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Chapter I 

Introduction 
 

1.1. Introductory Comment 

Rapid is a word often describing the rate of drawdown in ancient 

groundwater stocks underlying the Texas High Plains region (THP).  The pace of 

drawdown largely results from the choices of crop irrigators to pump significant 

volumes of water from slowly-renewable aquifer stocks.  Landowners choose 

withdrawal quantities to optimize their economic objectives, typically related to 

use of the water as a critical input for irrigated crop production.  Responding to 

economic incentives, irrigated crop producers continue to withdraw and apply 

groundwater at rapid rates that will likely bring about depletion of aquifer stocks 

across increasingly wider areas in the THP region during coming decades.   

The THP regional and many of the localized economies in the region rely 

on direct and indirect economic activity resulting from sizable revenue infusions 

from irrigated crop production; alternatively, other local economies in the region 

derive only small revenue proportions from irrigated crop production.  

Accordingly, the degree of dependence by localized and regional economies on 

availability of irrigation water varies spatially within the region.  Likewise, as the 

availability of groundwater stocks in localized areas has typically declined at 

various rates through time, dependence on groundwater by specific local 
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economies has also varied through time.  The specific effect to local economies 

depends on local characteristics including (i) size of initial aquifer stocks, (ii) 

whether active pumping began relatively early, (iii) suitability of land surface 

characteristics to irrigated crop production, and (iv) the magnitude of the local 

non-farm economy. 

While significantly diminished, the groundwater stock currently stored in 

aquifers underlying the THP remains among the most bountiful groundwater 

deposits in Texas.  With that importance, public interest in THP groundwater has 

steadily increased through the past seventy years, with the trend continuing into 

the current period.  The perception of relative water abundance and technical 

hurdles limiting opportunities to export groundwater from the region have 

historically thwarted demand from sources other than crop irrigation. 

Through actions of groundwater conservation districts, the state has 

proposed, endorsed, mandated, and affected increased public regulation of THP 

groundwater resources.  Much of this regulation is based in public-funded 

analysis of distant future conditions, even beyond fifty years - a future with 

much uncertainty.  When effective, regulation forcibly decreases groundwater 

withdrawal quantities during less uncertain, current periods, implying 

constraints on production choices of crop irrigators and, consequently, limiting 
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their current economic objectives.  As increasing public regulation has been 

proposed and implemented, the response of landowners has included opposition 

to the perceived government interference in private property rights in the 

groundwater stocks. 

In past eras of High Plains agriculture, irrigated crop production was 

often championed as the economic bedrock of a local economy.  A counter 

argument often continues along the path toward the notion that if the long-term 

trend in aquifer drawdown continues into the future, localized economic 

exhaustion of the aquifer resource will lead to the transition in many areas to 

non-irrigated land-use, particularly dryland crop or range production; and local 

economies will experience significant declines in induced revenues and 

economic activity. 

The past may be known, including circumstances in the local areas which 

have experienced diminished revenues and general economic decline, but the 

distant future is necessarily unknown.  Both imagined and unimagined 

innovations (whether related or unrelated to crop production) will be developed 

and diffused.  Unknown future innovations have potential to mitigate, even 

invert, declines in local economic activity. 
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Innovation (and diffusion) resulting from the unbounded creativity of 

human beings, and at least partially motivated by scarcity, will bring about 

technical changes in aquifer stock extraction, irrigation water application, water-

use efficiency in crop plants, water transport and transfer, water-intensive 

energy production, municipal water reuse, and myriad other occupations 

interfacing with groundwater.  The wide range of unknown, future-adopted 

innovations can impact the use of irrigation water in the THP through direct 

changes in production yield levels, yield variability, quality level and variability, 

input cost of water, cost of related inputs, variability in costs of water or related 

inputs, as well as through other changes in the agricultural production industry 

and alternate industries competing for the water input. 

Innovation, it seems then, is characterized by uncertain processes 

described by Lachmann (1976) and Shackle (1972) such that "sooner or later 

unexpected change is bound to upset existing patterns, a society interspersing its 

moments or intervals of order, assurance, and beauty with sudden disintegration 

and a cascade into a new pattern." 

1.2. Background 

As populations and incomes increase in much of the world, including the 

United States, water demand continues to trend positively, a result of increasing 
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water use in most applications (from green lawns, energy production, food 

demand, water recreation/amenity, wetlands protection, etc.).  Through recent 

decades, scarcity of water has perhaps become more widely recognized and 

perceived by individuals.  As scarcity increases, so does the need to manage the 

scarcity through an effective allocation scheme. 

The Ogallala (High Plains) Aquifer is a confined aquifer which underlies 

parts of eight states (Figure 1.1) and specifically, more than 30,000 square miles 

(19,200,000 acres) in the Texas High Plains of northwestern Texas.  The Texas 

High Plains is an area of Texas currently home to about 1.1 million people, a 

population expected to grow to 1.5 million by 2060.  The Texas High Plains 

(THP) is one of the regions of the U.S. most densely concentrated in value of 

agricultural production relying on water extracted from the aquifer.  In 2007, the 
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value of sales of all agricultural products from Texas was more than $21 billion.  

Over half of Texas total sales ($10.8 billion) originated in the counties of the THP, 

a value greater than the individual total sales of each of 43 entire states in the 

Union (Figure 1.2).  

The THP region is underlain by multiple groundwater deposits.  The 

Ogallala Aquifer underlying the entire region, is the primary groundwater 

supply source.  The Dockum and other minor aquifers underlie partial, but 

significant, areas of the region.  For most people among those who may give any 

thought to the matter, the perception of scarcity of the groundwater remaining in 

the THP has intensified over recent decades until now, such that the proposition 

of scarcity of the aquifer resource has become a topic of much discussion and 

debate. 

More than 15 million acre-feet of water are used annually in Texas.  Of the 

total use, about 55% (>8 million acre-feet) is used in crop irrigation.  Due largely 

to the forecasted population growth in Texas, the Texas Water Development 

Board (TWDB) estimates Texas water demand in 2060 at 21.6 million acre-feet 

with increased demand in all classifications except agricultural crop irrigation; 

municipal demand will increase by 73% and manufacturing demand by 41%.  

Taking only these two classifications (municipal and manufacturing), a statewide 
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increase in demand of about 4.25 million acre-feet is expected to occur.  As 90% 

of the population increase will occur in the largest urban regions having almost 

no crop irrigation demand, the annual increase in municipal and manufacturing 

demands in these urban regions will likely be about 3.8 million acre-feet (Texas 

Water Development Board, 2015). 
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Currently, about sixty percent of water supplied in Texas is extracted from 

groundwater sources (9 to 10 million acre-feet per year).  Of the groundwater 

extracted, about 80% is allocated as input to crop irrigation while about 15% is 

taken in municipal use.  Of the 10 million acre-feet of state groundwater 

withdrawals, about 6.5 million acre-feet (almost 70%) are extracted from the 

Ogallala.  About 43% of all water supplied in Texas is sourced from the Ogallala. 

In the THP region, water use meeting all demands other than crop 

irrigation (but including livestock water used in the well-established meat 

industry) is about 350 gallons per person per day.  Water currently remaining in 

aquifer storage within the THP is estimated to be about 350 (at least 300) million 

acre-feet.  At the current rate of 350 gallons per person per day, such a quantity 

could support the non-irrigation water requirements of the expected future 

regional population of 1.5 million for more than 500 years. 

While the stock of groundwater confined in the THP is in a declining 

trend, recharge to the THP likely averages at least three-eighths of an inch per 

year (10,182 gallons per acre), calculating to about 600,000 acre-feet per year over 

the region of the THP.  Annual recharge in the THP (if 100% were to be 

extractable) could support the perpetual water use (excluding crop irrigation) for 

more than 1.5 million people indicating that local recharge could satisfy the high-
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valued demands of the local population.  Further supporting sufficiency of the 

THP water source, 200,000 acre-feet of water from surface (and other minor 

aquifer) sources is used annually in the region which, with continued 

availability, would diminish demands on the THP by about 120 gallons per 

person per day (of the total 350 required) for 1.5 million people. 

Land in the THP region is mostly owned by private property owners 

claiming rights to the land and water below, inasmuch as the right-of-capture 

doctrine supports property right to the water.  Texas law supports well-defined 

property rights to the land surface, seemingly well-understood by landowners.  

Physical aquifer characteristics endow the water stock in the region with a 

limited degree of common-pool features.  Anecdotal signals suggests that the 

locally rivalrous and non-excludable characteristics of the groundwater resource 

are recognized and given peripheral consideration in production planning; 

though, the specific rates of horizontal flow throughout the heterogeneous 

structure of the aquifer are not well-understood by crop producers, politicians, or 

researchers.  Coupled with the physical nature of the aquifer, the given state of 

technology requires an increase in the energy required for vertical transport to 

the surface as more water is extracted and the water table declines. 
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Property rights to groundwater in Texas are based on right-of-capture, 

implying ownership by landowners of the property right in groundwater.  Texas 

water law supports the severance (and independent sale) of groundwater rights 

from the property right to the land.  Additionally, Texas water law supports 

transaction of contractual lease agreements for the right to withdraw 

groundwater.  In the Texas High Plains region, groundwater is primarily sourced 

from the Ogallala aquifer and secondarily, from the Dockum and High Plains 

(Edwards-Trinity) aquifers.  Rates of recharge and hydraulic conductivity across 

the aquifers in most of the THP are minimal, strongly limiting the natural effects 

altering stored quantities of groundwater; relatively small quantities of water are 

naturally added or subtracted from storage.  An increasing number of water 

rights to groundwater in the THP region are severed and transacted.  Likewise, 

rich and active markets for land in the THP clearly value the stored groundwater 

underlying the land surface as an attribute of the land resource which is 

associated with the areal measure of the land surface.  According to observed 

differential in land markets in the THP region between the market prices for land 

with and without ready groundwater availability, buyers and sellers act as if 

they believe the stored water to be part of the land property right. 
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Land values in the region correlate directly to water availability, 

proximity to municipal development and industry, potential amenity value, and 

suitability of land to crop production.  Most of the land is suitable for small 

grain, cotton, peanut, and livestock production, but less conducive to municipal 

development and amenity.  Therefore, because of the water rights attached to the 

land via the right-of-capture doctrine, the market price for most of the land is 

closely linked to the availability of groundwater. 

The natural water storage and flow structures in the region consist of 

groundwater aquifers and excessively limited and intermittent stream surface 

flow.  Relative to the quantity of groundwater withdrawal, surface water use 

pales in comparison.  Likewise, the physical groundwater storage structures 

present in the THP region are generally distributed with locally-wide variability 

in storage quantities. 

Owners of water rights, largely landowners, in the THP region, control the 

supply decisions affecting groundwater withdrawal and storage.  Since 

significant withdrawal of groundwater underlying the THP began in the early-

mid-twentieth century, much of the initial water stock has been withdrawn. 

Today, the saturated thickness of the groundwater aquifer in many local areas of 

the region is only a small proportion of the initial saturated thickness, before 
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development of large-volume pumping for agricultural irrigation (Nordstrom 

and Fallin, 1989).  Throughout most of the period of large-volume pumping, 

landowners have also operated modern farming operations on the land surface, 

producing wheat, corn, cotton, and sorghum crops, particularly.  Irrigated crop 

producers employ the groundwater as a production input.  Dry, semi-arid 

climatic conditions and particularly well-suited, generally flat, prairie land with 

favorable soils have fit well with the persisting crop production technologies 

throughout most of this period to result in relatively high marginal benefit of 

irrigation water to crop producers in the region.  In addition, (to varying degrees 

in varied areas and at various times) pumping and producing groundwater 

ready for crop irrigation has come at a relatively low procurement cost due to 

prevailing pumping technologies and, often low, energy cost.  The relatively high 

marginal benefit and relatively low marginal cost have incentivized crop 

producers to withdraw groundwater in quantities leading to the current, 

diminished quantities remaining in storage. 

Landowners choose the quantity of groundwater to withdraw during the 

current period while valuing both short-run and long-run implications of the 

withdrawal decision.  Short-run factors affecting the decision include natural 

influences, such as prevailing and forecasted climatic and weather conditions 
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and pricing impacts, such as short-run volatility in product output and energy 

prices.  Factors such as these influence the weekly, monthly, and annual 

production choices.  Long-run factors affecting the groundwater withdrawal 

decision include expectations about long-run product output demand 

considerations, federal farm subsidy program continuation, technical innovation 

affecting factor substitution in crop production, direct impacts from state and 

local groundwater regulation, changes in water transport technology, general 

patterns of governance related to the erosion of private property rights in Texas.  

Factors such as these influence the expectation on the future valuation of owned 

groundwater stocks. 

State endorsed groundwater conservation districts were established by the 

Texas Groundwater District Act of 1949.  Groundwater conservation districts in 

the THP region initially developed as a local response to the threat of urban 

interests interfering with the allocation of locally rich groundwater resources.  

While historically, the groundwater conservation districts were somewhat 

effective in helping to mitigate the relatively unimportant problem of the 

common-pool nature of groundwater in the THP region, increasingly through 

time, some landowners perceive the groundwater conservation districts have 

infringed on the water rights of water-right holders within district boundaries.  
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Through groundwater conservation districts, such as the High Plains 

Underground Water Conservation District #1 (HPUWCD), the state has 

authorized public regulation of the groundwater allocation of individual water 

right holders. 

The data and descriptions presented in the previous paragraphs point to 

the eventual economic depletion of the aquifer for the purpose of crop irrigation, 

but likewise to sufficiency of the THP stocks for the purpose of municipal use in 

the local region; such conclusions may lead the reader to question the political 

and regulatory attention in state government currently given the High Plains 

Aquifer in Texas, which indeed gives rise to the present research project.  

Certainly, via the right-of-capture doctrine, Texas law supports (at least, de facto) 

ownership of the aquifer stock by landowners of land overlying groundwater in 

the THP.  Does the current supply of water from the aquifer and forecasted local 

use of water (municipal and crop irrigation) in the High Plains region warrant 

ongoing governmental oversight and potential manipulation of property rights 

of Texas landowners? 

The motivation for such avid attention given by the state to the THP 

aquifer stocks may benefit from identification of the participants who have (or 

may have) some interest in the stock of water remaining in the aquifer.  A listing 
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of interested participants could include (but may not be limited to) (a) 

landowners who hold property rights to the land resource (including the water 

stock), (b) persons vested in firms having significant investment in markets 

related to the water stock, primarily agribusiness firms, (c) persons who have a 

vested interest in the 'success' of the local economy, (d) persons having a 

pragmatic concern about future supplies of municipal water in cities local to the 

THP, (e) persons having a pragmatic concern about future supplies of municipal 

water in cities across the state and region, (f) persons having an intellectual, 

abstruse, disconnected concern about preservation of aquifer resources.  The list 

could be categorized such that the landowner is the primary participant and the 

others are secondary participants. 

Each participant usually has representation in the scarcity discussion both 

individually and through some coalition of like participants.  Participants have 

differing objectives, and so, differing expectations and uncertainties about the 

future, and differing impacts for policy choices.  Likewise, the number of 

member participants comprising the various groups (and their political 

influence) varies widely; the most inclusive (and politically influential) group 

may consist of a large proportion of the state population (persons practically 

concerned about future state/regional municipal water supplies) while the least 
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inclusive may include only several thousand individual landowners.  The 

discussion continues between representative participants, sometimes resulting in 

agreement to continue discussions such as the ongoing discussions between local 

and state water conservation representatives regarding the so-called desired 

future conditions, sometimes resulting in a Pareto-improving agreement on 

water allocations such as the purchase of private water rights near Muleshoe by 

the City of Lubbock, and sometimes resulting in the engagement of the judicial 

arm of state government.  While, according to the spirit of bedrock state law, it 

may seem that the full decision-making authority for allocation of water stocks 

rests on the shoulders of property-right holding landowners, this may not be the 

case given recent posturing of interested participants.  Currently the case in 

Texas, involvement of the state legislature and judiciary have heightened and 

widened the discussion such that further regulatory and/or legal actions could 

develop into tangible impacts on landowner property rights. 

The primary participants, both historically and currently, cropland 

owners (and their agents) are the decision makers having the most significant 

impact on the aquifer stock, characteristically a risk-averse, wealth-maximizing 

decision maker with a few alternatives (given current technology) for the 

disposition of the slowly-renewable water stock.  To landowners, the water is 
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routinely valued at its opportunity cost in crop production leading to the value 

of groundwater being largely capitalized into the land price.  The capitalization 

of the water stock value into land price demonstrates local understanding that 

ownership of the water right is implicit in the property-right to the land. 

In localized areas where the aquifer resource remains plentiful, 

continuation of aggressive, status quo extraction will likely, in time, bring about 

economic depletion of the aquifer such that withdrawal for crop irrigation is 

economically infeasible.  Estimates of the time until economic depletion range 

according to local aquifer features and land-use.  Withdrawal for higher-valued 

purposes, such as municipal use, will likely remain feasible well beyond 

economic depletion for crop irrigation purposes, perhaps even into perpetuity.  

Under status quo extraction, groundwater of the THP will be traded away from 

the region, incorporated into the output of crop and livestock products.  After 

economic depletion, irrigated cropland may transition to dryland cropland and 

pasture as has already occurred in many localized areas.  Research into, and 

development of, more efficient dryland (and low-water) systems has potential to 

mitigate the decline in value of crop production.  Aquifer stock and recharge will 

likely continue to support the highly-valued and developed beef cattle feedlot 

industry of the region.  Therefore, economic depletion (for crop irrigation) will 
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impact local groups with varied results.  Effects to secondary stakeholders, 

including most of the urban population, of aquifer depletion largely depend on 

the tradeoff between higher future relative water prices and the current 

economic value of irrigated cropping to the regional economy as depletion may 

lead to decreased value of economic activity from agriculture in future periods. 

Groundwater conservation in Texas has generally been promoted via 

incentives, guidelines, and marketing of quasi-government groundwater 

conservation districts rather than through regulation.  The law of the United 

States (and Texas by extension) implements governmental policy primarily via 

combination of several allocation methods.  While the dominant method of THP 

water allocation has heretofore been market prices, the climatic, technical, social, 

regulatory, and market environment surrounding the groundwater allocation 

problem lead some people to promote regulatory limits on groundwater 

property rights.  Contemporary policy developments in Texas state government 

(Senate Bill 2 in 2001 and House Bill 1763 in 2005) and weighty legal opinions in 

the Texas Supreme Court suggest a change in the trend of underground water 

policy to include more regulation to promote groundwater conservation. 

Motivation for conservation of the THP remains unclear.  Accompanying 

the recent policy migration has been a flurry of research and analysis into policy 
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alternatives for management of the aquifer.  Most research and planning for THP 

conservation is carried out without formal estimates of cost and benefit 

valuations expected to accrue to the current and future state population.  When 

accounted, those future costs and benefits are usually discounted at some rate 

that results from arbitrary selection.  This work has almost exclusively focused 

on identification and evaluation of regulatory policy tools that conserve various 

levels of the stock resource and extend the time horizon during which irrigated 

crop production remains viable.  Objectives usually relate to estimation of 

groundwater quantities conserved in some given (arbitrary) time horizon and to 

cost borne by farmland owners (and agents).  While possibly resulting in the 

optimal outcome, such an approach may also yield strictly undesirable outcome 

even using the same social welfare valuation scheme.  For example, with a given 

social welfare valuation, the economic efficient outcome may be characterized by 

a most rapid approach withdrawal scheme.  That is, producers may be acting in 

the social interest by expediting withdrawal of the aquifer stock.  A possible 

reason for the ambiguity of motive for water conservation relates to the difficulty 

in valuing water to various future users; however, the inability to make proper 

valuation does not validate its exclusion.  This apparent reversal of the hands-off 

management approach and the narrow focus on conservation of ongoing policy 
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research may indicate the presence of a widely held belief that the status quo 

policy alternative has been analytically eliminated.  However, the literature does 

not seem to yet support this notion.  Rather, the question of whether to pursue a 

conservation or withdrawal policy in the THP appears to be an unanswered one. 

Volumes of previous research have attempted to address 'water planning' 

ostensibly based on assumptions made contrary to the de facto law-of-the-land 

relating to property rights of groundwater.  Much research and planning into 

conservation of the THP groundwater begins with some shadow endorsement 

that regulatory actions relating to groundwater resources should be and can be 

legally implemented.  Rather, this project attempts to diminish the 'central 

planner' assumptions and peel back the shadow endorsement of groundwater 

regulation in an attempt to understand land-use (and by implication water-use) 

choices of the owners of the groundwater resource.  Particularly this study 

attempts to estimate dynamic depletion of groundwater in the THP and to 

provide an estimate of dynamic supply of groundwater from the THP that may 

be brought to market by landowners to meet demands by municipalities and 

other water demanders as they budget future capital investment and input costs. 

Because the public is uncomfortable with, and uncertain about, future 

water availability, the public seems to be seeking to 'relieve pressure' born out of 
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that discomfort by implementing conservation policy designed to relieve that 

pressure.  All potential conservation policies, if implemented, will imply both 

costs and benefits to society.  Costs of conservation policy include opportunity 

costs (and implied economic impacts) of foregone water use, explicit costs of 

implementation of the policy, and explicit costs of policy development.  Public 

benefits of conservation policy may include 'pressure relief' related to future 

water availability and welfare-enhancing, technical innovation (and adoption) 

resulting from policy-induced scarcity of water.  Costs and benefits of 

conservation policy depend on the specific policy implementation selected.  

While society is better-off by selecting a specific policy implementation having 

higher net benefits, as the set of considered policies is broadened, a policy with 

increased net benefits may be found. 

Clarification, with specificity, of the public objective and a broadening of 

the set of considered policies will allow for a search process to locate a more 

efficient policy outcome.  Regardless of the public objective, if the objective is 

known, a more efficient outcome may be attainable.  The well-worn research 

question of "How much water do we conserve to maintain some sense of equity 

to rights-holders, current regional economic welfare, and future regional 

economic welfare?" may be premature.  Perhaps researchers should ask "What is 
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the appropriate quantity of water rights (or options) to purchase during the 

current period, so that the public objective is met?"  While public-funded 

conservation is an available approach, in the face of such long-run uncertainty, 

perhaps a closer look at market policies is warranted. 

At question is the benefit and efficacy of the strength of the increasingly 

powerful public regulatory regime for water rights in the THP region.  To 

understand the benefit and efficacy of the public regulation of water rights, it is 

useful to understand and compare the incentives and outcomes under the 

regulatory regime and a market-based policy regime. 

1.3. Specific Problems 

(a) Texas groundwater conservation policy, contemporarily proceeding 

from the formal statement of Desired Future Conditions (DFCs) by Texas 

Regional Water Planning Groups, serves to bring about incentives for 

landowners (irrigators) to decrease THP withdrawals for the purpose of 

increasing expected future aquifer stocks.  In this context, conservation policy is 

ultimately directed (or applied) to individual landowners as the policy affects 

irrigator choice.  Implementation of conservation policy is often applied 

homogeneously (across landowners); as this is relaxed, the broader is the set of 

potential policy options.  Consideration of conservation policies which rely on 
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differentiation of policy agents may provide better outcomes.  Additionally, 

rather than an arbitrary conservation quota, a market-based policy lends 

incentives for landowners to allocate the groundwater toward the highest-valued 

uses.  Therefore, potentially improved outcomes may result from the broadening 

of policy considerations by using a model framework which supports 

heterogeneous aquifer characteristics and consideration of various market-based 

policies. 

(b) A higher the degree of heterogeneity of aquifer and irrigator 

characteristics employed in the analysis requires more spatially detailed 

characteristic data.  Analysis using spatially dense characteristic data implies 

greater differentiation between local irrigators in the analysis and less smoothing 

from the use of aggregate data.  The greater the degree of differentiation between 

landowners, the greater the number of local tradeoffs and possibilities for gains 

from trade settling to agents beyond the decision maker. 

(c) Conservation policy discussions regarding the timing and quantity 

dynamics of the drawdown of THP aquifer stocks are potentially misinformed 

due to the omission from (or diminished importance in) the policy discussion of 

the impacts of future, long-run uncertainty.  Because THP landowners are 

individuals making multi-period evaluation in deciding the level of current 
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groundwater withdrawal, individual landowners are taking consideration of 

future states, consideration of future states that is necessarily fraught with long-

run uncertainty.  Uncertainty about future states, in turn, alters current 

individual behavior leading the decision maker to withdraw a quantity of water 

in the current period different from the withdrawal quantity in the case when 

future states are known with certainty.  Therefore, analysis that better 

incorporates inherent uncertainty of future states more accurately depicts timing 

and quantity dynamics of THP aquifer drawdown. 

(d) The modeling approach in much of the current literature in THP 

groundwater policy may overemphasize the governmental role in groundwater 

management by mischaracterization of the motives and actions of THP 

landowners.  If the public perceives a true interest in and expects a real demand 

for appreciable quantities of THP groundwater stocks in the distant future, the 

public goal might best be achieved through public investment in groundwater 

market development, public enforcement of groundwater rights, and public 

purchase of groundwater rights. 
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1.4. Objectives 

Through analysis and evaluation of temporal land-use and groundwater 

withdrawal choices which broadens the set of evaluated groundwater 

conservation policies by use of a model framework supporting policy application 

to differentiated decision makers and including consideration of uncertainty in 

distant-future states (through application of market-based components), the 

general objective of this study is to contribute to the ongoing discussion of 

groundwater conservation policy in the THP. 

The specific objectives are as follows: 

1. Evaluate differences in landowner and aquifer outcomes under the 

DFC regulatory policy and the policy of no regulation when modeling 

differentiated versus non-differentiated aquifer characteristics. 

2. Evaluate differences in landowner and aquifer outcomes under the 

DFC regulatory policy and the policy of no regulation when modeling 

market-based opportunities for sharing risk and uncertainty through 

voluntary conservation transactions. 
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Chapter II 

Literature Review 
 

2.1. Introduction 

Natural resource stocks are the focus of volumes of academic, trade, and 

popular literature and dialog.  Awareness in Western societies of resource 

depletion, resources both currently depleted and reaching depletion, is broad 

and widening.  Strong theoretical foundations of resource depletion, specifically 

groundwater depletion, have remained a sturdy foundation for significant and 

ubiquitous research and theoretical improvements over recent decades. 

As previously mentioned, the rate of aquifer stock extraction is an 

economic choice made by landowners and their agents, the economic analysis of 

which is usually based on assumptions that "individuals maximize welfare as 

they conceive it, whether they be selfish, altruistic, loyal, spiteful or masochistic." 

(Becker, 1993).  These agents (largely irrigators in the case of the THP) are 

maximizing agents. 

The literature reviewed in this chapter consists of three sections.  First, a 

review is completed of previous work toward understanding of the economic 

significance to the THP region of the intense irrigated agricultural production; 

several studies have focused on analysis of the causes and effects of the rapidly 

declining aquifer stocks in the THP (Feng, 1992; Terrell, 1998; Johnson, 2003; Das, 
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2005; Wheeler, 2005; Wheeler, 2008; Weinheimer, 2008).  Second, an 

understanding is developed of a more specific body of research emphasizing the 

interaction between localized (farm-level) land-use decisions (tightly integrated 

with irrigation withdrawals) and localized (farm-level) physical aquifer features.  

Finally, integration of uncertainty into the analysis of future THP water supply 

and use requires insight into the dynamics of technical innovation and adoption; 

in that light, an assessment is undertaken of the existing research into such 

dynamics with an emphasis on relevant agricultural technologies.   

2.2. Significance of Intense Irrigated Production on THP 

In an early analysis of the withdrawal-induced farm-level impacts in the 

southern extent of the Ogallala aquifer, Bodkin (1964) uses a temporal budgeting 

analysis of representative farm model to examine the impact on irrigated cotton 

production of increasing production costs due to increased pump-lifts and 

decreased well-yields.  Each of the various farm model scenarios consist of a 

given farm size, set of activities, and representative restrictions within the study 

area near Lubbock, Texas; the study area is selected based on homogeneity of 

land-use and aquifer characteristics.  Results indicate that increased pumping 

would lead to decreased irrigated cotton acreage, per acre cotton yield, and net 

returns.  Significantly, Bodkin found the addition of more wells, as well-yields 
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decline, would be unprofitable largely due to the high investment cost (and so, 

depreciation cost) of installed irrigation equipment.  Further, although the 

analysis is not specific to heterogeneous land parcels (farms), the results attempt 

to prescribe optimal production activities for long-run enterprise activities.  

While acknowledging the likely development of innovation in irrigation 

technologies, Bodkin's analysis assumes certainty in the then-current technology; 

likewise, assumed certain are future prices and the regulatory environment. 

Hughes and Harman (1969) constructed linear programming models to 

estimate optimal short-run withdrawal in eighty sub-areas defined based on 

homogeneity of aquifer characteristics; these sub-areas cover the extent of 

twenty-one crop-producing counties of the Southern High Plains region.  

Notably, as technology, prices, and the regulatory environment were modeled at 

1966 levels, and short-run, single-period optimization models were used to 

estimate optimal enterprise selection and groundwater withdrawals, the 

implication for the irrigator is that he is operating with complete uncertainty of 

future states. 

Feng (1992) compared estimates of crop enterprise selection, irrigation 

technology, irrigation water application (and so, aquifer drawdown) across a 

long time horizon for a short-run, single-period optimizing irrigator to that of the 
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long-run, social planner.  The analysis used a study area covering Lubbock 

County, Texas, a county of the THP where initial saturated thickness ranged 

from 50 to 130 feet.  Both the dynamic efficient analysis and the recursive, single-

period optimization allowed for comparison based on various discount rates, 

initial pump-lifts, and saturated thicknesses of per-acre net returns; the approach 

treats the study area as having homogeneous agronomic and aquifer 

characteristics by establishing the optimization objective function as the present 

value of net returns of a single enterprise-weighted acre.  Feng found that the 

most significant motive for the decline in irrigated acreage was not aquifer 

drawdown (and increased pump-lifts), but was the continued use of low-

efficiency irrigation technology.  Suggesting that irrigators naively use the short-

run decision rule, the difference between the discounted net returns for the two 

models is implied to be the potential gain from institutional regulation on aquifer 

withdrawals.  Further, Feng's model supports technology adoption but not 

innovation, as adoption is available only from the set of existing technologies 

known at t=0, thereby implying complete certainty (uncertainty) about future 

states in the dynamic-efficient (static-recursive) model.  Feng included treatment 

of risky future output prices by incorporation of bounded distribution of ten-
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year historical crop prices.  Likewise, the institutional environment is assumed 

known and constant throughout the model horizon.  

Bian (2015) looked at the effects of uncertainty perceived by landowners of 

policy implementation and continuation.  He used a SUR model to estimate 

harvested acreage of the three major crops (corn, cotton, and sorghum) in several 

representative counties of the THP.  He found that in most counties, 

groundwater use is expected to increase upon adoption of groundwater 

regulation policy, even if left unenforced.  Bian concluded strong evidence that 

the uncertainty of limiting groundwater policy is likely to increase groundwater 

extraction in the THP region. 

Arabiyat (1998) modeled the impacts to irrigators and aquifer drawdown 

in three THP counties from irrigator adoption of advanced irrigation-water 

application technologies and anticipated crop-plant biotechnology innovations 

using model components and data from Feng (1992), Terrell (1998), and 

Middleton (1996).  Using a dynamic efficient optimization model, a comparison 

was made between the optimal groundwater extraction path, associated 

cropping patterns, and net returns under standard practices and under a culture 

employing improved irrigation efficiency and expected plant biotechnology 

innovations.  Study results indicated that the adoption of such technologies 
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would significantly contribute to extension of the economic life of the aquifer 

stock as input to irrigated agricultural production when an institutional 

constraint limits annual withdrawals to then-current levels. 

As interest in regulatory policies waxed, Johnson (2003) considered 

alternate conservation policies for THP water in nineteen counties; for each 

policy, he evaluated the trade-offs between economic cost and quantity of 

conserved aquifer stock.  The study resulted in estimates of the economic life of 

the aquifer in each county in the study area under each of the alternate 

conservation policy scenarios, identification of a preferred policy alternative 

likely to extend the economic life of underground reserves, and estimates of the 

impact to the regional economy of the each conservation policy.  Again, a 

dynamic efficient optimization model maximizing present value of net returns 

over a fifty-year horizon was employed to evaluate outcomes expected to result 

from each of the three policy alternatives.  The model evaluated groundwater 

drawdown at the aggregate, county level, implying homogeneity of aquifer 

features and agronomic characteristics across the county unit.  The policy 

imposing a drawdown restriction of fifty-percent of initial county-average 

saturated thickness was the most effective water conservation policy, yielding 

the largest stock conservation at the lowest economic cost per water unit.  
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Johnson's dynamic modeling approach lends toward a complete certainty 

treatment of future technology, input and output prices, and institutional 

environment. 

Das (2004) developed a dynamic optimization model solving for long-run 

groundwater use over nineteen irrigating counties of the THP; the model was 

used to evaluate two alternative regulatory policies based on the tradeoff 

between groundwater conservation and policy cost.  Das's model was the first 

attempt to integrate a spatially disaggregated model of aquifer hydrogeology 

with the economic behavioral land-use model.  Aquifer stock drawdown and 

discounted net returns resulting from a status quo scenario and each of two 

conservation policy scenarios were compared, only to find that neither of the 

alternate polices (a groundwater extraction tax and a pumping quota restriction) 

significantly reduced groundwater withdrawals over the fifty year horizon. 

Wheeler (2005) analyzed impacts of multiple institutional policies 

including a water buyout policy - a positive irrigator incentive rather than the 

oft-evaluated negative incentives - on twenty-five Texas and New Mexico 

counties, most of which are included in the THP.  A non-linear dynamic 

optimization model, extending the work of Das (2004) and Johnson (2003), and 

Terrell (1998), was used to evaluate three conservation policies, a zero-percent 
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drawdown (water buyout) policy, a policy limiting total horizon drawdown to 

fifty percent of the unconstrained drawdown, a similar policy limiting total 

horizon drawdown to seventy-five percent of the unconstrained drawdown, and 

a policy limiting total horizon drawdown to fifty percent of the unconstrained 

drawdown by limiting annual extraction to a given maximum.  Like Johnson 

(2003), Wheeler evaluated groundwater drawdown at the aggregate, county 

level, implying homogeneity of aquifer features and agronomic characteristics 

across the county units and the approach implies complete certainty of future 

technology, input and output prices, and institutional environment.  Results lend 

that that one-size-fits-all policies are likely to be inefficient due to significant 

heterogeneity of hydrogeology leading to a limited subset of heavily-irrigated 

county areas having adequate water endowment to support policy intervention.  

Wheeler (2008) continued analysis of conservation policies in an 

evaluation of nine high-water-use THP counties focusing on two water buyout 

policies, one having a ten-year contracted term of no water extraction, and the 

other having a similar contract term of twenty years.  The policies targeted the 

dryland conversion of twenty-five percent of a county’s irrigated acreage for the 

term of the individual contracts with a goal of postponing the current use of 

aquifer stocks for use later under improved technology.  She accounted for 
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biotechnical innovation in (and adoption of) crop plants by factoring an annual 

county-yield increase of 1.67% through the sixty-year horizon.  However, no 

uncertainty of technical innovation and adoption, input and output prices, and 

the institutional environment is supported.  The dynamic optimization modeling 

effort aggregated the aquifer and behavioral analysis at the county level, 

precluding analysis of the potential benefits of spatially disaggregated policies 

relying on heterogeneity of decision entities.  Results indicated that neither 

policy alternative would achieve significant conservation in the study area 

counties having high water use. 

Weinheimer (2008) developed an analysis of the farm-level impacts 

through time, both to aquifer drawdown and the resulting financial viability.  A 

representative farm was defined to replicate a typical farm in Floyd County, 

Texas, a significant irrigating county of the THP region; various aquifer scenarios 

characterized by differing initial physical conditions assumed to be underlying 

the representative farm were analyzed.  The optimal enterprise selection and 

aquifer withdrawals over a ten-year horizon were estimated using a dynamic 

programming framework, the results of which were used as inputs to a financial 

simulation of the farm resulting in estimates of the viability of continuity of the 

farm firm through the planning horizon.  The analysis made comparison 
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between a baseline scenario characterized by the farm implementing an 

unaltered production plan and a scenario attempting to impose an oft-discussed 

policy regulating irrigator withdrawals to fifty percent of initial county-average 

saturated thickness after fifty years.  Results indicate that across all scenarios of 

initial aquifer conditions and under the "50/50" water policy, the financial 

viability of the farm suffers due to increased probability (over the baseline 

scenario) of negative net cash income and ending cash reserves.  Weinheimer's 

treatment of future technical innovation, prices, and the institutional regime in 

the dynamic modeling imply certainty over the ten-year horizon, a plausible 

assumption, given the relatively short term. 

2.3. Integration of Land-use Choices with Physical Aquifer Features  

Clearly, the behavior of a given irrigator is both dependent on and is 

affected by physical characteristics of the aquifer in the local area.  As those 

physical aquifer characteristics vary significantly across the THP and even across 

much smaller areas of the county.  Previous work analyzing the impacts of 

aggressive irrigation in the THP region have attempted to account for spatial 

heterogeneity in various methods.  Two significant approaches have been most 

common.  First, researchers (Bian, 2015; Hughes and Harman, 1969; Feng, 1992; 

Johnson, 2003; Wheeler, 2005; Wheeler, 2008; Weinheimer, 2008) have used the 
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county as the unit of study, implicitly assuming a degree of homogeneity of 

aquifer features across the county unit.  Such models have been useful for some 

aggregate, basin-wide withdrawal and conservation estimates; however, policy 

(whether the details of which are enacted broadly or laser-focused) affects 

individuals, and so, the impacts differ due to individual characteristics - 

including features of the aquifer local to the irrigation decision.  Additionally 

(and sometimes jointly), modeling exercises have often been implemented using 

a (usually small) set of "aquifer scenarios" including varied levels of saturated 

thickness in the initial period (Bodkin, 1964; Feng, 1992; Weinheimer, 2008).  

Results from such models can be used to provide some clues into impacts of the 

heterogeneous irrigation decisions, but the breadth of such scenarios required to 

model reality and the absence of common-pool interactions between irrigators 

limits the usefulness of this approach in a policy context.  Attempts to 

disaggregate the decision unit and apply realistic irrigator characteristics have 

generally resulted in a modeling approach described here at the integrated 

approach. 

Multiple studies focused on water management in western states have 

pioneered the modern integration of hydrogeological simulation models with 

economic behavioral models for the purpose of evaluating interactions between 
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heterogeneous economic and water supply features (Ritzema, 1994; Willis and 

Whittlesey, 1998; Newlin, 1999; Draper, 2003).  Each of these models were 

designed to evaluate policy and management decisions of primarily surface 

water resources. 

An integrated modeling effort by Keplinger, et. al. (1998) examined an 

unconfined aquifer with significant surface recharge, the Edwards Aquifer in 

south-central Texas.  Both the economic and hydrologic consequences of a dry-

year groundwater irrigation suspension program were estimated; the goals of the 

program were to increase available water supply to the city of San Antonio, 

Texas, protect endangered aquatic species, and increase spring flow in the 

region.  The modeling approach integrated a crop growth simulator, an 

economic valuation model, and a hydrogeological simulation model primarily to 

find the likelihood irrigators would voluntarily participate in the program when 

paid to suspend pumping.  Results indicate that significant reductions in 

irrigation withdrawal can be achieved in exchange for relatively little irrigator 

payment; even a payment in dry years of fifty dollars per acre foot was estimated 

to induce voluntarily program participate of ninety-one percent of irrigators.  

The suspension program was implemented for the Edwards Aquifer with 

favorable results. 
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Bian (2015) used a dynamic non-linear optimization model of a county in 

the THP to consider farm-level decision making with respect to groundwater use 

and evaluate the tradeoffs between time value of money and future agricultural 

technology improvements.  His results indicate that the sooner THP property-

right-holding landowners realize the benefits of expected future technological 

development, water conservation will follow more quickly. 

Das (2004), mentioned above, introduced the integrated approach into the 

analysis of THP withdrawal by the use of a dynamic optimization model 

consisting of an economic behavioral land-use component integrated with a 

spatially disaggregated model of dynamic aquifer hydrogeology.  Using the 

integrated approach, the economic and hydrologic impacts of non-homogeneous 

land use within a county were estimated; particularly within a given county unit, 

significant variability in water use obtained and, due to the significant variation 

in land use, the groundwater conservation policies considered were not effective 

within all parts of a county and policy costs were found to vary widely from 

location to location.  



Texas Tech University, Marty Middleton, August 2018 

39 

Chapter III 

Analytic Framework 
 

3.1. Introduction 

Analysis of the causes and effects of aquifer drawdown related to irrigated 

crop production integrates theory of neoclassical production economics with the 

consideration of uncertainty (and risk). Neoclassical production theory provides 

the framework with which to analyze changes in the physical and economic 

relationships that are relevant to the production decisions made by the irrigating 

firm.  However, neoclassical production theory, in its static form, ignores the 

reciprocal impacts on today's (tomorrow's) choices of future (current), uncertain 

(certain) opportunities, and so, the uncertainty inherent in irrigated crop 

production through time.  Perhaps, analysis of dynamic production relationships 

exclusive of uncertainty considerations, should be seriously questioned as to its 

suitability for agricultural related problems, given the significant uncertainty of 

future economic and production parameters implicitly affecting current producer 

choices.  Firms engaged in agricultural production, particularly irrigated crop 

production, can be regarded as operating in markets attendant to the theory of 

the competitive firm.  Producer expectations of input and output price 

relationships and factor-product transformations are known with certainty.  That 

is, for example, no uncertainties exist about environmental conditions affecting 
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the quantity of commodity output.  Because perfect competition assumptions 

hold only for crop production under conditions of certainty, some assumptions 

will be relaxed in this conceptual framework when considering crop production 

under uncertain conditions.  Further, a crop production function relating applied 

and unapplied factors to commodity products that exhibits diminishing marginal 

returns beyond some level of input use will be assumed relevant, throughout. 

3.2. Neoclassical Production Theory 

More than ninety-five percent of water withdrawals from the THP are 

applied to cropland as irrigation water by crop-production firms.  Almost all of 

this irrigation water is applied to support crop yields of corn, cotton, wheat, and 

sorghum; the relevant production inputs (other than irrigation water) are 

generally purchased in markets exhibiting significant economic competitiveness 

(or, at least, in markets where the crop producer has limited market power).  

Likewise, the output products are traded in relatively competitive markets where 

individual firms have little influence on prices.  Therefore, crop-production firms 

in the THP region have trivial market power in both input and output markets.  

Decisions of crop-producers facing competition on both sides, then, may 

resemble those characterized by the neoclassical theory-of-the-firm. 
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Given the requisite assumptions, including that of a profit-maximizing 

firm, the neoclassical theory suggests that a firm chooses the quantity of input 

use (x) by selecting the level of input (and by extension, the output quantity, y) 

where the marginal unit of the input yields a marginal output quantity (MPx) 

that contributes to the profit objective a sum (VMPx) equal to the price of that 

marginal input unit (rx).  Specifically, the optimal input level is selected as the 

input quantity where value of marginal product of the input (VMPx = Py*MPx) is 

equal to the input price (at the quantity of water withdrawal xw* in Figure 3.1). 

VMPx = Py * MPx = rx 

As the VMPx is dependent on the production technology employed 

(through the MPx), the optimal production level can be restated as the level of x 

where MPx = rx / Py, where the marginal productivity of x is equal to the 

input:output price ratio. 

Equivalently, the crop-producer's problem is to allocate and employ 

factors of production (land, labor, capital, and entrepreneurship), both owned 

and hired, in such a way as to best cover all factor payments and maximize pure 

(or residual) profit.  The typical crop producer acts as both household and firm, 

as is the case for many small businesses.  The crop producing firm combines 

factors of production (land, labor, capital, and entrepreneurship) to produce 
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output products.  The crop producer (as a household) owns (and supplies) 

factors of production to the firm.  Inasmuch, the factor payments would be 

expected to accrue to the household and help support household expenditures.  

The pure (or residual) profits captured by the firm would be expected to be used 

by the firm to finance growth.  However, because of the tight coupling of the 

household and firm, in this case, factor payments and pure profits may be shared 

in some combination to finance growth or support household expenditures.  

Some evidence exists that decisions made by the crop producing firm are 

impacted by the coupled motivations of the household. 
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Figure 3.1. Value of marginal product equals input price. 
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3.3. Extended Production Theory 

Consider two irrigators producing in the current period and differing only 

in the technology used to apply irrigation water.  One uses an efficient irrigation 

method, say drip irrigation system; the other uses an irrigation method 

characterized by less efficient water delivery, say a traditional gated-pipe system. 

Figure 3.2 shows the implication.  Assuming the two technologies differ 

primarily according to a linear shift, the irrigator using the more efficient drip 

system withdraws less water to irrigate a single acre.  Bear in mind, however, 

that this outcome says nothing about whether the irrigator using the drip system 

will choose to irrigate more acres with the water that is "freed-up" by the efficient 

use. 

The previous comparison can be easily transferred to a single irrigator 

evaluating adoption of irrigation water application technology through time.  As 

the drip system becomes economically optimal, the irrigator has incentive to 

upgrade to the more efficient system, and so, extract less water per irrigated acre, 

ceteris paribus. 
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Figure 3.2. Effect of technology on optimal production choice. 
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The rational crop-producer has expectation of firm (and household) 

continuity into succeeding production periods.  Therefore, at the annual 

enterprise planning, the crop producer considers factor payments and profits 

realized not only in the current period, but also in future periods.  And so, 

implemented production choices in any given period result from multi-period 

planning efforts.  In this regard, rather than maximization of profit, the 

producer's objective might be more clearly understood as maximization of firm 

value (equivalently, household wealth), where wealth is the household's claim 

on the existing owned stock of assets, both real (including production factors) 

and financial. 

The wealth maximizing producer, then, repeatedly analyzes and makes 

enterprise choices each year at production planning.  Such choices are made 

according to incentives consistent with the theory-of-the-firm, introduced above.  

Extending that theory to multi-period production choices, that the optimal 

production choice for the current period is to employ the input, say irrigation 

water, (and to save the remainder for future use) up to the quantity where the 

VMPx in current application is equal to the discounted VMPx in future periods is 

generally recognized and supported.  Specifically, in a two period horizon, the 

VMPx of water in period two is the value of water in period two that could be 
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"purchased" for use in period one; only when these two values are equal, will the 

trade not occur; therefore, this is equivalent to saying the current VMPx is equal 

to the price of the input.  Clearly then, such choices are made using expectations 

of input and output prices, factor-product transformations (technology), and 

institutional governance and policy in both the current period and future periods 

to estimate enterprise returns and effects on wealth expected in both the current 

planning period and future periods. 

Taking such an approach to enterprise planning, the producer surely 

perceives less and less certainty regarding input and output prices and factor-

product transformations the more distant into the future is the realization of the 

expected values.  Squarely then, the producer's level of certainty regarding 

impacts of pumping is greater for earlier periods and uncertainty regarding 

pumping impacts increases the more distant (into the future) is the considered 

pumping.  Therefore, a positive factor payment to groundwater expected in a 

more distant (and uncertain) period ought to be valued less by the producer than 

a payment of equal size received in an earlier (and more certain) period. 

Uncertainty regarding future input prices, output prices, and factor-

product transformations, leaves the irrigator with a significant problem to solve 

at planning time.  Therefore, some might argue that the irrigator disregards 
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expectations of future prices and technology altogether and solves the planning 

problem by considering only current (and more certain) valuations.  Such an 

argument assumes the irrigator is naive.  The rational irrigator, however, makes 

consideration of future prices and technical innovation using as much costly 

information about future impacts to the extent that the marginal unit of 

information obtained is valued equal to the cost of obtaining that marginal unit.  

While some of the assembled information is based on objective data, much is of a 

subjective nature, though still having value to the irrigator. 

Many exogenous forces may bring change to input price levels, either 

increasing or decreasing prices.  For the given input, irrigation water from the 

THP, the price of the water will increase through time, ceteris paribus, due to 

increased pump lift as more water is removed from the slowly replenishing 

aquifer.  The irrigator could choose to ignore or recognize the increased future 

cost of the water factor.  If he ignores the impact of current pumping on future 

input price, he will pump more in current period.  If he recognizes the impact of 

current pumping on future input price, he will pump less in current period.  

Assuming the irrigator is rational, he behaves according the latter description 

and pumps less in the current period. 
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Because of lower input cost (rw) and equivalent technology and output 

prices, producers in aquifer locations having the most desirable irrigation 

conditions (the lowest pump lift and highest saturated thickness) are likely to be 

producing closer to the physical maximum of total product than producers in 

aquifer locations having less desirable irrigation conditions.  Likewise, 

exogenous changes in input prices affect the input price in the same way for both 

producer types.  Therefore, those changes are likely to bring about unequal 

changes in withdrawal quantities from year to year for different producers. 

Then, as the price of the applied irrigation water increases during future 

periods (remembering that the price of crop output is fixed from assumption), 

the level of reduction in withdrawal depends on the change in the marginal 

productivity of irrigation water at the initial level of water application.  If the 

marginal productivity is relatively low (representative of production near the 

technical optimum), a given increase in the price of water changes the 

withdrawal level by a relatively small amount compared to that if the marginal 

productivity of water were relatively high.  Therefore, the targeted output level 

chosen by the producer is impacts the resulting decrease in water withdrawal for 

a change in the price of water.  If the producer targets a yield near the physical 

optimum, the slope of the MPw curve is steep and a given increase in rw changes 
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the withdrawal level by a relatively small quantity.  If he produces further away 

from the physical optimum (earlier in production stage two), the slope of the 

MPw curve is less steep and a given increase in rw changes the withdrawal level 

by a relatively larger quantity. 

 For a given technology (equivalent to a point in time when there exists a 

given crop production function and relationship to irrigation water), a given 

crop, and relatively abundant and available groundwater stocks, we are typically 

applying irrigation water near the physical yield maximum; this would imply 

that the MPPx is descending relatively quickly and is nearing the zero point (and 

likewise with VMPx under a constant output price in the S-R with a given 

technology); this implies the MPPx (and VMPx) has a large negative first 

derivative (or slope).  Therefore, a given change in the input price (say an 

increase in pumping costs or a water extraction tax) implies a relatively small 

change in input application quantity.  Therefore, an equivalent increase in input 

cost of water will lead to smaller behavioral change for irrigator pumping from 

"better" water vis-a-vis an irrigator pumping from marginal water if the marginal 

irrigator is initially pumping less - settling for a lower yield.  

Further, changes (via technical innovation) in the total product 

relationship (and by extension, the MPw relationship) may bring about a variety 
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of outcomes depending largely on the changes in the relationship of the water 

input to the other inputs in production (such as pesticides, fertilizer, labor, 

capital, and land).  For example, introduction and adoption of a biotech corn 

variety which uses less water to achieve unchanged yields and, as a result, 

decreases the herbicide requirement, exhibits a different input-input relationship 

than the introduction of a biotech variety which uses less water but requires 

increased use of insecticide to fight insect predation on the more attractive plants 

(or a significant increase in labor and a capital investment, or seed technology 

allowing the crop to be grown in inferior soils, etc.).  Were the innovation 

technically related to the quantity of water available (such as a cost-reducing 

irrigation technology having some significant instantaneous water requirement), 

the innovation would have differing impacts to various producers.  Additionally, 

changes to the output price are likely to be perceived by all producers, unless the 

output price changes are related to efficiency of water use (say with a price 

subsidy for 'green' production). 

Figure 3.3 illustrates potential uncertain transitions in the optimal 

irrigation choice for each of two irrigators using equivalent technology - one 

pumping from deeper water incurring higher water cost and one pumping from 
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relatively shallow aquifer incurring lower water cost.  Uncertainty of cost 

impacts from technical innovation and aquifer regulation and output pricing 

 

 

allows for both increasing and decreasing shifts of the VMP relationship.  

Specifically, technical innovation in water application efficiency would bring 

about a decrease in the MP relation, and in the VMP relation by extension, 

indicated by a leftward shift of the VMP curve.  Innovation that increases 

maximum crop yield potential would bring about an upward shift in the MP and 

VMP relations.  Likewise, an output price increase (decrease) would bring about 

an upward (downward) shift of the VMP relation.  Finally, motivation for a 

Figure 3.3. Uncertainty in the optimal production choice. 
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rightward increase in the MP (and so VMP) relation could result from some 

(perhaps unlikely) overwhelming yield enhancing (or cost saving) innovation in 

some other production input (say fertilizer) that requires plant genetics that use 

more water per unit of output.  As illustrated in the Figure 3.3, the distributions 

of optimal irrigation application are symmetric and of equal impact for both 

input price levels and all future probabilities, however, this not need be the case 

and in fact is not likely.  

Clearly, uncertainties exist and are perceived by irrigators regarding the 

future price of the water input (and other inputs), the future price of the output, 

and future production technologies.  Because, significant uncertainties exist that 

both increase and decrease the expected value of crop production, depending on 

subjective (and objective) probabilities and personal risk preferences, individual 

irrigators may find the expected value of crop production in the distant future is 

near zero.  Such a perception would lead the irrigator to "make hay while the sun 

shines" and pump water to achieve maximum yields in the current period. 

3.4. Extraction Path Comparisons 

 Various investigations into the irrigation water withdrawal in the THP 

region have approached the withdrawal choice as either a social planner using 

long-run, socially optimal decision criteria (however, in the absence of complete 
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markets with property rights and full information) or as a naive irrigator using 

short-run, myopic decision criteria.  While illustrative of the two extremes on the 

continuum of behaviors affecting withdrawal from the THP, perhaps the 

behavior dominating withdrawal decisions is that of an informed, risk-averse 

decision maker using long-run, privately optimal decision criteria.  Note that 

under a purely competitive regime (in the strictest sense) with complete markets 

having complete property rights, full and symmetric information, contract 

enforcement, and low transactions costs, the decision criteria of a social planner 

who considers future uncertainties is likely equivalent to that of a privately 

optimizing irrigator under the same regime.  However, the relevant market 

interactions in most markets impacted by (and impacting) the withdrawal 

choices in the THP do not exhibit completeness, full property rights, complete, 

symmetric information, nor contract enforcement.  Therefore, withdrawal choices 

are made in an environment of incomplete property rights and incomplete and 

asymmetric information having a significant impact.  

 Both extreme decision criteria are naive, and unlikely to be followed by 

any decision maker.  First, the social planner using long-run, socially optimal 

decision criteria with disregard for uncertain future outcomes, is naive due to his 

neglect of the significant uncertainties regarding the future.  Second, the irrigator 
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using short-run, myopic decision criteria is also naive due to his disregard for the 

value of preserved water stocks in future uses.  More consistent with 

assumptions on agents' rationality is the decision criteria of a risk averse decision 

maker using long-run, privately optimal decision criteria. 

 As has been shown by others, when comparing the naive social planner 

to the naive irrigator, the THP irrigation water extraction path of the naive social 

planner lengthens the future period in which economically feasible withdrawal 

can occur versus that of the naive irrigator due to the value imputed to future 

aquifer stocks by the naive social planner.  Given the neglect of future 

uncertainties (and implied assumption of certainty) by the naive social planner, 

the resultant extraction path may approximate the upper bound on the term of 

the future period in which economically feasible (and rational) withdrawal will 

occur.  Likewise, given the disregard by the myopic, naive irrigator for the value 

of preserved water stocks in future uses (and implied zero-valuation of future 

water), the resultant extraction path is likely the lower bound on the length of the 

future period in which economically feasible withdrawal may occur (assuming 

rationality on the part of the decision maker).  See Figure 3.4. 
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3.5. Risk Premium Characterization 

 At any time (shown on the horizontal axis of Figure 3.4), the marginal 

change in the vertical difference between the extraction paths of the naive (full 

information) social planner and the naive irrigator represents the range of 

possible withdrawal quantities.  In an environment of complete markets and 

certainty, for a given period the decision maker would likely choose the 

withdrawal quantity corresponding to the naive social planner's extraction path.  

In an environment (difficult to imagine) where all future uses of extracted water 

have no value (or, equivalently, if total uncertainty about the future persists), the 

rational decision maker chooses the withdrawal quantity corresponding to the 

extraction path of the naive irrigator.  Given this dichotomy, value of the 

marginal change in the vertical difference in withdrawal quantity between the 

6

Figure 3.4. Aquifer extraction path under various assumptions of uncertainty. 
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two extreme regimes could be considered the risk premium of the decision 

maker. 

 In the more realistic environment of incomplete markets, preserved water 

stocks having positive value, and uncertainty about the future, the decision 

maker would likely choose a withdrawal quantity somewhere within the range 

set by the extraction paths of the naive social planner and the naive irrigator.  

Making the same consideration as previous, the difference in withdrawal 

quantity between the extraction path of the naive social planner and the 

extraction path of the informed decision maker could be considered the risk 

premium of the informed decision maker with some arbitrary level of risk 

aversion. 

 The choice of withdrawal quantity within the range depends on the 

perceived level of uncertainty of wealth effects of future water withdrawals and 

the risk preferences of the decision maker.  The contribution to decision maker 

wealth of future water withdrawals is characterized by significant uncertainty.  

The more(less) uncertainty surrounding the wealth valuation of the future 

withdrawal, the higher (lower) the relative valuation of the current withdrawal.  

Likewise, increased (decreased) uncertainty associated with the level of the 

valuation of a future withdrawal likely increases (decreases) the relative 
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valuation of a current withdrawal, and so, induces the decision maker to 

withdraw relatively more(less) in the current period. 
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Chapter IV 

Methods and Procedures 
 

4.1. Overview 

The present work offers to modify the discussion and formation of THP 

conservation policy with specific effort to (a) broaden the set of evaluated policy 

alternatives according to the heterogeneity of water rights owners and water 

demanders, and to (b) inform the discussion with analytical consideration of the 

impacts of distant-future uncertainty through a market-based alternative.  The 

modeling approach derives core utility from integration of a generalized model 

framework which supports analysis of policy application to heterogeneous and 

differentiated decision-making agents based on modeled aquifer characteristics. 

The generalized model framework includes integration of an economic 

choice model component and a hydrogeological model component to support 

temporal interaction between the economic choices of water demanders and 

water-right owners and physical impacts to groundwater stocks and aquifer 

drawdown so that reciprocal impacts are transmitted between decision agents 

and the aquifer stock levels through time.  The generalized framework is first 

used to establish the temporal trajectories, or paths, of economic and physical 

effects expected to result from the existing (as of 2016) THP conservation policy 

regime, an effort to analyze the status quo.  Additionally, the generalized 
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framework is used to support analysis of the impacts and valuations of alternate 

policies. 

An effort is made to compare expected outcomes (temporal paths of 

economic and physical endogeneities) resulting from alternate conceptions of the 

possible impacts of future uncertainty.  Specifically, temporal outcomes are 

compared across two variations representing alternative vectors for managing 

uncertainty.  Further, temporal outcomes are conditioned on the level of 

homogeneity of the water-right owners; two variations of water-right owner 

aggregation are considered.  A total of six modeling variations are considered; 

the variations are further discussed later in this chapter. 

4.2. The Study Area 

The boundary of the study area is defined as the political boundary of 

Castro County, Texas.  Castro County sits in the southwestern part of the Texas 

Panhandle on the Southern High Plains of Texas.  Further, the county falls 

entirely or almost entirely within the following political boundaries: High Plains 

Underground Water Conservation District #1; Llano Estacado (Region O) 

Regional Water Planning Area; (Texas) Groundwater Management Area #2.  See 

figures 4.1, 4.2, and 4.3. 
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Figure 4.1. Political boundaries of Castro County and the High Plains Underground 

Water Conservation District #1. 
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Figure 4.2. Political boundaries of Castro County and the Llano Estacado Regional 

Water Planning Area (Region O). 
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Management Area #2. 
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Castro County is surrounded by Texas counties on all sides, Deaf Smith 

and Randall on the north, Swisher on the east, Hale and Lamb on the south and 

Parmer on the west (Figure 4.4).  The county lies at approximately 34'31" north 

latitude and 102'19" west longitude.  The surface of the county consists of about 

900 square miles of mostly level terrain ranging in elevation between about 3,500 

to 4,000 feet above sea level, with a consistent and slight decrease in elevation 

from northwest to southeast.  Two draws, having occasional seasonal flow, drain 

the flat lands of the county.  Running Water Draw enters the county on the west 

and meanders southeasterly across the county exiting into Lamb and Hale 

Counties.  Middle Tule Creek begins in the northeastern extent of Castro County 

and runs southwesterly into Swisher County.  Additionally, the primary surface 

water features of Castro County include scores of playa lakes dispersed 

throughout the county. 

Near the geographic center of the county is the city of Dimmitt, the county 

seat and most populous municipality with a census of 4,393 in 2010.  The county 

population is 8,062 in 2010, diminished from the peak of 10,556 in 1980.  The 

climate of Castro County is cold, semi-arid (steppe) climate (BSk in the Köppen-

Geiger climate classification system) (Peel, Finlayson, and McMahon, 2007). The 

annual average temperature is 60.3F.  The annual average daily high and low 
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temperature in Dimmitt is 71.3F and 40.7F, respectively.  The month having the 

lowest average minimum temperature (21.3F) is January. The month having the 

highest average maximum temperature (91.0F) is July.  The annual average 

precipitation in Dimmitt is 17.72 inches, with an annual average snowfall of 11.4 

inches.  The average growing season in Dimmitt is 172 days. 

 

   

Figure 4.4. Castro County: cities, neighboring counties, and elevation above sea level 

(ranging from 4045 feet in the northwest to 3475 feet in the southeast). 
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The distribution of surface soils across Castro County are primarily well-

suited to irrigated and dryland crop production, with some areas better suited to 

pasture grazing.  Particularly, about 82 percent of the soil surface in the county 

consist of a deep dark-brown clay loam, classified as "nearly level to gently 

sloping, deep noncalcareous, very (and moderately) slowly permeable, loamy 

soils on uplands... lacking prominent features but characterized by a few slight 

rises and many dish-shaped depressions or playas, in which water accumulates.  

The soils of Castro County once supported native grasses but currently produce 

significant quantities of corn, wheat, sorghum, and cotton. 

The study area, is underlain by multiple groundwater deposits.  The 

Ogallala Aquifer underlies the entirety of Castro County.  The Dockum Aquifer 

underlies partial areas of the county. 

Selection of the specific county as the study area (from the set of THP 

region counties) is primarily based on heterogeneity (within the county) of 

physical measures affecting water use, and is implemented using measures 

evaluated on two criteria.  The selected county exhibits (a) a significant share of 

surface area allocated to crop production and (b) widely heterogeneous 

groundwater availability, including extreme availability and extreme absence of 

groundwater sources.  Of all counties in the THP region, locale-specific aquifer 
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conditions in Castro County include significant areas of some of the richest 

aquifer stocks remaining, but also significant areas of the most severe drawdown 

in the aquifer water table. 

Selection and definition of the model time unit is based on data 

availability of measured hydrogeological inputs and land-use and land-cover 

inputs; this data is available at annual intervals.  Further, disregarding the short-

term variations in irrigation water withdrawal timing due to short-term weather 

patterns, production planning choices affecting groundwater stocks are typically 

made annually.  In the dynamic modeling effort, the duration or planning 

horizon is set to 54 years.  This horizon is chosen to replicate that used by the 

Texas Water Development Board, and its instruments, for state groundwater 

resource planning.  This time horizon corresponds to the horizon stated in the 

adopted Desired Future Conditions that resulted from 2016 Joint Groundwater 

Planning by the relevant groundwater conservation districts and groundwater 

management areas (Hutchinson, 2016).  Use of a similar planning horizon in this 

modeling effort allows for direct comparisons of model results to those 

published in the Desired Future Conditions. 

A geographic information system (GIS) of the study area is developed 

(using ESRI ArcGIS) to facilitate spatial analysis for multiple tasks required 
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throughout this work.  Datasets for base layers of the GIS are sourced from the 

Texas Natural Resources Information System (2015).  Additional datasets 

employed in the GIS are described below as their use is discussed. 

4.3. The Generalized Integrated Modeling Framework 

Through temporal and reciprocal interaction between the economic and 

physical model components, the generalized modeling framework simulates the 

system of cyclical feedback between groundwater withdrawal choices, resulting 

changes in aquifer stock levels, and subsequent impacts to ensuing withdrawal 

choices existing for each spatially defined decision area.  The generalized effort 

utilizes a dynamic nonlinear programming framework, characterized by a finite 

time horizon, to simulate temporal changes in groundwater supply (due to 

aquifer stock levels, irrigation pump lift, and economic costs) and groundwater 

demand through time. 

The procedure used to develop the integrated dynamic non-linear water 

policy model conceptually integrates two linked sub-models.  A hydrogeology 

model component integrates the optimal groundwater quantity withdrawal 

choices resulting from the economic choice model component guided by the 

defined set of economic incentives and property right institutions to simulate the 

impact of the optimal withdrawal extraction pattern on groundwater stocks of 
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the Ogallala aquifer through the modeled time horizon.  The economic choice 

model component simulates optimal choices of property-right owners of 

groundwater as they face the simultaneous hydrogeological conditions and 

economic incentives through the modeled time horizon. 

This dynamic non-linear water policy model may have potential beneficial 

application in consideration of economic and hydrogeological outcomes 

resulting from market-based transfers of water and water rights between 

localized regions, improvements in technical irrigation productivity, and 

regulatory policies that incentivize conservation of groundwater stocks. 

4.3.1. Hydrogeology Model 

The physical groundwater model component employs a simplified 

representation of the groundwater withdrawal and natural recharge to account 

for water stock and flows within localized areas of the THP.  As such, at the 

beginning of any time period, the aquifer storage in a given choice zone has a 

stock characteristic, accounting for the quantity of water volume stored in the 

zone.  During each time period, the net water flow for a choice zone is the net of 

natural groundwater recharge into the aquifer and groundwater withdrawal.  

The hydrogeology model represents both the state of and changes in the physical 

groundwater storage structures present in the study region. 
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The groundwater stocks and the water table elevation at a given time 

period are the result of a dynamic process of withdrawal and replenishment.  

The initial quantity of water volume stored in each choice zone is estimated 

according to the following procedure.  First, the elevation of aquifer base, the 

elevation of aquifer water table at the beginning of the initial period, the specific 

yield of aquifer volume, and the elevation of the land surface are determined as 

described above.  The quantity of water volume stored is the equal to the volume 

of the aquifer in the zone (calculated as the elevation of the water table less the 

elevation of the aquifer base multiplied by the zone surface area) multiplied by 

the specific yield of the zone.  This initial water accounting is taken as the initial 

water stock in the choice zone.  During each model period, the net water flow is 

calculated and netted from the water stock of the preceding period. 

4.3.2. Economic Choice Model 

The generalized modeling framework employs several assumptions on 

irrigator behavior including exogenous prices, continuity of firms, and a finite 

choice set facing the water-right owner consisting of production of the four most 

common crops.  The irrigation technology used on each spatial zone is specified 

initially and allowed to change due to behavioral incentives; however, 

availability of irrigation technology is homogeneous across irrigators.  For this 



Texas Tech University, Marty Middleton, August 2018 

71 

study, the two irrigation technologies are non-irrigated (dryland) and irrigated 

(using LEPA technology).  All other aspects of technical production are assumed 

homogeneously available to and applied by all irrigators; likewise homogeneous 

are the impacts of all exogenous catalysts such as weather, markets, etc.  

Regarding information, expectations of the future, and both preference for and 

ability to bear the risky future, all irrigating agents exhibit equal access to and 

use of information (and equivalent expectations of future states).  Also assumed 

homogeneous in the model are the risk preferences and risk-bearing ability for 

all irrigating agents. 

Practically then, the allowance for disaggregated land-cover decisions and 

heterogeneity among water-right-holding landowners is supported in the 

modeling approach through division and definition of several choice zones 

within the study area; similar physical constraints and opportunities imply 

relative homogeneity of choice incentives for decision makers within a given 

choice zone.  Dissimilarity of those same physical constraints and opportunities 

implies relative heterogeneity of choice incentives for decision makers between 

choice zones.  

The choice zone is the decision unit where economic choices, influenced 

by uncertain technical innovation, regulatory policies, and market incentives, 
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affect the groundwater stock through time.  In the model, the withdrawal choice 

and land cover (enterprise) choice and production plan are carried out according 

to local hydrogeological, physical surface, and economic (behavioral, land-use) 

conditions and features of the choice zone. 

The dynamic economic model used in this study is a modification of the 

dynamic nonlinear model of production agriculture in the SHP of Texas 

developed and improved through Johnson (2003), Das (2004), and Bian (2016).  

Inasmuch, the model derives the optimal groundwater extraction path through 

time that maximizes the net present value of agricultural returns during the fifty-

four year, finite planning horizon. 

Because the model structure is that of a finite-period planning horizon, the 

present value of net returns depends on the valuation of periodic pumping 

flows.  In addition, consideration of model treatment of the residual 

groundwater stock at the end of the planning horizon is necessary.  The work in 

this paper takes a conservative approach at characterizing the residual stock by 

assigning a zero economic valuation to the residual groundwater stock in the 

terminal period.  While theory suggests that the residual value of the 

groundwater resource is an obligatory component of the resource valuation, the 

practical degree of uncertainty surrounding the value, the absence of futures 
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markets that might capitalize and reveal such values, and the desire to arrive at 

conservative estimates of periodic ground water stocks, beg the modeler, in this 

analysis, to disregard the residual resource value. 

The method for developing the crop/water production function 

parameters describing the relationship of crop yield response to applied 

irrigation water is developed from the Crop Production and Management Model 

(CROPMAN), following Johnson (2003) and Das (2004).  CROPMAN is a 

software application of the Environmental Policy Integrated Climate (EPIC) 

model originally developed by USDA-ARS that simulates the interaction of 

natural resources (soil, water, and climate) and crop management practices on 

crop yield, soil properties, soil erosion, and nutrient/pesticide leaching.  Irrigated 

crop production function parameters for four irrigated crops in the study area – 

corn, cotton, sorghum, and wheat – are employed.  The quantity of irrigation 

water applied during a crop growing season varies and impacts crop yield 

through the production relationship.  Timing of irrigation application is held 

constant, assuming the quantity of irrigation water is applied on a given 

irrigation schedule.  Further following Das (2004) and Bian (2016), the production 

response is based on static assumption of average temperature and average 

precipitation during the growing season.  The dryland, non-irrigated, alternative 
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practice, uses estimated dryland yields for each crop and irrigation (dryland) 

practice. 

The dynamic nonlinear optimization model relies on two equations of 

motion to support the feedback loop between the two model components.  The 

impact of water application and pumping on aquifer stock, pump-lift, pumping 

cost, and net returns allow the model to track saturated thickness through time.  

The relationship between economic choices (crop land cover and the resulting 

per acre irrigation application) during a growing season and the levels pumping 

lift and saturated thickness (and aquifer stock) in the future periods are captured 

using two recursive equations of motion.  The equation of motion for pump lift at 

time t is specified as: 

Lt+1 = Lt + 1/SY * ((Wt - RCHt) / 12) 

where Lt+1 is the pump-lift in feet at time t+1, and Lt is the pump lift in time 

period t.  The parameter SY is specific yield assumed to be 0.15 throughout. The 

variable Wt is groundwater extraction per irrigated acre measured in acre inches 

per acre for all irrigated crops, and RCHt is aquifer recharge in acre inches per 

acre, assumed at 0.5.  The 12 in the denominator converts inches to feet. 
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The second equation of motion, is inversely related to the first, and also 

uses a recursive relation to model the change in aquifer saturated thickness over 

time. The general form is: 

STt+1 = STt - 1 / SY * ((Wt - RCHt) / 12) 

where STt+1 is saturated thickness in feet at time t+1, STt is the saturated thickness 

in time period t.  SY is specific yield and has a value of 0.15, Wt is water use per 

irrigated acre measured in acre inches per acre.  RCHt is recharge in acre inches 

per acre.  The 12 in the denominator converts inches to feet. 

Pumping cost for a given crop, C during period t is calculated as: 

PCct =((EF * (Lt + 2.31 * PSI) * EP) / (EFF)) * (WAct) 

where PCct is pumping cost in dollars per acre, EF is the energy use factor for 

electricity and has a value of 0.164.  Lt is pump lift, in feet, in time period t.  The 

factor 2.31 is an engineering parameter representing the height of a column of 

water that will exert 1 psi pressure.  EP is the energy price measured in $ per 

kilowatt-hour and has a fixed value assumed at 0.0633 $/kwh.  EFF is pump 

engine efficiency at 0.50.  WAct is the measure of water application per irrigated 

acre of crop C during year t measured in acre inches. 
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Gross pumping capacity is the groundwater availability, representing the 

maximum capacity of groundwater that could be applied during a growing 

season.  Gross pumping capacity is calculated as: 

GPCt = (4.42 * (IWY / IAPW) * (STt / IST)2) 

where GPC is the gross pumping capacity at time period t measured in acre 

inches per acre, IWY is initial well yield in the first period measured in gallons 

per minute, and IAPW is the initial acres served per well in the first period.  STt 

is saturated thickness in feet in period t and IST is initial saturated thickness in 

the first period.  The numerical constant 4.42 is a conversion factor used to 

calculate GPC.  The unit of measurement on the conversion factor is acre-inches 

per gallon per minute (ac-in/gpm) and is derived from the following.  Assume 

2000 pumping hours in a growing season (period).  As such, the parameter is 

calculated as: (2000 hours) * (60 minutes/hour) / [(43.560 cubic feet/acre foot) * 

(7.48 gallons/cubic foot)] * (12 inches/foot) = 4.42 ac-in/gpm. 

The model includes a restriction on the minimum quantity of irrigation 

water application during a period for a given crop.  If the crop cannot receive 

water application to at least the minimum application rate, irrigated acreage in 

the crop is reduced and the idled acreage is converted to either dryland 

production or a less water-intensive crop.  The model further includes a 
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constraint on total irrigated acreage to be no more than the total irrigated acreage 

in the initial period. 

4.3.3. Choice Zones: Definition and Data 

Division of the county into (and definition of) choice zones derives from 

the grouping (or clustering) of individual grid cells having unique 

hydrogeological and land cover characteristics.  Definition of the grid cells is the 

result of a unit-grid lattice graph overlaid across the study area.  Within the grid 

lattice, each one-square-mile grid cell represents a spatial unit with strictly 

homogeneous characteristics assumed, including hydrogeological and economic 

characteristics.  The grid lattice graph is created as a vector layer, containing 

polygon features, in ArcGIS using the Fishnet tool in the ArcToolbox.  To allow 

for discrete measure of grid cell characteristics, the geographic midpoint of the 

grid cell is used as the reference point for the entire grid cell.  The geographic 

midpoints are created in a vector layer, containing point features, in ArcGIS by 

converting the polygon features in the grid lattice graph layer to the point 

features located at the centroid of the square polygon.  These discrete midpoints 

are then used to represent each grid cell in the GIS. 

Because of the significant heterogeneity in physical aquifer characteristics 

previously mentioned, the generalized modeling framework employs 
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disaggregated, spatially-specific, descriptions of physical aquifer features.  The 

features are defined on each grid-cell in a grid network of square cells, one 

square mile in size.  Hydrogeological features of the aquifer are used to both 

initialize the water stock of each model cell and to estimate periodic water stocks 

for each model cell in future periods. 

Each one-square-mile grid cell is the initial spatial unit and is assumed 

homogeneous in all characteristics.  The static and initial hydrogeological 

characteristics determined for each grid cell (midpoint) are the following:  

 elevation of aquifer base (assumed static) 

 elevation of aquifer water table (initial) 

 specific yield of aquifer volume (assumed static) 

 elevation of the land surface (assumed static) 

Local hydrogeology is based on data collected from various sources.  The 

Texas Water Development Board collects and maintains well-driller's logs which 

contain various data items describing the hydrogeology encountered during the 

drilling process, including the depth (from the surface) to the aquifer base, when 

relevant; see the Appendix for an example.  The High Plains Underground Water 

Conservation District #1 makes field measurements of production and 

observation wells dispersed throughout the district.  For observation wells 
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dispersed in the study area, the HPUWCD annually measures depth (from the 

surface) to the water table.  The Water Research Center at Texas Tech University 

has estimated various hydrogeological parameters in the region.  The elevation 

of aquifer base in each grid cell is approximated through a process beginning 

with the base elevation taken from the hydrologic atlas developed by Stovall 

(2001) and well driller’s reports.  The aquifer base for each grid cell is the 

elevation of the discrete grid midpoint in the GIS. 

The initial elevation of aquifer water table in each grid cell is 

approximated through a process beginning with the water table elevation of 

observation wells dispersed throughout the study area.  The observation wells 

are georeferenced in a vector layer, containing point features, in ArcGIS by using 

the coordinates provided by the HPUWCD and the well-driller’s reports.  

Because the set of observation wells is relatively sparse, a continuous, raster layer 

of water table elevation in the study area is developed, using the Kriging tool in 

ArcGIS to interpolate between observation well points.  From the continuous 

raster layer, the grid cell water table elevation is discretized at the grid cell 

midpoint in the GIS. 

The specific yield of the aquifer volume, that is, the proportion of space in 

the aquifer volume saturated with groundwater, is assumed to be 
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homogeneously distributed at 0.15 throughout the study area.  The choice of a 

homogeneous specific yield is grounded in two causes; first, other analyses 

estimating heterogeneous specific yield imply relatively low confidence in 

localized estimates; and second, other analyses imply low variability in localized 

estimates.  These considered, model parsimony begs for homogeneous specific 

yield. 

The elevation of land surface in each grid cell is calculated through a 

process beginning with the land surface elevation taken from the National 

Elevation Data (NED) Inventory of the U.S. Geological Survey.  From the 

continuous NED raster layer, the grid cell land surface elevation is discretized at 

the grid cell midpoint in ArcGIS. 

From the four datasets defined above, the initial saturated thickness of the 

aquifer and the initial depth to water are calculated for each grid cell.  For each 

grid cell, the initial saturated thickness is calculated as the difference between the 

initial elevation of aquifer water table and the elevation of the aquifer base.  The 

initial depth to water is calculated as the difference between the elevation of the 

land surface and the elevation of the aquifer water table.  Figures 4.5 and 4.6 

display maps of Ogallala saturated thickness and depth to water across the 

county, measured in vertical feet. 
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Choice zones, having similar hydrogeological properties within and 

hydrogeological properties differentiated from other choice zones, are used to 

model heterogeneity in the groundwater storage structures in local areas of the 

study region.  The choice zones are representative of local areas having unique 

aquifer characteristics.  Choice zones are defined using a clustering approach to 

Figure 4.5. Saturated thickness of the Ogallala aquifer in Castro County (ranging from 

0 feet in the darkest brown areas to 260 feet in the darkest blue areas). 
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regionalize spatially contiguous grid cells having similarity in the primary 

hydrogeological properties - initial saturated thickness and initial depth to water. 

 

 

Spatial clustering, or regionalization, is used to aggregate areas into 

homogeneous regions.  Each choice zone is a set of spatially contiguous grid cells 

that results from regionalization of the grid cells in the study area having a high 

degree of similarity in initial saturated thickness and depth to water.  The 

Figure 4.6. Depth to water of the Ogallala aquifer in Castro County (ranging from 99 

feet in the darkest brown areas to 390 feet in the darkest blue areas, with a depth of 

about 250 feet in the brightest yellow). 



Texas Tech University, Marty Middleton, August 2018 

83 

absence of a theoretical or practical reason to choose the number of choice zones 

a priori implies a need to endogenize the number of clusters.  Inasmuch, the 

max-p-regions problem is used to design the suitable regions for analysis, the 

choice zones.  The max-p-regions algorithm (Duque, Anselin, and Rey, 2012) 

yields a clustering such that (a) aggregation is diminished, maintaining as much 

disaggregation as possible, (b) the within zone homogeneity is maximized by 

minimizing aggregation bias, and (c) subjectivity in the scale problem is avoided.  

The spatial clustering approach follows a three-step procedure. 

The max-p-regions model, as applied to the current problem, requires as 

inputs, (1) a set of grid cells (968), (2) a spatial weights matrix containing 

information on grid cell contiguity, (3) grid cell attributes (initial saturated 

thickness and initial depth to water) from which grid cell dissimilarities are 

calculated, and (4) a spatially extensive attribute requirement, minimum 

geographic size (25 square miles), in this case. 

The objective of the max-p-regions model applied to the selection of 

choice zones is (1) to find the maximum number of contiguous choice zones (p) 

needed to group the 968 grid-cell in such a way that each choice zone contains at 

least 25 grid-cells (i.e., threshold = 25); and (2) to find, within all solutions with p 

choice zones, the solution with the least amount of intra-regional heterogeneity 
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in the choice zones, based on the grid-cell attributes, initial saturated thickness 

and initial depth to water.  In calculation of intra-regional heterogeneity, initial 

saturated thickness and initial depth to water are equally weighted in 

importance. 

The model implementation was configured and executed using the 

Python programming language with the addition of the NumPy and PySAL 

Python libraries.  First, the spatial weights matrix, which expresses the potential 

for spatial relationship between each pair of grid cells, was developed using 

contiguity based weights.  Contiguity based weights result from the presence or 

absence of shared edges or vertices between neighbors, in this case, each pair of 

grid cells.  One of three criteria can be used to define how contiguity of neighbor 

grid cells is applied.  The moves of board pieces in the game of chess are used as 

analogy and for criteria naming; the three criteria are rook, queen, and bishop.  

The rook criterion takes as neighbors any pair of cells that share at least one 

edge.  The queen criterion takes as neighbors any pair of cells that share at least 

one edge or at least one vertex.  The bishop criterion designates neighbors as any 

pair of cells that share only one vertex.  The rook criterion was selected to 

develop the choice zones.  Python PySAL methods are used to output the spatial 

weights matrix using the GIS grid cell data vector layer input.  Next, methods 
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from the Python common library are used to read in grid cell attribute data 

(initial saturated thickness and initial depth to water) from a comma-separated 

text file.  The attribute data is temporarily stored in a Python NumPy array.  

Finally, the PySAL implementation of the max-p-regions algorithm is executed 

using the spatial weights matrix, the NumPy attribute array, and the spatially 

extensive attribute, choice zone size, and minimum value (25 square miles).  The 

result of the PySAL call is a text file containing an array list of homogeneous 

choice zones (regions) containing spatially contiguous (by rook criterion) grid 

cells.  The data from the text file is conditioned and imported back into the GIS 

for further analysis.  Figure 4.7 shows the resulting choice zones. 
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The physical model includes consideration of the heterogeneous 

hydrogeology between choice zones.  The impact of unique stock and flow 

characteristics within zones supports the consideration of heterogeneous 

demands by various economic agents and analysis of the resulting interactions 

between heterogeneous hydrogeology zones and heterogeneous preferences and 

costs of economic agents.  

Figure 4.7. Castro County choice zone definitions resulting from spatial clustering. 
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Understanding of relative choices within and between choice zones 

employed detailed data describing the land cover in Castro County.  That dataset 

resulted from an extensive, initial, visual survey of fields in Castro County.  The 

survey was conducted spanning a period of several days during the midsummer 

of 2015.  Midsummer was chosen so as to optimize visual identification of land 

cover crops.  Wheat would have been recently harvested or grazed-out so that 

accurate identification would remain likely.  Also, the summer crops, corn, 

cotton, and sorghum, would all be satisfactorily developed so as to enhance 

accurate identification of the plants. 

In planning for the survey, several software, hardware, and procedural 

components were identified.  Because of the peculiar nature of this survey, most 

of the components were developed, in-house.  First, ArcGIS was used to develop 

an optimal (minimum distance) network of routes to travel.  Roads in Castro 

County are largely laid out on a (one-square mile) section grid, with localized 

variation in specific areas.  Because of the significant proportion of farms 

segregated on the quarter-section pattern, the typical section would consist of 

four one-quarter section plots.  Irrigation using LEPA systems are usually 

formatted to cover roughly a one-quarter section plot; other significant standard-

sized LEPA system is formatted to cover roughly a full section.  Regardless, 
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because of the road network, the survey would require driving along at least two 

sides of each section to obtain clear view of the land cover and irrigation practice.  

To obtain extensive survey data (about 80% coverage of the farm population), the 

total travel distance was estimated at more than 1100 miles.   Accordingly, a GIS 

of travel routes was developed.  The GIS included vector base layers of county 

boundaries for Castro and all surrounding counties and primary and secondary 

road networks for each county.  Network Analyst from the ArcToolbox would be 

configured and employed to optimize the routes.  In preparation for the Network 

Analyst, the vector road network layers were merged to a single vector layer and 

all vertices were identified.  A network layer was developed from the vector 

layer.  Extensive configuration and execution of the Network Analyst resulted in 

a seven routes, each expected to require between 4 and 13 hours to complete.  

The network routes were color-coded, converted to KML format, off-loaded to a 

portable navigation device, and layered on a Google base map of the area, such 

that the location of the vehicle would be identified on the navigation device 

within the route map. 

Second, in preparation to collect geo-located land cover data along the 

route, various techniques were considered.  The selected approach led to the 

scratch development of an elegant Android application to be loaded onto a 



Texas Tech University, Marty Middleton, August 2018 

89 

Samsung tablet.  Held and operated by a car passenger, the app was designed to 

allow for rapid entry of data upon the verbal cue given by the car driver.  As 

such, the driver would pass by a farm, make a determination of the land cover 

characteristics, make a verbal statement providing those characteristics, and end 

with a verbal cue when the car passed the approximate center point of the farm.  

A typical verbal call might be: LEFT SIDE, SEVEN TOWER SPRINKLER, ONE-

HALF CORN, ONE-HALF WHEAT, CRP IN THE CORNERS, MARK.  LEFT 

SIDE refers to the farm adjacent given side of the road, SEVEN TOWER 

SPRINKLER refers to a quarter-section LEPA system, with half the sprinkler 

irrigating corn and half irrigating wheat.  CRP IN THE CORNERS indicates that 

the triangular corners surrounding the sprinkler-irrigated circle are enrolled in 

the USDA Conservation Reserve Program.  The word MARK indicates the 

position of the approximate center of the given farm.  The passenger operating 

the Android device easily make choices by clicking an array of neatly formatted 

buttons from among alternatives in the app to enter the descriptive data.  As the 

driver calls MARK, the location button is pressed in the app to retrieve and store 

the GPS signal data from the GPS receiver of the device.  All of this data is 

included in a single database record that is sent to a home-grown, on-device 

database.  No network connection is required to make use of the app and device. 
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Finally, after several trips to Castro County and several long days of data 

collection, the land cover of approximately 81% of the county land had been geo-

located and stored in the database.  After the collection period was complete, the 

data was downloaded from the device app database to a workstation.  The data 

required significant cleaning, manipulation, and scaling to arrive a t a vector GIS 

layer of grid cells having associated land cover and irrigation characteristics.  

As previously discussed, irrigated crop production yields result from 

production function parameters taken from earlier work.  See the Appendix.  

Dryland crop yields are developed from the five year average yield for the 

period 2012 to 2016, sourced from the Texas A&M AgriLife Extension, Texas 

Crop and Livestock Budgets (2017).  Variable cost for dryland crop production 

and additional cost due to irrigation requirements are also sourced from Texas 

Crop and Livestock Budgets for Texas District 2.  Parameters utilized in the cost 

estimates include energy use factor for electricity of 0.164 KWH per foot of lift 

per acre-inch of water, system operating pressure of 16.5 pounds per square inch, 

energy price of $0.0633 per KWH, and pump engine efficiency of 50%.  The initial 

cost of the irrigation system of $280 per acre, annual depreciation percentage of 

5%, irrigation labor at 2 hours per acre, labor cost of $8 per hour, and annual 

maintenance cost of 8% of initial cost are taken from the budgets. 
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Data required by the dynamic policy model including county land area, 

county land area overlying the Ogallala Aquifer, annual recharge, specific yield, 

initial saturated thickness, initial pump lift, initial well yield, initial acres served 

per well, and the initial number of irrigated and dryland acres by crop all result 

from the collected data compiled in the GIS database.  See the Appendix  for the 

relevant data for each choice zone. 

4.4. Model Policy Scenarios 

To support comparison of outcomes between government adoption of 

various regulatory policies, three model scenarios will be considered.  The three 

scenarios, Baseline, DFC Quota, and Water Right Conservation Lease, differ 

based on the incentive (either implicit or explicit) guiding the choice of the water-

right holding producer.  Each of the policies is described below. 

4.4.1. Baseline Scenario 

The Baseline model scenario assumes neither a positive nor negative 

regulatory incentive.  This scenario policy is a hands-off approach and places no 

extraordinary impediment for groundwater withdrawal to the producer.  This 

scenario supports the producer response to relative prices of crop production 

inputs and outputs and to water pumping costs extending from groundwater 
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availability.  The Baseline scenario is assumed to prevail in the absence of the 

other two policy scenarios. 

4.4.2. DFC Quota Policy 

The DFC Quota Policy model scenario is designed to mimic the Desired 

Future Conditions that resulted from the 2016 Joint Groundwater Planning effort 

by the relevant groundwater conservation districts and groundwater 

management areas in the THP region (Hutchinson, 2016).  Representatives from 

the High Plains Underground Water Conservation District No.1; Llano Estacado 

(Region O) Regional Water Planning Area; (Texas) Groundwater Management 

Area #2, and other interested local groups devised a policy to be implemented 

and enforced by the HPUWC district.  In short, the DFC quota places a limit of 

the total groundwater withdrawal during the planning horizon, to 2070.  

Specifically, the policy for Groundwater Management Area 2, adopted on 

October 19, 2016, states “The desired future condition is average drawdown of 

between 23 and 27 feet for all of GMA 2 from 2012 to 2070.”  In the model, the 

policy constraint is set to the maximum producer impediment level of the 27 feet.  

Therefore, the average saturated thickness in the area at the end of the planning 

horizon can be no more than 27 feet less than the initial saturated thickness. 
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4.4.3. Water Right Conservation Lease Policy 

The Water Right Conservation Lease Policy model scenario allows for 

some market incentive toward satisfaction of the public’s clear demand for 

private groundwater rights.  As the case has already be detailed, the government 

activity (through the Texas Water Development Board, Texas Legislature, Texas 

Judiciary, and others) demonstrates a clear and apparent demand, for and by the 

public, for groundwater stocks to remain in aquifer storage.  As such, a market 

incentive for the producer to cut groundwater extraction and to extend the life of 

the aquifer could achieve this end.  This scenario supports a market incentive by 

offering an annual conservation lease payment to the producer in exchange for 

forgoing irrigated crop production on farmland acres irrigated during the 

previous period.  In this scenario, the payment is offered on an annual contract 

basis and is only offered during the first five years of the modeled time horizon.  

The leased water right consist of the total water right on the leased acreage and is 

to remain in situ in the aquifer for the duration of the year. 

The Water Right Conservation Lease policy effectively provides the water-

right holding producer a mechanism to manage some inventory risk by sharing 

the risk with the State’s public through the lease payment.  The producer can be 

thought of as holding a large inventory of the input good, groundwater.  
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Consistent with most firms, the more significant is the inventory, the higher the 

contribution to the level of business risk.  Uncertain eventualities can affect the 

inventoried groundwater.  The uncertainty of a change in the imputed value, or 

price, of the groundwater may be significant, especially over a long-run time 

horizon.  The uncertainty of the actual level of inventory stock, or inherent risk, 

may lead to incorrect evaluation of the groundwater inventory, potentially 

having inaccurate effects on production choices.  The uncertain prospect of 

damaged inventory may lead to groundwater that becomes, in some way, 

contaminated and unfit for intended uses.  The uncertainty of inventory theft 

may be realized, for the case of groundwater, in the unexpected actions of an 

overzealous neighbor taking advantage of the common pool nature of the 

groundwater stock. 

As the public makes the annual lease payment, the public obtains 

satisfaction that groundwater extraction is slowed, that is, the level of 

uncertainty faced by the public is mitigated by the transaction of the annual 

water right conservation lease.  In the end, the lease payment can act as a risk-

sharing mechanism bringing about a potential Pareto-improvement. 
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4.5. County and Choice Zone Selections 

In choosing the modeled region, previous discussion has explained the 

selection of Castro County for a representation of the underlying groundwater 

and economic profile of the region.  During the model analysis, outcomes of 

modeling three different areas will be analyzed and compared.  First, a model of 

the entire county and next each of two choice zones (discussed earlier) are 

modeled under each of the three policy scenarios. 

4.5.1. County Level Comparison - Castro County 

As the aquifer characteristics and land cover choices across Castro County 

vary widely, the county serves as an adequate approximation of the 

Groundwater Management Area, where the DFC quota is applied on an area-

wide average.  The policy outcomes, when applied to Castro County, may be 

used to provide a generalization of the outcomes in GMA 2. 

4.5.2. Choice Zone Comparisons 

For the purpose of consideration of policy application to heterogeneous 

choice agents in heterogeneous aquifer areas, two choice zones having 

heterogeneous aquifer characteristics are modeled.  A choice zone, identified as 

Alpha, represents an area having a large aquifer stock, a relatively high pumping 

cost due to a significant initial pump lift, and a high density of irrigated crop 
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production.  Specifically, the Alpha zone has an initial saturated thickness of 125 

feet, initial pump lift of 275 feet, and about 76% of the zone was allocated to 

irrigated crop production during the initial period.  

A choice zone, identified as Beta, represents an area having a medium-

high aquifer stock, a relatively low pumping cost due to a lesser initial pump lift, 

and a medium-low density of irrigated crop production.  Specifically, the Beta 

zone has an initial saturated thickness of 113 feet, initial pump lift of 176 feet, 

only about 39% of the zone was allocated to irrigated crop production during the 

initial period. 

4.6. Uncertainty of Future States 

Implementation into the model of certainty of future states will be varied 

over two alternatives.  Irrigator decisions are modeled in (a) a static, iterative 

optimization framework to represent complete uncertainty of future states, and 

(b) a deterministic dynamic optimization framework representing complete 

certainty of future states. 

Analysis of complete uncertainty of future states results from 

maximization of annual deterministic grid-cell profit as the objective of the 

decision maker.  For each subsequent growing season, the optimal enterprise 

selection and production plan dictate the groundwater withdrawal from a grid-
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cell.  At the end of the period, the hydrogeological characteristics are altered 

according to withdrawal and the model iterates to the next annual growing 

season and the next single-period, profit-maximizing enterprise selection is 

solved.  Total withdrawal can be summed across an arbitrary number of periods 

to arrive at the expected extraction path to any terminal period.  In other words, 

modeling under this assumption is expected to be equivalent to a rolling horizon 

optimization of one year in length. 

Modeling of full certainty about future states, a temporal dynamic 

certainty model follows the work of Wheeler and Das as we combine the 

important features of the two models.  As noted previously, Wheeler's model of 

water withdrawal in THP counties has its foundation in a long-run, dynamic 

optimization of certain net returns at the county level.  Also already noted, Das's 

model integrates a similar long-run, dynamic behavioral model with fine-grained 

analysis of local hydrogeology through addition of detailed interactions between 

hydrogeology and irrigator behavior.  This approach uses the baseline model 

parameters, data, and design incorporated in Wheeler's dynamic behavioral 

model and implements localized hydrogeological interactions closely keeping 

with Das's stylized approach.  The discount rate used under this analysis is the 

long term (10 years) average of the 30-Year Treasury Inflation-Indexed Security, 
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Constant Maturity rate maintained by the Board of Governors of the Federal 

Reserve System (US).  This, so-called, risk-free discount rate supports 

consideration, while arguable, of the intrinsic time-value of money concept 

associated with the use of money, while imputing no value to future uncertainty.  

The ten-year average of this rate is 1.08%. 

A subset of the alternative models will be 'shocked' with various 

exogenous policy and market changes.  Policy incentives are applied to 

aggregate groups of local decision makers, whether aggregated by geography 

(county, sub-county area), aquifer characteristics (saturated thickness, head, 

transmissivity), historical land cover (crops, grazing, CRP), surface features (soil 

type, erodibility), decision maker features (area concentration of control, area age 

distribution).  Comparison based on differing extraction paths and terminal 

water stocks related to baseline and shocked scenarios for each alternative model 

will be made.  For alternate conservation policies, economic costs and benefits 

will be estimated allowing for policy comparison. 
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Chapter V 

Results 

 
The integrated model allows consideration and analysis of the impacts 

alternative policies would be expected to have on agricultural production and 

groundwater stocks and use in the THP.  Particularly, this analysis focuses on the 

impact such policies are likely to have on net returns from agriculture and the 

land cover mix of irrigated crops through time.  The hydrogeological results are 

summarized in terms of groundwater withdrawals and the percentage of initial 

aquifer storage available at the end of the planning horizon.  Further, comparison 

to the Baseline scenario may be useful for evaluation of efficacy and cost of each 

policy alternative.  Specifically, after establishment of the Baseline scenario, two 

broad policies are examined.  The policies investigated consist of the designation 

of a quota policy designed to ensure that the average saturated thickness is 

diminished by no more than 27 feet by the end of the planning horizon and a 

public offer to landowners of an annual per acer water right conservation lease 

payment in exchange for forgone groundwater extraction.  

The presented results are organized so as to present the economic and 

hydrogeological outcomes of six aquifer management policy scenarios.  First, the 

status quo baseline scenario is presented.  The outcomes of the baseline scenario 
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are presented under two different assumptions of future certainty.  The 

assumption that the landowner has certainty about future economic and physical 

relationships, leads to the risk-free assumption.  The assumption that the 

landowner producer is operating in an uncertain environment such that all 

future benefits and costs are totally discounted.  The following policy scenario 

considers implementation of a quota requirement constraint on the maximum 

level of average aquifer withdrawal and drawdown during the planning horizon; 

the maximum drawdown is 27 feet.  The outcomes of the quota policy analysis 

are presented under the same two alternate assumptions of future certainty.  The 

assumption that the landowner has certainty about future economic and physical 

relationships, leads to the risk-free assumption.  The assumption that the 

landowner producer is operating in an uncertain environment such that all 

future benefits and costs are totally discounted.  Finally, the outcomes of the last 

policy scenario are presented to consider the effects of a positive incentive for 

producers to delay groundwater extraction.  Specifically, an annual conservation 

lease payment of $50 per acre is offered to producers.  The lease payment amount 

is allowed to increase by $50 per acre up to $200 per acre.  The results of the four 

scenarios having alternate lease payment amounts are presented.  The outcomes 

of the conservation lease policy analysis are presented under the same two 
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alternate assumptions of future certainty.  The assumption that the landowner 

has certainty about future economic and physical relationships, leads to the risk-

free assumption.  The assumption that the landowner producer is operating in an 

uncertain environment such that all future benefits and costs are totally 

discounted.  Therefore, results of eight scenarios under the conservation lease 

policy are presented.  In total, twelve groundwater management policy scenarios 

are considered. 

5.1. Castro County 

The results for Castro County are organized so as to present the economic 

and hydrogeological outcomes of six aquifer management policy scenarios.  The 

outcomes of the baseline scenario are presented under two different assumptions 

of future certainty - landowner certainty and complete uncertainty.  The next 

policy scenario considers implementation of a quota requirement constraint on 

the maximum level of average aquifer withdrawal to a maximum drawdown is 

27 feet.  The outcomes of the quota policy analysis are presented under the same 

two alternate assumptions of future certainty.  The outcomes of the last policy 

scenario are presented to consider an annual conservation lease payment of $50 

per acre is offered to producers.  The lease payment amount is allowed to 

increase by $50 per acre up to $200 per acre.  The results of the four scenarios 
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having alternate lease payment amounts are presented.  The outcomes of the 

conservation lease policy analysis are presented under the same two alternate 

assumptions of future certainty.  Therefore, results of eight scenarios under the 

conservation lease policy are presented.  In total, twelve groundwater 

management policy scenarios are considered. 

5.1.1. Castro County – Baseline 

Results of the baseline scenario indicate that, given a status quo policy, in 

the presence of no regulatory incentive, under the risk-free certainty assumption, 

net present value of producer net returns is $2,295 per acre.  Producer land cover 

choices during the initial period included 72% of total cropland in irrigated crop 

production and 38% in dryland crop production (Figure 5.1).  At the end of the 

planning horizon, only 6% of total cropland is in irrigated crop production and 

94% is in dryland crop production.  The county switches from predominately 

irrigated crop production to predominately dryland production in year 8. 

During the initial period, county-wide average saturated thickness is 96 

feet.  By the end of the planning horizon, saturated thickness has decreased by 72 

feet to 24 feet of saturated thickness.  The total water volume in the county 

diminished by 75% such that only 25% remains in the year 2070. 
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Figure 5.1. Castro County – Baseline. 
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Baseline results under the assumption of complete uncertainty do not vary 

significantly from those under the certainty assumption. 

5.1.2. Castro County – DFC Quota Policy 

Results of the DFC quota policy scenario indicate that, given a policy 

requiring the average saturated thickness in the county at the end of the planning 

horizon to be no more than 27 feet less than the initial saturated thickness, and 

under the risk-free certainty assumption, net present value of producer net 

returns is $2,091 per acre, representing a decrease of $204, about 9%, from the 

baseline scenario.  Producer land cover choices during the initial period included 

72% of total cropland in irrigated crop production and 38% in dryland crop 

production (Figure 5.2).  At the end of the planning horizon, 10% of total 

cropland is in irrigated crop production and 90% is in dryland crop production.  

The county switches from predominately irrigated crop production to 

predominately dryland production in year 5. 

During the initial period, county-wide average saturated thickness is 96 

feet.  By the end of the planning horizon, saturated thickness had decreased by 

the regulated 27 feet to 69 feet of saturated thickness.  The total water volume in 

the county diminishes by 28% such that 72% remains in the year 2070. 
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Figure 5.2. Castro County – DFC Quota Policy. 
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DFC quota policy scenario results under the assumption of complete 

uncertainty do not vary significantly from those under the certainty assumption.   

Table 5.1 compares selected Castro County results for each policy scenario under 

the complete certainty assumption. 

5.1.3. Castro County – Water Right Conservation Lease Policy  

Results of the conservation lease policy scenarios indicate that, given a 

policy supporting a market incentive offering an annual conservation lease 

payment during the first five years to the producer in exchange for forgoing 

irrigated crop production on irrigated farmland acres, and under the risk-free 

certainty assumption, and with a lease offer price of $50 per acre, there is no 

change from the baseline scenario.  That is, net present value of producer net 

returns, producer land cover choices regarding cropland in irrigated and dryland 

crop production, the switching period, and the change in saturated thickness and 

total water volume remain at baseline levels.  For lease offers up through $100 

per acre, there is, likewise, no change from the baseline scenario.   

At an annual lease offer of $150 per acre, net present value of producer net 

returns increases to $2,341 per acre.  Producer land cover choices during the 

initial period include 72% of total cropland in irrigated crop production and 38% 

in dryland crop production.  At the end of the planning horizon, still only 7% of 
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total cropland is in irrigated crop production and 93% is in dryland production.  

However, during the first five years of the planning period, when conservation 

leases are active, conservation leases increased from 0 to 41% of the county 

cropland in in the fifth year.  The leases immediately dropped to zero percent in 

the sixth year as the policy disallows leases after year five.  Under this scenario, 

the county switches from predominately irrigated crop production to dryland 

production in year 10, compared to year 8 under the baseline scenario. 

During the initial period, county-wide average saturated thickness is 96 

feet.  By the end of the planning horizon, saturated thickness had decreased by 

72 feet to 24 feet of saturated thickness, not significantly different from the 

baseline scenario.  The total water volume in the county diminished by 28% such 

that 72% remains in the year 2070.  

 

BASE

LINE

DFC

QUOTA

CNSRV

LEASE

($150)

Present Value of Net Returns $ per acre $2,295 $2,091 $2,341

Irrigated Cropland - Initial Period % of total 72% 72% 72%

Irrigated Cropland - Final Period % of total 6% 10% 7%

Irrigated to Dryland Switching period 8 5 10

Aquifer Saturated Thickness - Initial Period feet 96 96 96

Aquifer Saturated Thickness - Final Period feet 24 69 24

Aquifer Saturated Thickness - Change feet -72 -27 -72

Change in Total Water Volume % of initial -75% -28% -28%

Table 5.1. Castro County Model Results for each Policy. 
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5.2. Choice Zone Comparisons 

Model results of analysis on the Alpha zone and the Beta zone allow 

comparison of policy application in heterogeneous choice zones within Castro 

County.  Particularly, the aquifer characteristics the choice zone, identified as 

Alpha, represents an area having a large aquifer stock, a relatively high pumping 

cost due to a significant initial pump lift, and a high density of irrigated crop 

production.  Specifically, the Alpha zone has an initial saturated thickness of 125 

feet, initial pump lift of 275 feet, and about 76% of the zone was allocated to 

irrigated crop production during the initial period.  The second choice zone, 

identified as Beta, represents an area having a medium-high initial aquifer stock, 

a relatively low pumping cost due to a lesser initial pump lift, and a medium-low 

density of irrigated crop production.  The Beta zone has initial saturated 

thickness of 113 feet, initial pump lift of 176 feet, only about 39% of the zone was 

allocated to irrigated crop production during the initial period.  

While actual application of the DFC policy is applies to the wider region 

of Groundwater Management Area 2 and is designed to allow for flexibility 

across GMA 2 in the conservation choices, the following discussion provides an 

indication of the policy outcome if a similar policy were applied on at the local 
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level in a zone with relatively rich groundwater deposits, like those in Alpha 

zone and Beta zone.   

5.2.1. Alpha Zone – Baseline  

Results of the baseline scenario for the Alpha zone indicate that, given a 

status quo policy, in the presence of no regulatory incentive, under the risk-free 

certainty assumption, net present value of producer net returns is $1,879 per acre.  

Producer land cover choices during the initial period include 91% of total 

cropland in irrigated crop production and 9% in dryland crop production.  At the 

end of the planning horizon, almost no cropland remains in irrigated crop 

production and about 100% is transferred to dryland crop production.  Alpha 

zone switches from predominately irrigated crop production to predominately 

dryland production in year 7. 

During the initial period, zone-wide average saturated thickness is 125 

feet.  By the end of the planning horizon, saturated thickness has decreased by 86 

feet to 39 feet of saturated thickness.  The total water volume extracted in the 

zone diminished by 69% such that only 31% remains in the year 2070. 

5.2.2. Alpha Zone – DFC Quota Policy  

Results of the DFC quota policy assumption applied to the Alpha zone 

scenario indicate that, given a policy requiring the average saturated thickness in 
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the zone at the end of the planning horizon to be no more than 27 feet less than 

the initial saturated thickness, and under the risk-free certainty assumption, net 

present value of producer net returns is $1,544 per acre, representing a difference 

of $335, lower by about 18%, from the baseline scenario.  Producer land cover 

choices during the initial period included 91% of total cropland in irrigated crop 

production and 9% in dryland crop production.  At the end of the planning 

horizon, 10% of total cropland is in irrigated crop production and 90% is in 

dryland crop production.  The zone switches from predominately irrigated crop 

production to predominately dryland production in year 3. 

During the initial period, zone-wide average saturated thickness is 125 

feet.  By the end of the planning horizon, saturated thickness had decreased by 

the regulated 27 feet to 98 feet of saturated thickness.  The total water volume 

extracted in the zone diminishes by 22% such that 78% remains in the year 2070. 

5.2.3. Alpha Zone – Water Right Conservation Lease Policy 

Results of the conservation lease policy in the Alpha zone indicate that, 

given a policy supporting a market incentive which offers an annual 

conservation lease payment during the first five years of the planning horizon to 

the producer in exchange for forgoing irrigated crop production on irrigated 

farmland acres, and under the risk-free certainty assumption, and with a lease 
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offer price of $50 per acre, there is no change from the baseline scenario.  That is, 

net present value of producer net returns, producer land cover choices regarding 

total cropland in irrigated crop production and in dryland crop production, the 

switching period, and the change in saturated thickness and total water volume 

remain at baseline levels.  For lease offers up through $100 per acre, there is, 

likewise, no change from the baseline scenario.   

At an annual lease offer of $150 per acre (and above), net present value of 

producer net returns increases reflecting the additional revenue from the lease.  

However, dynamic effects to saturated thickness, water volume, and time to 

dryland switching are equal to those of the baseline scenario.  During the first 

five years of the planning period, when conservation leases are active, 

conservation leases increased from 0 to 41% of the cropland in the Alpha zone in 

the fifth year.  However, the leases immediately dropped to zero percent in the 

sixth year and the policy disallows leases beyond year five. 

5.2.4. Beta Zone – Baseline  

Results of the baseline scenario for the Beta zone indicate that, given a 

status quo policy, in the presence of no regulatory incentive, under the risk-free 

certainty assumption, net present value of producer net returns is $2,786 per acre.  

Producer land cover choices during the initial period include 85% of total 
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cropland in irrigated crop production and 15% in dryland crop production.  At 

the end of the planning horizon, 9% of total cropland remains in irrigated crop 

production and about 91% is transferred to dryland crop production.  Beta zone 

switches from predominately irrigated crop production to predominately 

dryland production in year 11. 

During the initial period, zone-wide average saturated thickness is 113 

feet.  By the end of the planning horizon, saturated thickness has decreased by 79 

feet to 34 feet of saturated thickness.  The total water volume extracted in the 

zone diminished by 70% such that only 30% remains in the year 2070. 

5.2.5. Beta Zone – DFC Quota Policy  

Results of the DFC quota policy assumption applied to the Beta zone 

scenario indicate that, given a policy requiring the average saturated thickness in 

the zone at the end of the planning horizon to be no more than 27 feet less than 

the initial saturated thickness, and under the risk-free certainty assumption, net 

present value of producer net returns is negative $2,283 per acre, representing a 

difference of $503, lower by 18%, from the baseline scenario.  Producer land 

cover choices during the initial period included 85% of total cropland in irrigated 

crop production and 15% in dryland crop production.  At the end of the planning 

horizon, 10% of total cropland is in irrigated crop production and 90% is in 
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dryland crop production.  The zone switches from predominately irrigated crop 

production to predominately dryland production in year 6. 

During the initial period, zone-wide average saturated thickness is 113 

feet.  By the end of the planning horizon, saturated thickness had decreased by 

the regulated 27 feet to 86 feet of saturated thickness.  The total water volume 

extracted in the zone diminishes by 24% such that 76% remains in the year 2070. 

5.2.6. Beta Zone – Water Right Conservation Lease Policy  

Results of the conservation lease policy in the Beta zone indicate that, 

given a policy supporting a market incentive which offers an annual 

conservation lease payment during the first five years of the planning horizon to 

the producer in exchange for forgoing irrigated crop production on irrigated 

farmland acres, and under the risk-free certainty assumption, and with a lease 

offer price of $50 per acre, there is no change from the baseline scenario.  That is, 

net present value of producer net returns, producer land cover choices regarding 

total cropland in irrigated crop production and in dryland crop production, the 

switching period, and the change in saturated thickness and total water volume 

remain at baseline levels.  For lease offers up through $100 per acre, there is, 

likewise, no change from the baseline scenario.   
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At an annual lease offer of $150 per acre (and above), net present value of 

producer net returns increases reflecting the additional revenue from the lease.  

However, dynamic effects to saturated thickness, water volume, and time to 

dryland switching are equal to those of the baseline scenario.  During the first 

five years of the planning period, when conservation leases are active, 

conservation leases increased from 0 to 41% of the cropland in the Beta zone in 

the fifth year.  However, the leases immediately dropped to zero percent in the 

sixth year and the policy disallows leases beyond year five. 
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Chapter VI 

Summary and Conclusions 
 

6.1. Summary 

The regional and local economies of the Texas High Plains variously rely 

on direct and indirect economic activity resulting from revenue from irrigated 

crop production.  As the availability of groundwater stocks in localized areas has 

typically declined at various rates through time, dependence on groundwater by 

specific local economies has also varied through time.   

Although significantly diminished, the aggregate groundwater stock 

currently stored in aquifers underlying the THP remains a relatively bountiful 

groundwater deposit.  Public interest in THP groundwater has increased during 

recent years, with the trend continuing until current.  The perception of relative 

water abundance and technical hurdles limiting opportunities to export 

groundwater from the region have historically thwarted demand from sources 

other than crop irrigation. 

Society, through actions of the Texas Water Development Board and 

groundwater conservation districts, has proposed, endorsed, mandated, and 

affected increased public regulation of THP groundwater resources.  Much of 

this regulation is based in public-funded analysis including a distant future 

characterized by much uncertainty.  As increasing public regulation has been 
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proposed and implemented, the response of landowners has included opposition 

to the perceived government interference in private property rights in the 

groundwater stocks.  Most policy considerations employ negative incentives, 

such as financial penalties or legal action, to spur landowning producers to limit 

current use of aquifer stocks.  However, because landowners generally recognize 

the value of the groundwater stock to be capitalized into the value of the land, a 

positive incentive may be more effective.  Inasmuch, policy considerations that 

use positive incentives, even market leasing and purchase of water rights, may 

be a more effective and equitable mechanism for groundwater conservation. 

Antecedent to the question of how to incentivize groundwater 

conservation, is the question of whether conservation, and government action 

toward that end, is the socially optimal route.  Policy induced prolongation of the 

useful life of the aquifer is costly, whether positive or negative incentives are 

employed, and is likely to delay scarcity-induced innovation (such as 

development of crop plant varieties requiring less water) and all the forgone and 

unknown benefits that may cascade.  Inasmuch, the importance of the 

uncertainty surrounding benefits and costs of distant future states seems to be 

diminished in the policy discussion. 
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Toward consideration of differences in landowner and aquifer outcomes 

under the regulatory policy and a policy of limited regulation, a dynamic 

nonlinear programming model was used to evaluate outcomes of decision 

makers in a framework of differentiated versus non-differentiated aquifer 

characteristics conditioned by market-based opportunities for sharing risk and 

uncertainty through voluntary conservation transactions.  In comparison of 

policy alternatives, a status quo, minimal regulation, baseline policy is used for 

contrast.  In addition, a quota policy, and a conservation lease policy are 

evaluated.  Each differ based on the incentive (either implicit or explicit) guiding 

the choice of the water-right holding producer. 

6.2. Conclusions 

Considering the general effects (through the Castro County analysis), 

compared to the baseline status quo, the DFC quota policy achieves the 

conservation target, but decreases the asset value of the water right by more than 

$200 per acre (about 9% of asset value under the Baseline).  Under regulatory 

policies using negative incentives, a resource is effectively taken without 

equitable payment.  Applied to the more than 13,000,000 acres in Groundwater 

Management Area 2, the loss in present value of net returns from the DFC policy 

is more than $500,000,000. 
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Alternatively, while the conservation lease policy evaluated in this paper 

was not effective at achieving the conservation target in Castro County, other 

market-based policies likely would achieve the target while avoiding the taking 

of private asset value.  This analysis is limited in the consideration given to the 

various market-based alternatives.  The scenarios considered here allow only for 

an initial lease period and no water trading between choice zones.  Analysis of a 

broader set of conservation lease contracts and property right transactions and 

model configuration using a spatial equilibrium model could provide deeper 

insight into directions for government support of water market development in 

the region. 

Under each policy scenario, the results indicate a relative quick switch 

away from irrigated crop production to dryland crop production.  Observed 

producer behavior may anecdotally point to a more measured switching period, 

in reality, extending the duration of widespread irrigated crop production.  The 

current analysis dismisses the variability of returns.  Specifically pertinent is the 

relative difference between variability of irrigated crop production and dryland 

crop production.  While per unit costs are perhaps higher for irrigated crop 

production, the variability of returns is presumed to be lower.  While crop 

production in the region is likely to increasingly migrate toward more dryland 
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production, the diversification benefits of irrigated crop production required to 

significantly slow the switch may be modest, explaining the observed behavior 

contrary to the model results in this study.  Reformulation of the model into a 

stochastic spatial equilibrium model could provide deeper insight into 

production choices (and the resulting path of withdrawal) conditioned by 

consideration of the producer’s total crop ‘portfolio’ choice. 

Considering effects to the heterogeneous aquifer areas, the DFC policy 

impacts landowners in the zone having a rich and deep groundwater deposit 

(Alpha zone) by reducing asset value by about $355 per acre compared to the 

impact in the zone having relatively rich but shallow deposits (Beta zone) of 

about $500 per acre.  Because the specific application of the DFC policy in the 

Llano Estacado Regional Water Planning Area (Region O) applies to the region-

wide average drawdown, a mechanism must emerge for allocating the pumping 

reductions between landowners.  Due to this significant differential in the policy 

impact between heterogeneous aquifer areas, the local mechanism used to 

allocate the drawdown reduction within the region may lead to potential 

inequities resulting from the policy.  Likely, a mechanism resulting in a more 

efficient outcome would take advantage of the clear opportunity for bargaining 

that exists between landowners differentially affected by the DFC policy.  
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Further, while the fixed conservation lease policy evaluated in this paper was not 

effective at achieving the conservation target in either choice zone, alternate 

market-based policies applied uniquely to targeted heterogeneous landowners 

may more efficiently achieve the objective while diminishing the taking of 

private asset value. 

This study measured the impacts of various considerations of long-run 

risk on the withdrawal choices of landowners in the region.  Little impact of risk 

considerations was evident in the results.  The absence of much influence of risk 

in the resulting choice behavior may be attributed to two factors.  First, in more 

‘water rich’ locations, the extreme lumpiness of irrigation capital costs lends 

toward a marginal cost relation characterized by ranges of very gently increasing 

marginal cost (as capital is constant) interspersed among sudden bursts of 

significant increases as expensive capital equipment is added to the input mix.  

Across a given range of slightly increasing cost, the value of marginal units of 

irrigation water is relatively high and perhaps strongly increasing over a 

relatively wide range.  These economic features may be revealed by the 

producer’s irrigation water application to appear somewhat insensitive to cost 

over relatively wide ranges of water application quantities.  Second, because 

costs and revenues are assumed in relative fixed proportion throughout the 
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planning horizon, this cost insensitivity may also persist throughout the horizon.  

As such, the problem resembles a most-rapid-approach, regardless of the risk 

assumptions on the discount rate.  Improvement in the consideration of long-run 

risks could result from inclusion of general, long-run trends in economic and 

physical uncertainties including a decreasing trend in overall federal agricultural 

subsidies and movement toward an insurance policy, trends in various climatic 

characteristics in the local region, the increased trend in the regulatory 

environment in Texas as state demographics slowly shift toward an electorate 

supportive of more liberal governance, long-run trends in input-output price 

ratios, and others.  Further improvement could result from simulation of the 

long-run trends taking consideration for various confidence levels in each. 
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