 

The percentage of farm's cost attributed to irrigation water (cost-to-water) is 

calculated by utilizing Equation (4.5). Cost-to-water at the county level and for the 
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district are calculated. AU information needed to calculate cost-to-water is shown in Table 

4.10 

The value of underground water per acre of irrigated farms is simply obtained by 

calculating the diflference between irrigated farms and dryland farms. Since all other 

factors that aflFect the price/acre were eliminated from farms prices in the first place, the 

remaining diflFerence can be explained by the value of underground water below irrigated 

farms. The fourth value of underground water is derived later m this section 

The three values of underground water are shown in Table 4.11. None of the 

measurements show any trend over the time period of this study. The value of 

underground water per acre-foot of saturated thickness is estimated to be highest in 

Hockley County ($3.13/acre-foot of saturated thickness), and lowest in Crosby County 

($0.63/acre-foot of saturated thickness). The highest value for this measurement in all 

counties is in the year 1987. The estimated cost-to-water is at hs maximum in Bailey 

County (63%), and at hs minimum in Lynn County (23%). In 1991, the estimate for 

cost-to-water reached a maximum for aU counties. The esthnate of underground water 

value per acre of irrigated farms is also at the maximum in Bailey County ($351/acre of 

irrigated farms). Its lowest esthnated value is in Lynn County also ($128/acre of irrigated 

farms). The changing underground water values across counties may be explained by the 

base land values in counties and differences in average saturated thickness. The diflFerence 

in the average price of hrigated and dryland farms and saturated thickness are the two 

factors that determine the value of underground water. Differences in these factors across 

counties may be the cause of the fluctuations in the estimated underground water values. 
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Table4.11. 

County 

Year 

Values for Underground Water in the HPT Twrn Mr̂  

BA CA CO CR DS FL HA HO LA 

I 

LY PA RA AVG 
1 

Value of Underground Water per Acre-Foot of Saturated Thickncss (in doUars) 
87 

88 

89 

90 

91 

92 

93 

AVG. 

2.47 

— 

2.37 

— 

2.27 

— 

2.59 

2.43 

2.4 

2.05 

2.15 

— 

2.09 

— 

— 

2.17 

— 

— 

— 

2.08 

— 

— 

— 

2.08 

— 

0.63 

— 

— 

— 

— 

1.6 

0.63 

2.87 

— 

2.52 

1.14 

— 

2.24 

— 

2.19 

— 

— 

— 

2.01 

2.33 

3.23 
— 

2.52 

2.29 

2.01 

2.43 

2.98 

2.21 

2.38 

1.24 

2.22 

3.82 

— 

4.04 

— 

— 

1.91 

2.75 

3.13 

— 

2.36 

— 

— 

1.85 

1.93 

— 

2.05 

2.19 

— 

2.15 

0.77 

— 

— 

— 

1.7 

— 

2.26 

2.47 

2.65 

2.39 

— 

2.62 

2.48 

— 

— 

— 

— 

1.55 

1.29 

1.42 

2.67 

1.86 

2.59 

1.94 

2.19 

2.21 

2.02 

Cost-to-Water (percentage) 

87 

88 

89 

90 

91 

92 

93 

AVG. 

62% 

— 

63% 

— 

59% 

— 

66% 

63% 

59% 

57% 

58% 

— 

57% 

— 

— 

58% 

— 

— 

— 

46% 

— 

— 

— 

46% 

— 

20% 

— 

— 

— 

— 

32% 

26% 

57% 

— 

59% 

23% 

— 

57% 

— 

49% 

— 

— 

— 

51% 

49% 

44% 

— 

48% 

45% 

49% 

47% 

52% 

46% 

49% 

40% 

47% 

41% 

— 

39% 

— 

— 

20% 

32% 

33% 

— 

46% 

— 

— 

42% 

46% 

— 

45% 

31% 

— 

30% 

8% 

— 

— 

— 

23% 

— 

51% 

56% 

56% 

52% 

— 

57% 

54% 

— 

— 

— 

— 

— 

25% 

32% 

29% 

49% 

45% 

50% 

39% 

51% 

40% 

43% 
^m 

Value of Underground Water per Acre of Irrigated Farms (in doUars) 

87 

88 

89 

90 

91 

92 

93 

AVG. 

375 

— 

370 

— 

282 

— 

375 

351 

384 

299 

378 

— 

289 

— 

— 

338 

— 

— 

— 

152 

— 

— 

— 

152 

— 

72 

— 

— 

— 

— 

144 

108 

287 

— 

287 

81 

— 

285 

— 

235 

— 

— 

— 

278 

263 

181 

— 

241 

263 

284 

253 

307 

296 

309 

215 

275 

210 

— 

198 

— 

— 

82 

143 

158 

— 

215 

— 

— 

226 

249 

— 

230 

175 

— 

168 

41 

— 

— 

— 

128 

— 

280 

339 

355 

303 

— 

346 

325 

— 

— 

— 

— 

— 

113 

103 

108 

282 

230 

285 

202 

276 

203 

221 

BBPSwSæ 
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For example, average saturated thickness in Hockley County is approximately 50 feet, 

whereas the average in BaUey County is 144 feet. However, the diflference in average 

farm prices in Hockley County is $158/acre, which is a Httle more than half the diflference 

in BaUey County (the average diflference is $351). These diflferences may have caused the 

discrepancy in the estimated underground water values in the HPUWCD No 1 

Using all estimations that were derived m the previous discussion, the fourth value 

of underground water can be calculated. However, smce the complete data for each 

county were not available on a yearly basis throughout the time frame of the study, two 

methods wiU be used to arrive to the approximated in situ values of underground water 

These methods are: 

• Method 1: the in situ value of underground water wUI be calculated by muhiplying 

the average saturated thickness for the whole district in a given year (from Table 

4.10 thnes the total acreage of the district (from Table 4.12), times the value of 

underground water per acre-foot of saturated thickness (from Table 4.11) in that 

year. The resuhs from applymg this method are shown in Table 4 13. 

• Method 2: the in situ values of underground water are estimated in this method by 

deriving approximations for saturated thickness and price per acre-foot for counties 

which data are not avaUable for in a particular year This is done by taking the 

average saturated thickness, and the price per acre-foot of saturated thickness, of 

allcounties that surround the missmg county in a particular year (the location of each 

county is Ulustrated m Figure 4.1). For example, data from Cochran County are 
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Table 4.12. Underground Water values m Counties 
in the HPUWCD No 1 

County 

Year 

BA CA CO CR DS FL HA HO LA LY PA RA Tot. 

Size in Thousands of Acres* 
537 563 501 583 964 636 626 578 657 586 550 589 7,370 

Total Acre-Feet of Underground Water (in $ mUlions) 

87 

88 

89 

90 

91 

92 

93 

81.6 

— 

83.8 

— 

66.6 

— 

77.9 

901 

82.2 

99.1 

— 

77.7 

— 

— 

— 

— 

— 

36.6 

— 

— 

— 

— 

67 

— 

— 

— 

— 

52.5 

96.4 

— 

110 

68.4 

— 

122 

— 

— 

— 

— 

87.8 

71.9 

35.6 

— 

72 

88.3 

65.1 

64.5 

83.9 

81.4 

109 

31.8 

— 

28.3 

— 

— 

24.9 

301 

— 

59.8 

— 

— 

80 1 

84.7 

— 

46.9 

— 

45.7 

31.1 

— 

— 

— 

— 

68.2 

75.3 

73.7 

69 8 

— 

72.6 

— 

— 

— 

— 

— 

43 

47.1 

418.8 

365.5 

507.3 

361.8 

450 

391.6 

389.2 

The DoUar Value of Underground Water (in $ miUion) 

87 

88 

89 

90 

91 

92 

93 

202 

— 

199 

— 

151 

— 

202 

216 

169 

213 

— 

162 

— 

— 

— 

— 

— 

76 

— 

— 

— 

— 

48 

— 

— 

— 

— 

84 

277 

— 

277 

78 

— 

273 

— 

— 

— 

— 

176 

168 

115 

— 

165 

177 

158 

192 

185 

194 

135 

121 

— 

114 

— 

— 

48 

83 

— 

141 

— 

— 

148 

163 

— 

103 

— 

98 

24 

— 

— 

— 

— 

154 

142 

195 

166 

— 

190 

— 

— 

— 

— 

— 

67 

61 

1,084 

689 

1401 

741 

980 

860 

755 

* The total acreage of counties is obtained from various soU surveys for counties in the 
Texas High Plains; SoU Conservation Service. 

Table 4.13. Underground Water Values in the HPUWCD No 1 
(in miUions of nominal doUars) 

Year 

Method 1 

Method 2 

87 

2,170 

2,148 

88 

1,692 

1,667 

89 

2,220 

2,066 

90 

1,363 

1,486 

91 

2,039 

1,934 

92 

1,515 

1,477 

93 

1,670 

1,627 
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are not available in 1987, but they are available for Baily County and for Hockley 

County. These two counties are the closest to Cochran county, and their data are 

avaUable m 1987. The average saturated thickness of these two counties is around 

103 feet (from Table 4 10), and the average price per acre-foot of saturated 

thickness in the same counties is $3.14 (from Table 4 11). Therefore, the 

esthnated saturated thickness below Cochran County in 1987 would be 103 feet, and 

the price per acre-foot in the county would be $3 14 The derived resuhs by this 

method are shown in Table 4 13. 
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CHAPTER V 

CONCLUSIONS AND POLICY IMPLICATIONS 

Conclusions 

This study discussed the issue of underground water resources management in the 

arid and semiarid region of the United States from a theoretical, an actual policy, and a 

measurement perspective. This was accomplished by discussing each argument in a 

separate chapter. 

Essay 1: An Opthnal Control Model whh Underground 
Water Ouality Consideration 

This essay derived equations for the optimal extraction rate and the optimal value 

of underground water resources. The essay showed that when deriving the optimal 

allocation of a scarce natural resource, such as underground water, an additional 

opportunity cost emerges. This new opportunity cost is the marginal user cost, which is 

the present value of all forgone future benefits that resuh from utUizing the resource in the 

current period. Therefore, in deriving the optimal production rate of underground water, 

the margmal value of a unit should be equated to hs marginal production cost (the 

opportunity cost of aU caphal and labor used in the production), plus the marginal user 

cost, which is perceived as the shadow price of the in situ unit of underground water 

This phenomenon has a vital impHcation on the optimal use of the resource. Projects 

which use underground water as an mput may be admissible and economically feasible 

before reaHzing the marginal user cost However, if managers of such projects were 
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required to reahze and pay the marginal user cost, m addition to the margmal extraction 

cost, some projects may lose economic feasibiHty Hence the total extraction of 

underground water declines. These resuh are shown graphicaUy in Chapter II. The 

opthnal extraction rate when underground water users are rquhed to pay the marginal user 

cost is lower than the extraction rate when they are not required to pay the marginal user 

cost. 

This essay demonstrated two relationships between current withdrawals from 

underground water and the quahty of water in aquifers. The first relationship depicts the 

eflfect of applying water, which is withdrawn from underground water aquifers, on land for 

hrigation purposes. Irrigation practices may raise the concentration of salts, dissolved 

soHds, and minerals in underground water by leaching them out of the soil Also, 

improper management of fertilizers may lead to excess levels of nitrates in the 

underground water aquifers. The second relationship depicts the eflfect of withdrawals on 

salt concentration, especiaUy in coastal aquifers. In areas where freshwater is adjacent to 

saltwater (in coastal aquifers), excessive withdrawals of freshwater from aquifers aUow 

saltwater to intmde into the aquifer and contaminate the water in h. Those two 

relationships suggest that underground water quahty may deteriorate as a resuh of current 

underground water uses. This deterioration of underground water quahty does not aflfect 

current users of the resource, but h aflfects fiiture users. Therefore, an optimal solution for 

the management problem of underground water should consider the quahty of water as a 

variable that aflfects the welfare of future users. 
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This essay derived basic condhions 1 and 2 under the assumption that underground 

water quality is poshively related to the stock of water in aquifers. The quahty of water 

entered the social benefit fimction as a variable that a society aims to maxhnize. The 

resuhs from solvmg the opthnal control problem are twofold The first resuh is shown m 

equation 2.12, which is Basic Condhion 1. This equation shows that the optimal 

extraction rate of underground water whh quahty consideration is accomplished at the 

pomt where the marginal value of the resource equals the margmal extraction cost, plus 

the marginal user cost, plus the marginal cost of improving the quality of water. The 

optimum extraction level with water quality consideration is lower than the optimum 

extraction level without any recognition of water quahty. This is because underground 

water users are required to realize an additional cost, which is the cost of reclaiming the 

quahty of water. The second resuh is shown in Equation 2.16, which is Basic Condhion 

2. This equation iUustrates the optimum time of extraction. The benefits that are 

generated from holding a unit ofin situ underground water are: (1) a reduction in future 

extraction cost; (2) an increase in the in situ value of underground water; and (3) the 

opportunity cost of maintaining the quality of underground water. 

A concept that needs further iUustration here is the third benefit enjoyed by the 

society when the extraction of a unit of underground water is delayed for future periods 

It is the cost of maintaining the quality of underground water. This opportunity cost may 

be mterpreted as the cost of acquiring and rechargmg the necessary amount of water mto 

an aquifer to maintain the current quaHty of underground water This extra cost imposed 
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on underground water users raises the total margmal cost, which water users have to 

consider whUe making theh production decisions 

The mclusion of underground water quality in the optimization problem results in 

two significant diflferences. The first dhference is that the depletion rate of underground 

water stock when water quality is recognized is relatively lower than the depletion rate 

where water quahty is not recognized. This is due to the fact that the extraction rate when 

water quahty is not considered exceeds the extraction rate when water quahty is 

considered. The second diflference is the behavior of the margmal user cost under the 

absence and the presence of the water quaHty variable. When water quaHty is omitted 

from the social benefit flmction, the resulting price (or marginal value) of the resource wiU 

be low since the opportunity cost of lowering the water quaHty wiU be missmg. Lower 

prices lead to early and rapid depletion of the resource in the current period, and hence 

higher in situ value (marginal user cost) of the resource m the future periods. However, 

when water quality is mcluded in the social objective function, the price of the resource 

wiU be relatively higher, the depletion rate of the resource is slower, and hence the growth 

m the marginal user cost is relatively slower. 

Essay 2: Comparative Framework for Underground Water 
Management PoHcies m the Arid and Semiarid 
Region of the United States 

This essay developed seven socially desirable criteria to examine the performance 

of three poHcy reghnes for underground water management in three southwestem states of 

the United States. None of the existmg underground water management regimes in the 
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three states is weU adopted to promote the optimum time distribution nor the optimum 

aUocation of underground water resources 

This essay attempted to search for the second-best poHcy for underground water 

management, since the best poHcy can not be achieved by the current poHcy frameworks in 

Texas, New Mexico, and Arizona. The control policy that demonstrated a high degree of 

success in achievmg the majority of the criteria is the one that is appHed m Texas, 

specificaUy m areas under the mlmg of underground water conservation districts Only 

two out of seven criteria are not successfuUy accompHshed in those areas, and this is due 

to the ovmership nature of underground water resources in Texas 

Underground water authorities in Arizona have been trying to regulate 

withdrawals by estabhshing active management areas, and by declaring some areas as 

critical areas. The problem in Arizona is that urban areas are purchasing land outside theh 

boundaries (in niTai areas) to augment theh existmg water sources. Big chies m the state, 

such as Phoenix, are doing this to satisfy the municipal and the industrial demand for 

water. This is causmg a serious overdraft problem m mral Arizona. Underground water 

poHcies have changed three thnes in the past fifteen years (the 1980, the 1990, and the 

1993 regulations). The contmuous change in poHcies was necessary because the 1980 Act 

had faUed to achieve hs sought objective, which is to reduce pumpmg rates to the safe 

yield levels by the year 2025. The contmuous change in underground water poHcies 

combmed with the ownership nature of underground water resources have caused 

moderate success in the majority of the sociaUy deshable criteria. Monitoring 

underground water quahty is the only criterion that is achieved with a high degree of 
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success. The quality of underground water is maintamed in the state through the quality 

assurance fee. These payments are required from all users of underground water 

The management of underground water resources m New Mexico is highly 

centralized. Underground water resources are owned by the state, and therefore any 

decision regarding the use or the distribution of the resource is done through the New 

Mexico State Engineer Oflfice. Among the three states (Texas, New Mexico, and 

Arizona), property rights of underground water are best defined in New Mexico. The 

appropriation rights doctrme, which is adopted in the state, provides appropriators a 

specific amount of underground water every year. However, operating such a doctrine is 

expensive. To determme the amount of water each appropriator is entitled to every year, 

the New Mexico State Engineer Oflfice must first determine the total quantity of water 

avaUable for appropriation on a yearly basis. Also, the State Engineer Oflfice must monitor 

total withdrawals by each appropriator to ensure that property rights are not violated. The 

control policies in the state do not provide underground water users with equal 

opportunity to use the resource, since the "first-in-first-served" policy is stUl adopted in 

the state. AIso, the current framework of policies in the state does not encourage 

conservation, because appropriators may not save their shares for future periods The 

security of fiiture supply of the resource is not guaranteed. This is due to the fact that 

conservation programs in the state are not quhe successful. Underground water is 

allowed, to a certain degree, to move from one use to another and from one area to 

another. Monitoring the quahty of underground water is not mandatory in the state 
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This essay concluded that underground water policies m areas under the mhng of 

underground water conservation districts in Texas are the second-best policies However, 

m the rest of Texas, underground water poHcies do not achieve the majority of the socially 

desh-able criteria. The old EngHsh doctrine is stiU appHed, where landowners own 

underground water below theh land. Landowners have total control on the resource and 

they can use, lease, and seU h whenever they wish. Property rights are not well defined in 

those areas, and landov^ers may withdraw as much water as desired whUe ignoring the 

water table below the neighbors' land. Third parties are not well-protected due to the 

ownership nature of the resource. Also, conserving underground water resources m these 

areas is diflHcuh, since there are no mles or poHcies that require landowners to reduce theh 

withdrawal rates. 

Underground water conservation districts in Texas were estabHshed to reduce 

depletion rates and to conserve underground water. There are 23 districts in Texas, but 

only around 16 districts are relatively active. Some of the active districts have succeeded 

in achieving conservation targets (i.e., the High Plains Underground Water Conservation 

District No. 1). The management poHcies of underground water resources in these areas 

combine two elements, private ownership of the resource and regulation. While private 

ownership of underground water resources is kept up, the districts adopt poHcies and 

regulations to conserve the resource (such as weU-permits and weU-spacing), and 

hnplement programs to monitor and maintain underground water quality. The 

combination of these two elements is probably the reason why underground water poHcies 

in those districts have succeeded m achieving the majority of the desirable criteria 
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However, since property rights are not weU-defined in areas under the mhng of 

underground water districts, and since third parties are not protected in the case of loss in 

their welfare, the control policies m these areas only fit as the second-best solution They 

are relatively the best policies adopted in the southwestem region of this country. 

This essay suggests three approaches to elevate poHcies adopted in underground 

water conservation districts in Texas from bemg the second-best solution to be the best 

solution. The first approach suggests that the Texas water authorities requhe other 

districts that are not active to become more involved and more active m the areas they 

serve. The first approach also suggests that underground water authorities should give 

more incentives to areas that stiU adopt the old English doctrine to estabHsh underground 

water districts. The second approach is a regulatory one. It suggests that underground 

water districts should be given the authority to assign yearly quotas to water users in the 

districts. In addition to the use of well-spacing and well-permits regulations that are 

implemented to reduce withdrawals, underground water districts may further reduce 

depletion by assigning specific quanthies of water that landowners can pump every year. 

This approach has another advantage also. By Hmitmg the total quantity of water farmers 

may pump every year, the third-party eflfect is reduced. Under this arrangement, 

landowners do not have the right to pump the quantity they deshe, and hence they do not 

have the right to lower the water table below the neighboring landowners The third 

approach suggests that landowners be required to realize the tme cost of water 

Currently, the only cost that landovmers have to consider, when makmg extraction 

decisions, is the marginal cost if extraction. If landowners were required to pay the 

150 



marginal user cost (derived in chapter H), in addhion to the marginal extraction cost, then 

total withdrawals wUl decline and conservation targets will be fiirther accompHshed 

Using one approach or a combination of the three approaches wUI improve the current 

management policies of underground water districts in Texas. 

Essav 3: Esthnating In Situ Underground Water Values 

This essay attempted to estimate the in situ underground water values in the High 

Plains Underground Water Conservation District No. 1 m Texas The in situ underground 

water values are important poHcy tools which authorities should utUize to achieve the 

sought objectives of their poHcies. 

This essay estimated the value of underground water in the Ogallala aquifer as the 

diflference between the price of irrigated farms and the price of dryland farms. A unique 

set of data was used for this purpose. It is unique because prices of irrigated and dryland 

farms that were used reflected the value of land only. Data on farm sales were obtained 

from Jones Appraisal, which deducts the value of all caphal and improvements located on 

the farms. Using values for land only was essential to achieve the objective of this essay. 

The remammg diflference between hrigated and dryland farms values was determmed to be 

the value of/« situ underground water. 

Resuhs from Estimating Price Equations 

To verify whether the diflference in the price of hrigated farms and the price of 

dryland farms is caused by the availability of underground water or not, price equations 

151 



are 

for dryland farms and others for irrigated farms were esthnated Nme explanatory 

variables were used to estimate price equations for irrigated farms, four of them 

related to underground water. The variables that were related to underground water were 

saturated thickness, depth to the aquifer, the concentration of dissolved soHds, and the 

concentration of sodium below a specific farm. The other explanatory variables were the 

size of a particular farm, the pumpage capacity of weUs located on that farm, the distance 

between the farm and a major highway or a city, the type of soU on the farm, and the 

average annual ramfall. Four explanatory variables were used to estimate price equations 

for dryland farms. They were the same as those used in the price equations for hrigated 

farms but without the variables that were related to underground water, and without the 

pumpage capacity of wells on farms. Variables that are related to underground water do 

not aflfect the price of dryland farms, hence they were dropped from the price equations 

for dryland farms. In addhion to Jones Appraisal, data were coUected from HPUWCD 

No. 1 and from the SoU Conservation Service. 

Three price equations for hrigated farms were estimated; an arithmetic equation, a 

double-Iog equation, and a semi-Iog equation. Those three forms gave wider 

interpretations for the relationship between the independent variables and the dependent 

variable, which was the price per acre of irrigated farms. The resuhs from the hrigated 

farms model showed a strong relationship between aquifer characteristics and price per 

acre of irrigated farms. The arithmetic equation showed that when saturated thickness 

increases by 1 foot, the price per acre of irrigated farms increases by $1. AIso, the 

double-log equation showed that a 1% increase in saturated thickness causes a 19% 
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mcrease m the price per acre. From the semi-Iog model, the resuhs suggested that a 1% 

increase in saturated thickness increases the price per acre by $1.01 The empirical resuhs 

also revealed that there is a relationship between depth to the aquifer and the price per 

acre of irrigated farms. Although the coeflficient of the variable depth to the aquher was 

not statistically significant in the arithmetic model, h was sigmficant in the double-Iog and 

the semi-log equations. The resuhs showed that a 1% mcrease in the depth to the aquifer 

resuhs m a 7% decrease, or a $0.3 decrease, in the price per acre of irrigated farms. 

The other explanatory variables that were used showed a significant hnpact on the 

price per acre of irrigated farms. The only two variables that were not statisticaUy 

significant in any of the three forms are the concentration of sodium and preciphation. 

The reason why preciphation was not significant in explaining the variation in hrigated 

farms prices could be due to the impact of rainfaU on irrigated farms. The marginal value 

of rainfall that farmers who irrigate their farms from underground water acquire is 

relatively minimal, and therefore rainfall does not aflfect farmers' wUlingness to pay for 

irrigated farms. The concentration of sodium does not influence the price per acre of 

hrigated farms also. This could be due to the fact that the concentration of sodium in the 

Ogallala aquifer is generaUy acceptable [Gestes, 1988], and that low concentration of 

sodium does not reduce the productivity of water. 

To verify the vaHdity of aquifer characteristics m explammg the variation in price 

per acre of irrigated farms, another price equation for irrigated farms was estimated. This 

equation was esthnated after omitting saturated thickness and depth to the aquifer from 

the original price equation. This was done to conduct an F-test so that the importance of 
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the omitted variables on prices of hrigated farms can be confirmed. The resuh from 

applying the F-test on both models (the origmal and the reduced models) was as expected, 

aquifer characteristics aflfect the determination of price per acre of hrigated farms 

The estimated price equations for dryland farms m the district were significant. 

Similar to the hrigated farms model, three price equations for dryland farms were used, 

and these were: (1) an arithmetic model; (2) a double-log model; and (3) a semi-Iog 

model. The coeflficients of aU variables m the three price equations were statistically 

significant. Contrary to the irrigation price model, precipitation was a significant variable 

that explained variations in the price per acre of dryland farms. This result was expected, 

since the marginal value of rainfaU acquhed by dryland farmers was expected to be higher 

than that acquhed by hrigated land farmers. 

A general price model for farms m the district was also estimated. The idea of this 

model was to generate coeflficients that explain the variation m farms' prices m the district 

Three equations were esthnated in the model (simUar to the irrigated and dryland farms 

models) by combmmg data from irrigated and dryland farms, and by assignmg the value 

zero to the variables that were used in the hrigated farms model but were not used in the 

dryland farms model. The coeflficient of saturated thickness, which is an important 

variable that concems this study, was significant. The coeflficient showed that a 1 foot 

mcrease in saturated thickness raises the price per acre of farms m general by $1.38. The 

majority of the other variables were statisticaUy significant and had the expected signs. 

The only variables that did not aflfect the price per acre of farms m general were the 
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concentrations of dissolved solids and sodium Depth to the aquifer, although sigmficant, 

did not have the expected sign. 

Empirical Resuhs from Estimating 
Underground Water Values 

This essay estimated four diflferent in situ values for underground water in the 

High Plains Underground Water Conservation District No. 1. Each in situ value provided 

a unique interpretation. The time frame of the study was from 1987 to 1993. The first 

esthnate was the value of underground water per acre-foot of saturated thickness. This 

value, as shall be demonstrated in the PoHcy Implication section of this chapter, is the 

value that may be used by policy-makers as a tool to control withdrawals from 

underground water aquifers. This value was expressed in dollars per acre-foot of 

saturated thickness. It reached a maximum of $2.67 per acre-foot of water in 1987 and a 

minimum of $1.86 per acre-foot of water in the year after. The estimates of this value 

varied across counties. The seven years average minimum value was estimated for 

Crosby County at $0.63 per acre-foot of water, and the maximum (for the same number of 

years) estimate was for Hockley County at $3.13 per acre-foot of saturated thickness. 

The second estimate for underground water values m the district was the 

cost-to-water. This estimate demonstrates the proportion of irrigated farm prices due to 

the value of irrigation water below farms. This estimate is important because it shows the 

influence of underground water values on the price per acre of hrigated farms. According 

to the emph-ical resuhs, exactly half the price of irrigated farms in the district in 1989 was 

explained by the value of irrigation water below irrigated farms. However, the proportion 
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of farms' prices due to irrigation water was at hs minimum in 1990, where only 39% of 

irrigated farms costs was due irrigation water. 

The third estimate for underground water values was the diflference between the 

average price of hrigated farms and the average price of dryland farms. This is the value 

of underground water per acre of irrigated farms, and is expressed in dollars. Both the 

cost-to-water estimates and the estimated value of underground water per acre of irrigated 

farms reached a maxhnum and a minimum in the same years. The highest estimate for the 

value of underground water per acre of irrigated farms was $285 in 1989, and the lowest 

was $202 m 1990. 

The fourth and fmal estimate was the value of the entire stock of underground 

water in the district. Since yearly data was not avaUable for all counties, this essay 

adopted two methods to estimate average saturated thickness and price per acre of 

saturated thickness for counties which, in a specific year, data was not avaUable from. The 

first method used the average saturated thickness and the average price per acre-foot of 

saturated thickness of counties which data was available from, and then appHed them to 

those counties which data was not available from. According to this method, the 

maximum value of the stock of underground water was in the year 1989. The value then 

was $2,220 miUion. The minimum esthnated value was $1,363 miUion in 1990. The 

second method is more detaUed than the first method. In the second method, if data was 

not available for a particular county in a specific year, then this county's saturated 

thickness and price per acre-foot of saturated thickness were estimated using the available 
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data from counties that surround h only. Using this method, the highest value was $2,148 

miUion in 1987, and the lowest value was $1,477 mUlion m 1992. 

The four estimated values for underground water m the High Plams Underground 

Water Conservation District No. 1 did not foUow a particular trend. The estimated values 

did not increase, or decrease, through the time frame of the study. The only observation 

that could be inferred from the behavior of the estimates is that the values of underground 

water tend to move in the opposite dhection every year. In other words, if underground 

water values increase in a given year then they tend to decrease in the year after, and vice 

versa. This observation is tme for the four estimated values. 

PoHcy ImpHcation 

The major objective of this study was to examine the issue of underground water 

management in the arid and semiarid region of the United States. The discussion was 

pursued by exammmg three essays in underground water management; the first essay 

derived the opthnal management poHcy, the second essay compared actual management 

poHcies m three states and derived the one that is better than the others, and the third 

essay esthnated the in situ value of underground water which is an important policy tool 

The thh-d essay estimated the in situ value of underground water, which is the 

margmal user cost that was derived in the first essay. The in situ value is the marginal 

user cost because, by definition, the latter is the present value of all forgone fiiture 

benefits, and the former is the price of in situ underground water, which may be perceived 

as the present value of aU fiiture benefits derived from utiHzmg the resource [Howe, 
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1979]. Hence, the two values are identical. The second essay concluded that none of the 

management policies adopted in the three selected states fits as the opthnal poHcy (the best 

policy). However, the second essay derived the second-best management policy, which is 

the one that is adopted in the underground water conservation districts in Texas. 

The second essay suggested that the second-best policy which is adopted in 

underground water districts in Texas could be improved by reducing total withdrawals 

from the Ogallala aquifer. Underground water conservation districts could levy an 

"extraction tax" on underground water users that is equal to the marginal user cost (or the 

in situ value of underground water). By doing this, total withdrawals wUl decHne, since 

the new tax wdU raise the cost of extracting water. Furthermore, this poHcy implication is 

not confined to underground water conservation districts in Texas. Arizona and New 

Mexico may use this "extraction tax" to reduce total v t̂hdrawals from their underground 

water sources. 
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APPENDIX A 

DERIVATION OF THE OPTIMAL UNDERGROUND 

WATER ALLOCATION 

The optimal underground water allocation is solved in this appendix using the 

dynamic opthnization technique. The model wiU include the quality of underground water 

as a variable that is aflfected by the stock of underground water in an aquifer. 

The basic relations of the model are: 

P{t)=D[R{t)]. fAl] 
S{t) = S{0)-í'^[{\-a)R{v)-S{Q]dt. [A2] 
mt)=ÅS{t)]. [A3] 
Q(t)=g[S{í)]. [A4] 
SB{t) = C D[R{t)]dR + Q[S{t)]. [A5] 

where P(t): 
R(t): 

is the price of a unit extracted of underground water; 
is the quantity of underground water extracted; 

S(t): is the stock of underground water at period t; 
S(0): is the stock of underground water in the current period; 
a: is the proportion of the extracted underground water that retums 

back into the aquifer, or is the return flow coeflficient; 
S(C): is a natural recharge term; 
W(t): is the cost of extracting a unit of underground water; 
Q(t): is the quaHty of underground water; 
[Al]: is the inverse demand equation for underground water; 
[A2]: is the rate of change in the stock of underground water; 
[A3]: is the relationship between the extraction cost and the stock of 

underground water, where - ^ < 0; 
[A4]: is the relationship between the stock and quahty of underground 

water, where ^ ^ > 0, and 
[A5]: is the social benefits associated with the utUization of the quantity 

R(t) of underground water, plus the value of underground water 
quality related to the undistributed stock, S(t). 
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Takhîg the thne derivative of equation [A2] yields: 

S = -{\-a)R{t) + S{Q, [A6] 

where -(1 - a)R{t): is the quantity of underground water extracted mmus the 
proportion of that quantity that seeps back into the 
aquifer; 

S{Q: is the recharge rate, and 
S: is the rate of change in the stock of underground water. 

The previous equation shows the change in the stock of underground water over time. 

Let the initial time period be the current period (t = 0), and the succeeding period be the 

period after the initial period (t = 1). The stock of underground water at the succeeding 

period, S(t = 1), equals the stock at the mitial period, S(t = 0), minus the quantity 

extracted between the two time periods, R(t), plus the proportion of R(t) that seeped back 

mto the aquifer, aR(t), plus any natural recharge that occurred during the two periods, 

S(C). 

The objective of a society is to achieve maximum net present value of social 

benefits from utiHzing underground water resources. The objective of a society is to 

Maxm =í;{CD[R{t)]dR+Q[S{R{t))]-WR{t)}e-''dt, [A7] 

subject to S = -(1 - a)R{t) + S{Q 
S{t)>0,R{t)>0,S{Q>0,'^<0,^>0, 

where G3: is the objective function of a society. 

To solve for the above problem, the current-value HamUtonian (HJ is used. The 

form of the Ĥ  function is: 

H, = C D[R{t)]dR + Q[S{t)] - WR{t) -X[{\- a)R{t) - S{Q]. [ A8] 
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In equation [A8], three variables are of hnportance because they shape the 

outcome of the optimal control solution, and these are; the state variable S(t), the control 

variable R(t), and the costate variable X{t). The maximum principle of the optimal control 

technique involves three first-order diflferential equations; one in the control variable, one 

in the state variable (equation of motion for the costate variable), and one in the costate 

variable (equation of motion for the state variable). The equation of motion for the state 

variable is not relevant for the derivation of basic condhions (1) and (2). 

First-Order Diflferential Equation in the Control Variable 

The maximum principle requires that the Hamihonian fimction be maxhnized with 

respect to the control variable, R(t). This requirement impHes that: 

Before continuing with the derivations, h is important to solve for the first term on the 

right-hand side of equation [A8]: 

Jf^ D[R{t)]dR = D[i?(0] - D[0], [AIO] 

where D[R{t)] = ^ , and 
D[0] =constant (for shnpHcity, h is assumed zero). 

DiflFerentiatmg equation [A8] whh respect to the control variable, R(t), and realizmg the 

conditions in [AIO] and [A9] yields: 
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However, D[R(t)] is, from [Al], the price at time t when the utUization rate is R(t) For a 

given recharge rate equals to C, equation [AI1] can be written as: 

^ = ^ ( ' ) + ̂ x Í | - » ' - ^ ( l - « ) = 0. [A12] 

From equations [A2] and [A6], h is clear that: 

m) 
dR{t) = - ( l - a ) . [A13] 

Hence, 

^^=P{i)-(\-a)^-W-M\-a) = 0. [A14] 

This is the first-order diflFerential equation as required by the maximum principle. 

Rearranging terms in equation [A14] yields an equation which is analogous to equation 

(2.12)inthetext: 

P{t) = {\-a)'^+W+X{\-a). [A15] 

Equation of Motion for the Costate Variable 

The maximum principle requires a second condhion to solve for the optimal 

control system. This condition is known as the equation of motion for the costate 

variable, X{t), and can be written as: 

U-^,+rX, [A16] 

where X: is the rate of change in the costate variable through time; and 
r: is the social discount rate. 
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To solve for equation [A16], an expression for the first term on the right-hand side 

of the equation is needed. This is done by diflFerentiatmg equation [A8] with respect to the 

state variable, S(t): 

ds(t) ^^^^^f\dS(t) dS(t) + ^^dS(t) +^(^)m^i+M\ - O t ) ^ - ^ . [A17] 

Rearrangmg terms and reaHzmg that D[R(t)] is the price of a unit of undistributed stock of 

underground water, yields: 

-Mf.-rp(t\ + W+X(\-nM^-^.^P(A^^^'^ *̂̂ '̂> fAioi 

Insertmg equation [A18] mto equation [A16] hnpHes that: 

i.= [-P«)^W+Ml-a)}^-^+m)'ZS)^rK [A19] 

which can be written as 

U{P(t)-w-M\-a)]^+'^-m)'^+^r^x. [A20] 

From equation [A15]: 

P ( 0 - ^ - ? i ( l - a ) = ( l - a ) ^ . [A21] 

Substitutmg equation [A21] in equation [A20] yields: 

A. + ( l - « W : ^ + ^ - ^ ( O ã s ( ô + ^ - ' ^ ^ ' LA22] 

which is the equation of motion for the costate variable, while assuming that the recharge 

rate is C. 
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APPENDIX B 

SUMMARY STATISTICS FOR VARIABLES USED 

IN CHAPTER IV 

Table B. 1. Average Statistics: Variables Used in the Irrigated Farms Model 

Year 

Variable 

P.. 
SAT 

DEP 

DIS 

SIZE 

INCH 

DS 

SOD 

PREC 

87 

568 

110 

175 

3.9 

280 

16 

493 

47 

18.05 

88 

495 

123 

217 

2.3 

231 

16 

473 

46 

18.5 

89 

561 

116 

200 

3.6 

260 

15 

461 

45 

17.9 

90 

491 

95 

218 

3.9 

261 

15 

438 

45 

18.3 

91 

548 

126 

201 

3.6 

234 

14 

463 

40 

18.3 

92 

489 

93 

180 

5.3 

328 

16 

557 

44 

18.6 

93 

491 

112 

202 

6.01 

283 

13 

555 

46 

18.4 

Avg. 

520 

111 

199 

4.1 

268 

15 

491 

45 

18.3 

TableB2. Avera 
Year 

Variable 

"dry 

DIS 

SIZE 

PREC 

ge Statistics: Variables Used m the 

87 

286 

2.6 

438 

18.4 

88 

265 

2.06 

276 

19.1 

89 

277 

3.01 

404 

18.3 

90 

288 

5.1 

370 

18.6 

Dryland Farms Model. 
91 

271 

3.5 

287 

18.5 

92 

286 

8.2 

284 

18.5 

93 

270 

5.5 

235 

18.6 

Avg. 

278 

4.3 

328 

18.6 
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Table B.3. Average Statistics: Variables Used in the General Model 

Year 

Variable 

P 

SAT 

DEP 

DIS 

SIZE 

INCH 

DS 

SOD 

PREC 

87 

439 

67 

93 

3.3 

354 

8.5 

262 

25 

18.2 

88 

414 

72 

124 

2.2 

250 

8.9 

272 

26 

18.7 

89 

455 

73 

120 

3.3 

318 

9.2 

275 

27 

18.05 

90 

476 

77 

149 

4.3 

296 

lOl 

298 

30 

18.4 

91 

474 

89 

141 

3.5 

250 

9.9 

325 

28 

18.3 

92 

417 

55 

93 

6.7 

307 

8.2 

285 

23 

18.6 

93 

404 

67 

106 

5.7 

261 

7.01 

291 

24 

18.5 

Avg. 

440 

71 

118 

4.1 

291 

8.8 

287 

26 

18.4 
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