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Meeting future water demands requires sustainable management of aquifer
resources. Over-abstraction of aquifer systems may occur if inequitable and inefficient
methods, which do not consider science or people, are used to determine groundwater
allocation and management strategies. The complexity of water resource issues is caused
by the interconnectedness of hydrologic systems with other biophysical and social
systems, such that competing requirements and non-linear behavior often overwhelm
decision-makers and inhibit the creation of clear management strategies. A groundwater
decision support system (GWDSS) is constructed to address the complexities associated
with determining an acceptable groundwater allocation policy. Stakeholder concerns
were gathered via elicitive interviews for inclusion in the GWDSS to link stakeholder
viii

input with a groundwater simulation-optimization model. GWDSS is a software tool that
supports the implementation of a multi-disciplinary methodology consistent with the
nature of water resource allocation problems for calculating the available yield of an
aquifer
A tightly coupled simulation-optimization system, GWDSS is based on a preexisting two-dimensional groundwater flow model for the Barton Springs segment of the
Edwards aquifer. This test case is a karst aquifer undergoing rapid urbanization in central
Texas. Active stakeholder groups in the region have vested interests in management
strategies for the resource, and provided social inputs that serve as soft constraints for a
tabu search optimization algorithm. Tabu is a metaheuristic algorithm that uses querybased search techniques to gather knowledge about an objective and identify a list of
deterministic solutions for consideration by a decision-maker. The tabu algorithm is
applied to the transient version of the Barton Springs groundwater model to rank
management scenarios ordinally. This method determines a set of feasible solutions,
within the bounds of physical system behavior and community defined constraints, for
extraction policies.
The GWDSS addresses the issue of aquifer sustainability by merging existing,
spatially-variant, numerical groundwater models with stakeholder narratives into a
relational database structure that is compatible with metaheuristic optimization searches.
This approach allows for more generalized management decisions to be mediated by a
vetted scientific groundwater model and permits the determination of an available yield
that incorporates both social considerations and aquifer performance in an integrated
manner.
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Chapter 1: Introduction
Since humans created urban centers they have utilized and sometimes
overexploited water resources within those areas. Access to sufficient fresh water is one
of the most vital resources for any civilization, and sustainable use of water resources is
crucial for civilization’s long-term survival. Aquifers provide an especially valuable
store of fresh water. However, a laissez faire approach to groundwater management has
led to negative impacts on groundwater systems and created societal conflict regarding
allocation limits.
This research defines a fundamental approach to describe the behavior of an
aquifer system and determine a feasible range of groundwater extraction rates and
locations. Ranges of available, or sustainable, yield are calculated by incorporating both
consensus and effective yield estimates to provide guidance for groundwater
management. “Available” yield is the total amount of water that may be pumped from an
aquifer, such a volume may range from a policy of zero pumping to rates that far exceed
recharge and draw storage levels down to limit the technical rates of water extraction.
Sustainable yield is a subset of possible pumping regimes within the range of available
yields that is greater than zero but not greater than average annual recharge. The terms
“consensus” and “effective” yield are proposed as useful concepts for determining an
available yield that is feasible and acceptable to the community directly affected by an
aquifer’s utilization. Consensus yield is a feasibility space that is defined by the multiobjective limits of community concerns or desired future conditions. “Effective” yield is
the selected pumping regime that falls within the boundaries of consensus yield and
defines a set of operational rules for management. The distinction among yield types,
together with the GWDSS tools and implementation methodologies proposed in this
1

research, provide groundwater management agencies a way to identify and select
groundwater management strategies and allocation limits.
It is unusual for community stakeholders to have active input into scenario
generation for management decisions.

The development of a causal narrative

methodology, elicitive interviews, and subsequent stakeholder participation allowed for
direct representation of community concerns in the simulation-optimization formulation.
The complex nature of groundwater resources often overwhelms decision-makers
and inhibits the creation of clear management strategies. In addition, the possible number
of permutations for management are large, even for small aquifers. Consensus yield, the
set of limitations placed on a resource management problem by community preferences,
is a way to define a planned extraction rate so as to incorporate uncertain and intangible
elements of the allocation decision problem. Effective yield is the operational component
of available yield, representing a given extraction regime and the set of operating
conditions required to achieve expected aquifer performance. The groundwater decision
support system (GWDSS) presented herein, provides an aid to evaluate aquifer
management strategies using consensus yield criteria and a method for determining
effective yield settings, such that the available yield of an aquifer may be calculated.
Typically, spatially-distributed models are used for permitting and operation
decisions, while lumped-parameter models are used to evaluate socioeconomic
relationships (Brozovic’ et al., in press). In the case study presented here, social values
are linked to a distributed parameter model via a data architecture that permits seamless
exchange between loose socially derived constraints and hard physical system
performance objectives. The application of a combinatorial search algorithm is then used
to generate posteriori management alternatives.

2

Each element of the proposed framework and methods are applied to the test case
of the Barton Springs Segment of the Edwards aquifer located in central Texas, an
aquifer system that has been described by various authors in previous work (Smith and
Hunt, 2004; Scanlon et al., 2003; Scanlon et al., 2001; Sharp and Banner, 1997; Brune
and Duffin, 1983: Slade et al., 1985). There are both tangible and intangible aspects in
defining available yield so a system that links aquifer behavior and societal preferences
can be created. These required creating a system capable of accepting both types of
information and developing methods to link and evaluate potential management strategies
to satisfy both the physical systems and societal preferences. This research addressed the
issue of multi-disciplinary model inputs through the design and implementation of a
modular system architecture that links aquifer simulation data with stakeholder and
decision maker preference sets using a global optimization algorithm to evaluate the
complex combinations of management alternatives.
GROUNDWATER RESOURCES: DEMAND, AVAILABILITY, AND THE NEED FOR
SCIENCE-BASED MANAGEMENT
Groundwater is the predominant current source and strategic reserve of accessible
freshwater.

Globally, groundwater provides an estimated 50 percent of the world’s

potable water, 40 percent of industrial water, and 20 percent of agricultural needs (Foster
and Chilton, 2003). Anticipated future demands for freshwater sources can be expected
to drive the proportion of groundwater usage even higher. The primary drivers for water
demand within the United States are population growth, climate change, urban
development patterns, demographic shifts across the nation, and reductions in dam-based
surface water storage (McCray, 2006). These trends are driving the need for increased
water resources in general, and groundwater development specifically.

3

Recent national survey data indicate that 36 states project water shortages by
2013, with the most arid states in the nation predicting the most accelerated population
growth rates due to demographic transitions (McCray, 2006; Solley, 1998). The trend in
groundwater usage has increased dramatically (+49 percent) since the 1970’s, with
groundwater comprising 46 percent of potable water in 2006 (McCray, 2006). At the
same time, management practices for groundwater have not experienced any significant
change, improvement, or standardization process since the early 1900’s when early
discussions of groundwater yield definitions appear in the literature (Meinzer, 1923; Lee,
1915). Policies for the resource tend to be established on a case-by-case basis. Often, the
final determination is made at a local level or treated in a laissez faire fashion through no
action.
While groundwater sources are expected to become pivotal in the future
development and support of economic and societal growth, a clear accounting to guide
the concomitant water allocation to sustain that growth does not exist. With regard to
availability, one key point can be asserted: the root cause of the majority of projected
future water shortages will be a lack of good water management, rather than a true
shortage of water resource. While the presence of groundwater sources tends to be
ubiquitous across geographies, the relative availability of the resource is restricted by
climatic and aquifer characteristics. Despite the fact that there is ample water available in
the subsurface (overall) to meet the projected needs of society, it is quite common for the
available volume of the resource and associated demands by the regional population to be
mismatched.

In other words, a key threat to groundwater availability may reflect

localized or regional deficits that may be caused by high demand in arid areas. In
addition, groundwater is intrinsically vulnerable.

Aquifer systems are at risk from

pollution, saline encroachment, subsidence, and may suffer irreversible effects due to
4

over-abstraction. In urban areas, water quality degradation can be caused by recharge
from paved surfaces during storm events that result in pollutant loading. Therefore,
groundwater use and the land use practices overlying aquifer systems can be related, and
can be evaluated and modified to fit with a particular aquifer’s characteristics. The
negative impacts of exploitation are often gradual and chronic in nature. Thus early
recognition of risks, and implementation of policy to preserve the long-term viability of a
resource may avert future water shortages. Therefore science and policy must be melded
together for planning purposes.
To address the projected future demands of society for fresh water, groundwater
science ought to provide adequate characterization of the physical system to assure that
policy limits for feasible allocation are achievable. In addition, realistic projections of
resource demand require incorporating the preferences of the community that depends
upon that resource. In short, the interdependency of community drivers and sciencebased analyses must be recognized and integrated in order to determine the actual
availability of a resource under various management schemes.
Research on the topic of groundwater availability has lagged behind the need for
improved scientific analysis. A recent evaluation of international water systems research
projects demonstrated that significant gaps in interdisciplinary research can be observed,
particularly in the areas of water requirements, ecosystem goods, enhancing adaptive
capacity, and land cover change (Braimoh and Craswell, 2006; GWSP, 2005). Figure 1-1
presents a summary of the data assessed by Barimoh and Craswell (2006). While a great
deal of work is underway in the realm of database development and models for scientific
analysis, little of this work is combined with research on discourse, water governance, or
water requirements.

In effect, a transition from subject specific work to multi-

disciplinary approaches has not yet occurred. Calls for multidisciplinary research in the
5

sustainability literature (Welp et al., 2006; Acreman, 2005; Kessler et al., 1992)
recognize that without synthesis, it is unlikely that adequate solutions or management
strategies will be devised. The work presented herein combines elements from the
disciplines of hydrogeology, public policy, decision sciences, communications,
operations research, and computer sciences to address issues of water governance and
societal water requirements. Pivotal elements considered in bridging the science-based
models and social preferences include ecosystem function and land use change for an
urban environment, together with establishing the links between a groundwater system
and factors of social concern.

THE MULTI-DISCIPLINARY NATURE OF RESOURCE ALLOCATION AND DECISION
SUPPORT
Water and humans are inextricably linked. As burgeoning human populations and
economic activities stress existing water resources, civilization needs to manage water.
This need highlights the inseparable link between scientific knowledge and human
interpretation of the environment. Societies interpret the state of the world around them,
and take certain actions upon the physical systems based upon that interpretation. As
resource constraints grow and the potential consequences of mismanagement increase,
improved methods for people to convert information into knowledge are vital to ensure
long-term resource stability.

For scientists this may mean efforts to synthesize

information to attain understanding at a systems level rather than simply a factual
knowledge, which has been characterized as “science of the parts” versus “science of the
whole” (Kessler et al., 1992; Walters and Holling, 1990).
Knowledge can be defined as an understanding of segmented information within a
relational context that provides meaning relevant to a generalized process or situational
6

problem. Knowledge that can be generalized (applicable across multiple situations) tends
to be considered robust, while knowledge that is true only in a limited number of
situations is relied upon less frequently. Epistemology is the study of the nature of
knowledge. The field of geology rarely has been subjected to epistemological analyses.
In part this is due to the synthetic and singular nature of many geoscience problems. As
geological research is often characterized by a need to combine various physical science
methodologies with problem sets that are often non-repeatable and unique in nature, the
field of problems do not always fall within the realm of certain, precise, or repeatable
science. This philosophical insecurity in the discipline has resulted in a split between the
two major epistemological approaches that are accepted in modern scientific
investigations; logical positivism (or analytic philosophy) and social theory (or
continental philosophy) (Frodeman, 1995). Figure 1-2 depicts the conceptual relationship
between the analytic and social philosophies. While logical positivism allows for both
deductive and inductive research, it restricts knowledge to the realm of phenomenon that
can be directly observed and objectively quantified. Empiricism is a general approach
that fits within logical positivism that emphasizes the attainment of knowledge through
observable and testable experience or the gathering of facts (Bryman, 2004). On the
other hand, social theory embodies a much broader range of traditions and allows for the
inclusion of subjective or normative statements, which assert the value and ethical
judgment of information or actions. Hermeneutics embody the art of interpretation of the
world around us and represents an approach to social theory. Research to develop the
GWDSS employs critical hermeneutics for participatory research as characterized by
Herda (1999) through the use of conversation, familiarity, and interconnection to identify
preferred forms of conflict resolution while also engaging in inductive physical system
modeling that fits into an empirical approach. The two philosophies can become relevant
7

for addressing issues of water resource management. While observable information
generally exists to inform appropriate analytical or numerical analyses, the ultimate
influences of scientific uncertainty and the issue of complexity requires the invocation of
value-based considerations to identify management options that are the best fit with
available science knowledge and social mores.
Thus the application of methods and theories from both philosophical genres is at
once appropriate and necessary to adequately address water management problems.
Fortunately geology, and its subdiscipline of hydrogeology, traditionally used both
empirical and hermeneutic applications. However, while the two approaches are both
found within geology, just as in philosophy the actual practitioners of these two methods
tend to maintain separation (Miall and Miall, 2004).
Decision support research provides a mechanism that bridges the theoretical and
methodological gaps between analytic and social paradigms. Melding methodologies and
creating appropriate transitions between them fashions an integrative approach between
physical and human systems.

Research in applied, participatory, decision support

recognizes that science dialogue is another means of communicating ideas or knowledge
and is not necessarily the only correct method (Welp et al., 2006).
Decision support systems (DSS) are interactive computer models that incorporate
data relative to a problem. Through analyses, DSS aid the formulation and selection of
an appropriate management strategy. The development of a DSS is inherently a systemic
approach, and the calculation of sustainable yield lends itself well to a systemic and
multi-disciplinary research paradigm. This differs from traditional scientific methods
which engender an analytical approach that tends to be discipline specific and isolates
variables (Rosnay, 1979). A systemic approach takes a holistic, multidisciplinary look at
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the effects of interaction among variables over time, validating by comparison a decision
model’s performance to real world behavior.
Considering the complexity of water resources, with both quantifiable (structured)
elements, and qualitative (non-structured) elements, it is not surprising that the various
DSS models developed to address management questions (Andreu et al., 1996; Reitsma,
1996) urge the inclusion of both hydrologic and socio-economic considerations. The
majority of existing systems, however, focus on contaminant transport and cleanup
(Camara et al., 1990; Xiang, 1993; Lovejoy et al., 1997). Sophocleous and Ma (1998a)
provide one of the few groundwater DSS that models the impact of salt water intrusion
on aquifer yield. The impending need for increased groundwater use warrants a closer
look at allocation methodologies, and DSS offer a robust means of evaluating the
problem set.
RESEARCH QUESTIONS, HYPOTHESES, AND APPROACH
There are two key underlying and implicit assumptions throughout this research.
First, intangible elements of a physical system or those components of the system with
high levels of uncertainty may be incorporated into a resource management model
through the use of decision analytic techniques in such as way that scientific verity can be
maintained. Second, models designed to evaluate the aspects of a decision problem that
address concerns of human stakeholders may aid in identifying common preferences that
support more effective policy development. This research addresses three relevant areas
of concern as detailed below, 1) a problem framework, 2) incorporating human concerns
in a model, and 3) management models that include science and human values In the
course of completing the research issues of scientific uncertainty were encountered,
particularly with regard to land use change and recharge behavior within a karstic
9

aquifer; these are also addressed as appropriate to their definition within the decision
support system.
1. HOW CAN HYDROGEOLOGIC INFORMATION BE MANAGED WITHIN THE CONTEXT
OF RESOURCE MANAGEMENT?
The challenge is how to develop a proper framework for implementing methods
for management planning.

Science can contribute to the topic of water resource

allocation by providing information about the workings of an aquifer system and creating
tools to quantify the amount of available water (Mace & others, 2001; Focazio & others,
2002).
PROBLEM 1: What is a functional framework for implementing science-based
methods to aid resource management?
Hypothesis 1: A modeling framework can be provided to assist with incorporating
community preferences into groundwater allocation practices.
Approach:
Develop a system architecture that links qualitative and quantitative data to
relevant simulation and analytical applications.

Specifications for the architecture

include flexibility, transferability, and ease of implementation.
2. HOW DO SCIENCE AND HUMAN VALUES INTERACT
The second question is how to incorporate human impacts, concerns, and
preferences into a managed yield calculation is addressed through the creation of a
consensus yield process. Decision analysis tools, elicitation, and value focused thinking
are combined to identify and assign attribute levels.
PROBLEM 2: How can hydrogeological research incorporate human impacts and
preferences into managed yield calculations?
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Hypothesis 2: An improved tool set can be defined for describing aquifer behavior
and addressing key social issues simultaneously.
Approach:
Stakeholder elicitation is used to define and analyze collected narratives to
identify model attributes, variables, and metrics relevant to stakeholder concerns. This
approach uses research as a reflective communal act, outcomes provide communityderived constraints for an operational model. Collecting model inputs via stakeholder
elicitation can provide adequate input parameters for the socio-economic components of
an integrated model.
3. HOW CAN IMPLEMENTABLE ALLOCATION STRATEGIES BE GENERATED
The third element, how stakeholder values and the aquifer system limitations are
converted into operational rules for a groundwater conservation district is addressed
through the development of a linked simulation-optimization model to quantify an
effective yield that is constrained by social preference sets.
PROBLEM 3: How can operational rules for management be developed with both
stakeholder values and aquifer behavior?
Hypothesis 3: A feasible range of groundwater extraction rates can be determined
using linked simulation-optimization bounded within a region that reflects societal
constraints.
Approach:
Linked simulation-optimization modeling provides the mechanism to quantify and
compare various management strategies that fall within both the physical system
boundary conditions and socially defined limits. Outcomes and management options can
be compared on an equivalent basis and the rapid generation of new scenarios can be
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guided by community concerns and enumerated more readily with an automated search
algorithm.
RESEARCH STRATEGY AND APPROACH BY CHAPTER
The nature of multi-disciplinary study on a topic requires an approach that
incrementally links disciplines and information together. This synthesis of components is
both incremental and iterative. The brief description of chapter contents that follows is
provided to give the reader an overview of the format and sequence that research
components are presented in this dissertation.
Chapter 2: Delineating groundwater management: The role of consensus and effective
yield in allocation practice
A key advancement presented in this research is the delineation of “available
yield” into the two components of consensus and effective yield. This section presents
the basic definitions and distinguishing components of the framework used to define
yields.
Chapter 3: Building an alpha test case: Describing the Barton Springs aquifer
background and current trends
A review of background literature on sustainable yield, water resource
management, groundwater modeling, and a chronology of relevant Texas legislation are
presented. Two key linking factors between social concerns and groundwater availability
for the Barton Springs case are impervious cover and water conservation rates during
periods of drought . A preliminary method for quantification of recharge relationships is
developed in the context of resource planning and used as an early prototype for the
integrated model design in Chapter 4. Data analyses include spatial analysis of land use
change, spring discharge, modeled rainfall, and estimates for anthropic return flows.
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Chapter 4: Groundwater decision support system: Design from data model to test
version
The first GWDSS prototype implements a data model and system architecture
such that cross-disciplinary modeling may be conducted.

This dissertation uses a

decision support system that incorporates data and analyses from various disciplines to
aid with resolution and improved understanding in complex natural resource decision
problems. Discussion includes design details, code selection, hardware requirements, and
key data control decisions. The objectives for the GWDSS include support for problem
scoping, scientific gap identification, long-term strategic planning for policy-making, and
model mediated consensus session support.
Chapter 5: Consensus as a constraint: Identifying groundwater management
parameters through stakeholder elicitation
An analysis of stakeholder interviews using a participatory inquiry approach
(hermeneutic) that incorporates video media, attribute design, and methods to establish
links between groundwater model components to stakeholder concerns.

The basic

components for an integrated model are developed and the social decision problem
formulation is presented.
Chapter 6: GWDSS inputs, assumptions, formulation of objective functions, decision
variable definition, and verification testing
To address the nearly innumerable management scenarios and search within a
feasible solution space, the groundwater availability model is coupled with a
combinatorial optimization algorithm.

Objective input is defined through an expert

stakeholder assessment with the Groundwater Conservation District representatives and
implemented using a tabu search algorithm. A discussion of the bounding conditions,
constraining parameters, and decision variable implementation is presented.
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Chapter 7: Effective Yield: Planning tools for evaluating allocation strategies
Initial results of linked simulation-optimization runs are presented. A preliminary
evaluation of results is developed.

The value of effective yield and the potential

implications of pumping settings are discussed, along with the presentation of an initial
set of ranked alternatives. The results present a set of illustrative examples of how output
from the GWDSS can be used to evaluate the yield of an aquifer.
Chapter 8: Conclusion
Research shows that hybridized decision support systems can be successfully
developed. Results of this research provide a proposed framework for addressing the
issue of water resource allocation. Discussion regarding future research directions in the
field, limitations and challenges of working at the nexus of disciplines, and the
contributions of fellow researchers are presented. Research for this project resulted in a
set of procedures that may be applied to formulate a decision problem for aquifer
management. Once formulated the alpha version of a decision support system provides a
mechanism for testing multiple scenarios with linked simulation-optimization models.
Outputs from the combined methodology result in one approach for presenting sciencebased information in a format that may be useful for providing insight to policy
discussions.
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Chapter 2: Consensus and effective yield in groundwater allocation
practice
ABSTRACT1
The calculation of sustainable yield for aquifers has been a controversial topic
since its inception due to the difficulty associated with meeting the broad criteria used to
define the term. As populations grow and demand for water increases, water managers
need a way to calculate an acceptable extraction rate for a groundwater resource. This
study looks at the difficulties associated with calculating a scientifically defensible
aquifer yield and proposes an approach for quantifying an extraction rate based on both
aquifer characteristics and societal concerns. A conceptual framework is outlined that
can be used to consider the total available yield for an aquifer. With the identification of
the range of available yields, the process further subdivides decision components into
consensus and effective yield. Consensus yield is defined by the extent of community
preferences acting as a bounded area within which operational strategies can be used to
determine physically feasible extraction rates, or effective yield. Combining qualitative
and quantitative methods provides an approach that can be generalized across different
sites and easily adapted to a specific site. The final section of this chapter presents a
preliminary identification of attributes within a hydrogeologic system that form the basis
for simulating aquifer performance (effective yield) and linking that performance to
specified stakeholder preferences (consensus yield).

1

Portions of this chapter were published in Pierce, S. P., Sharp, J. M. and Garcia-Fresca, B. (2004).
"Increased groundwater recharge rates as a result of urbanization: Effects of urbanization on
groundwater resources recharge rates, flow patterns, and sustainable development." Hydrological
Science and Technology 20: 119-127.
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INTRODUCTION
As demands for reliable freshwater sources continue to grow, groundwater stores
will become increasingly critical in both sustaining the world’s population, and
maintaining existing ecosystem services. Groundwater is the predominant source of
water supply for rural areas in the United States, primarily for agriculture and domestic
use (National Research Council, 1997; Alley, 1999) and this trend is expected to expand
into urban areas in the future. As political discussions turn to “sustainable” use agendas,
so in fields such as hydrogeology, environmental management, and climate change, are
scientists urging the interweaving of societal mores with scientific knowledge in
assessing complex environmental problems (Acreman, 2005; Melloul and Colin, 2003;
Allan, 1999: Reitsma, 1996). This trend recognizes the influence of political factors in
the final outcome of preferred management strategies and an increased interest in linking
multiple scales for physical systems within models. While application of fundamental
scientific principles and engineered solutions can provided a set of optimal management
alternatives, the sound technical solutions may, in fact, require an unacceptable political
price (Allan, 1999). Therefore, approaches that recognize the difference between the
measurable components of physical system and the underlying value that influences
management decisions are needed. Clearly delineating the objective components of a
problem from the value-based, or subjectively judged components is crucial to assure a
final product that is scientifically defensible (Focazio et.al., 2002).
Sustainable yield and the philosophy of sustainability are only indirectly linked;
the former is a quantifiable volume of water that may be extracted from an aquifer for
beneficial use while the latter is a societal philosophy that may influence how a
community views the implementation of yield calculations (Devlin and Sophocleous,
2005). This is an important distinction to keep in mind, because the hydrogeologic term
sustainable yield is, ultimately, a technical term in the field of hydrogeology.
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This chapter evaluates the definitions of available, safe, and sustainable yield
along with the methodologies used to calculate various yield or extraction rates. In
addition, the terms consensus and effective yield are proposed and defined as a means of
providing a scientifically defensible method to estimate aquifer yield in support of policy
development.
PREVIOUS WORK ON GROUNDWATER YIELD
Groundwater is considered a reliable source of usable fresh water when an aquifer
can “yield” or provide supplies to water wells. Currently, there is not an established or
accepted means for calculating yields to guide management policy. Calculation methods
tend to use either traditional physical hydrogeologic safe yield calculations that neglect
non-physical considerations or invoke oversimplified representations of the physical
system, treating it as a black box (Brozovic’ et al., in press). In addition, groundwater
resource studies tend to characterize the yield of an aquifer as a maximum usage rate
such that incoming flows match outgoing discharges maintaining storage levels that are
steady over time, ignoring the dynamic nature of an aquifer with time and space.
This research proposes that aquifer yields can, and should, be considered across a
range of possible values and conditions. This range is a continuum of available yields
(see Figure 2-1) that includes all levels of use and non-use for an aquifer and may be
adjusted for seasonal or temporary conditions that affect an aquifer or a community. A
continuum approach is consistent with previously established yield definitions because
the factors limiting yield can range from aquifer limits or climatic fluctuations or even a
society’s tolerance levels for risk. For example, Sophocleous (1998a-d, 1999 and 2000)
takes a practical and direct approach to articulate problems with the definition of safe or
sustainable yield and develop simple decision support tools for groundwater. Authors on
this topic tend to concur that the sustainable yield of an aquifer must be less than the
annual recharge rate and will take into account the various hydrogeologic, economic,
legal, environmental, and other factors to estimate the most appropriate yield for all
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parties concerned (Sophocleous, 2000; Atkinson, 2002; Custodio, 1989; Bredehoeft et al.,
1982). Groundwater management plans and observed general practice continues to result
in the implementation of some version of safe yield or no control on abstraction, or
limited control that considers a small number of constraints, such as those based on water
quality and ecosystem flows targets (Kalf and Woolley, 2005; Mace et al., 2001).
Sustainability versus Sustainable Yield
It is not easy to establish a balance between the use and the conservation of
natural resources, and that fact is at the core of worldwide controversy and concern over
sustainability. Sustainability generally describes the rates of use for a resource that are
considered appropriate for the current generation’s benefit and offset by preserving the
viability of that same resource for future generations (WCED, 1987).
The concept of sustainability is not a recent device of modern societies. In fact, it
is a recurring topic throughout the history of mankind. The way that any culture defines
sustainability determines that culture’s relationship to and philosophies about available
natural resources. In the case of current western culture, recent definitions invoke the
protection of natural resources, including ecological, mineral, and water resources, in
efforts to stave off perceived negative impacts.

Yet, society can be fickle.

The

preference sets of one generation or their willingness to tolerate risks to a water resource
are variable with time. Often the driving force behind resource use is economic gain or
improving standards of living, which may lead to “unsustainable” use of a resource
during those periods of growth (Price, 2002). It is, therefore, essential to consider the
present conditions of a community, cultural group, or social beliefs and values before
determining what qualifies as “acceptable” levels of resource exploitation. Efforts to
model sustainability criteria for water resources require a framework that recognizes the
complexities of management scenarios and long-term consequences (Cai et al., 2002).
The key distinction between sustainability and sustainable yield is that the first is
an overarching philosophy that may influence the final determination of the latter, which
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is a use or consumption rate that falls within acceptable limits for a society. This
distinction is not unique to water; in fact it is relevant for all natural resources.
A yield is the technical variable used to estimate acceptable extraction and use
rates for a resource, in this case groundwater, and establish a sustainable or maintainable
balance for a period of time. As demands for water resources outpace supplies, the
development of methodologies and tools that may be used to define clear paths to reach
sustainability become increasingly important. Techniques that are currently employed in
the creation of water resource management plans may result in plans which fall short of
the needed flexibility and effectiveness. In fact, water managers tend to use a single
value for sustainable or safe yield, such as a volume of water to be pumped over a given
period of time. This “single value” approach neglects the consideration of changes in
both hydrologic and socio-economic conditions with time. In addition, current common
practice can result in the implementation of a safe yield without including socioeconomic
considerations ignoring a component of sustainability.
The evolution from safe to sustainable yield
How we define a term determines the parameters used in the final calculation of
the quantity associated with it. Over the years safe yield has undergone several iterations
and is now used almost synonymously with sustainable yield. Table 2-1 presents a
chronological a listing of some of the definitions reported by various authors for safe and
sustainable yield beginning with the first recorded use of the term safe yield in 1915. The
evolution of the terminology with time reflects ongoing changes in awareness and
concerns within society.
The History of Sustainable Yield
Sustainable yield is a concept with its original roots in the definition of safe yield,
which was first defined for groundwater resources by Lee (1915) as “. . . the limit to the
quantity of water which can be withdrawn regularly and permanently without dangerous
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depletion of the storage reserve.”

From its inception the term “safe yield” has been

controversial and the definition has undergone numerous transformations that reflect the
evolution in societal concerns and priorities over time. In the 1950’s H.E. Thomas
(1951) and then later R.G. Kazmann (1956) recommended striking the term safe yield
from use due to its ambiguous nature. Technical literature on the topic often equates safe
yield with “sustainable yield”, leading to further confusion with regard to the precise
meaning behind the terms.
Some of the considerations included in various definitions have ranged from the
addition of economic aspects (Meinzer, 1923) to water quality concerns (Conkling, 1945)
and back to a generalized form (Todd, 1959). The National Research Council (1997)
defines sustainable yield simply in terms of recharge while Loáiciga (1997) and Alley
(1999) support definitions for sustainable aquifer management that include consideration
of environmental, economic, and social impacts. Alley and Leake (2004) note that the
difference between safe yield and sustainable yield is the relative time horizon
considered, with safe yield is restricted to a shorter term, usually annual, basis for
calculation, while sustainable yield refers to longer term periods. Currently, the Barton
Springs Conservation District uses this definition: “The amount of water that can be
pumped for beneficial use from the aquifer under drought-of-record conditions after
considering adequate water levels in water-supply wells and degradation of water quality
that could result from low water levels and low spring discharge” (Smith and Hunt,
2004).
Often equated with sustainable yield, the hydrogeological concept of safe yield
remains a pivotal element when calculating acceptable pumping rates for an aquifer
system. Most notably, the calculation of a safe yield volume over time usually equates
acceptable extraction rates to the average annual recharge rate for an aquifer.
The general trend for developing groundwater management plans
recognizes that a truly sustainable groundwater resource management model does not
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optimize a single indicator to define a long-term groundwater management regime, but
takes into account the various hydrogeologic, economic, legal, environmental, and other
factors to estimate the most appropriate yield for all parties concerned (Bredehoeft et al.,
1982; Custodio, 1989; Atkinson, 2002). However, observed general practice continues to
result in the implementation of some version of safe yield that includes an averaging of
recharge rates versus pumping rates alone (Mace et al., 2001).
This paper proposes that the reason for the seemingly insurmountable challenge
of calculating sustainable yield is directly related to a fundamental gap in our approach
for analyzing the components and inter-relations between them. The primary elements of
sustainable yield have been well defined in the literature to include the volume of water
that can be removed from an aquifer:
•

Without exceeding natural recharge rates,

•

Avoiding negative water quality impacts,

•

Preserve economic viability,

•

Comply with existing legal constraints,

•

Maintain environmental flows, and

•

Protect intergenerational equity.

(Lee, 1915; Kazmann, 1968; Domenico, 1972; Alley, 1999; Sophocleous, 2000)
The true issues in finally quantifying this value come from several factors. The
definition mixes tangible and intangible elements and these elements can vary widely
across actual case scenarios.
In order to avoid this methodological barrier to quantifying a value for sustainable
yield, this dissertation proposes a distinction between components of yield for any
aquifer. A first step is the concept of available yield, or the volume of water that can be
extracted from an aquifer because it is scientifically feasible, technologically possible,
and acceptable to the community of stakeholders who depend upon the resource. I
propose a methodology for implementing and calculating these component parts of
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available yield.

Figure 2-2 shows a conceptual diagram that delineates these sub-

components of available yield as consensus and effective. Consensus yield is the set of
limitations placed on a resource management problem by community preferences and
effective yield is the amount of water that can be extracted from an aquifer under a given
set of operating conditions while meeting community defined performance metrics, or
consensus yield constraints, throughout a planning horizon.

The following sections

define each component of available yield in greater detail and begin identifying methods
for calculating and using each.
AQUIFER YIELDS
As depicted in Figure 2-1, available yield ranges from aquifer mining, which
results from extraction rates that result in the total exhaustion of the resource base, to
non-use, which means no pumping whatsoever. Between these two extremes, various
levels of conservation or preservation of maintained flows can be established with the
expected aquifer response to pumping for each use position as depicted in Figure 2-1.
For the purposes of this study, intermediary levels are defined as safe yield and
permissive sustained yield. Safe yield is defined as the amount of extraction equal to
long term average recharge. Permissive sustained yield would be a level that allows for
some consumptive use, but preserves acceptable levels of ecosystem, recreational, and
other non-consumptive flows or non-market uses. There is no accepted method for
determining permissive sustained yield and the value can be expected to vary by aquifer.
This research presents a method for incorporating stakeholder concerns in the design of a
yield policy that could result in permissive sustained yield. Sustainable yield could be
considered any extraction rate that falls between safe or permissive sustained yield
values, provided that it meets the interests or concerns of affected stakeholders. Any
sustainable yield value can then be defined by the combined elements of consensus and
effective yield, which are pivotal to quantifying an actual quantity for sustainable yield
and will be discussed in detail in the following sections.
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In practice, decisions regarding what level of extraction to allow are typically
addressed on a site specific basis and rarely include stakeholder input or guidance. The
proposed delineation of consensus yield provides a means for defining the constraining
limits that are acceptable to a stakeholder group in such a way that an available yield
calculation can be completed.
The confusion surrounding the use and definition of various yields merits
discussion here because long-term water management plans sometimes seek
“sustainability” as a community objective. Without accurate definitions for the terms
achieving the goal of a sustainable extraction rates is not easy. Confusion regarding the
issue is further exacerbated by the common misunderstanding of the differences between
sustainability and sustained yields as discussed previously.
Available Yield
An initial premise is that sustainable yield falls within a region that is both
feasible for the physical system behavior and part of the negotiation space, as presented
in figure 2-1.

A method to find sustainable yield would include both objective

components, as well as subjective elements to define that overlapping area (Focazio et al.,
2002).
Scientists operating within a purely empirical, or Positivist tradition, find
themselves in a stalemate upon consideration of the influence of subjective preference on
physical system behavior. By recognizing the validity of a Continental Philosophy,
subjective influences can not only be included in scientific analysis, but may do so in a
systematic and methodical manner, such that new insight into physical system response
can be understood. Focazio et al. (2002) indicate that scientifically defensible approaches
must use hypothesis testing and objective approaches to distinguish water-resource
management objectives as separate from the science. While this may be true in many
situations, such as remediation projects, sustainable yield presents a special case.
Sustainable yield is a quantity that can be derived using objective methods. However,
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built into the very definition of the term are subjective management components that
must be identified and evaluated before calculating the quantity. The incorporation of
subjective influences is not only important, but necessary.
Human judgment can be separated into two component approaches, affective and
deliberative. Affective decision making is guided by emotional responses to a situation,
while logical decision making is guided by rational or deliberative thinking processes
(Lobel and Loewenstein, 2005). Deliberative cognition allows humans to consider the
long-term or strategic benefits of their actions, while emote controlled (or affective)
cognition is an older, adaptive capacity of human beings that helps us react quickly to
danger. The deliberative processes ican be heightened by affective responses; in other
words, a person may be considering a problem logically when an intuitive, or gut, feeling
may influence them toward one outcome over another (Lobel and Loewenstein, 2005).
This “affective” warning system can be an important survival skill. However, as decision
situations become more complex, the potential for an incomplete assessment of the
situation increases and “gut” reactions are more likely to react in error. It is the very
problem of “emotional miscalculation” that makes the incorporation of affective
considerations in complex decision problems, such as water allocation, so important. A
situation that aids a structured approach for resolving complex decision problems, ought
to allow affective influences to be presented and discussed during the assessment process
(Gregory et al., 2001), so as to retain correct intuitive feelings, while discarding
emotional misconceptions. At the same time, decision-aiding techniques that permit
subjective influences to be addressed openly improving the transparency of the process
and allow for trust to be built among participants, which can be important to assure that
the final set of alternatives generated reflect a community’s preferences.
For the purposes of this research, affective influences are allowed in the early
stages of stakeholder interactions to promote engagement and assess possible impasse
issues. Goals and objectives are defined from initial stakeholder inputs and measurable
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attributes are defined using objective measures.

Finally, subjective influences are

allowed into the process again in the post-modeling and post-optimization assessment of
alternatives through setting preference weights. The combination of measurable response
of the physical system to proposed management alternatives, together with the preferred
values of a stakeholder community defines the available region for negotiation, as shown
in Figure 2-3. Each point depicted in the defined negotiation space for the diagram is a
hypothetical stakeholder position relative to an individual’s risk tolerance level (right
hand side scale from risk averse to risk seeking) and desired groundwater use level (xaxis scale from no use to maximum use). When comparing the expected aquifer response
line (blue line), which is defined by scientific understanding of the system, to a
stakeholder position, which is defined by an individual’s values and beliefs, it becomes
clear that not all stakeholder positions concur with a scientific description. This situation
may be common to many resource negotiation settings. It could explain some apparent
disagreement among stakeholders, and is a motivation for conducting research into
decision support for groundwater yield problems.
It is important to delineate the negotiation space via stakeholder input, but it is
also important to note that the interpretation of this space should not be taken to represent
the need for unanimous support for a particular management alternative.

In fact,

stakeholder defined “desired future conditions” may better serve the process if viewed as
a decision aid to groundwater managers (Gregory et al., 2001). In other words, once
desired future conditions are defined for a community of stakeholders then decision
makers can view the multi-attribute value set as an indication of the support for particular
management actions through the community.
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Consensus Yield
Decisions with regard to natural resources are plagued by the paradox of social
choice (Luce & Raiffa, 1985). The difficulties associated with allocating groundwater
can be categorized as a combination of group decision problems and scientific
uncertainty with regard to the hydrogeologic system. When the component parts of a
holistic sustainable yield are considered, they can be broken into the quantitative and
qualitative elements. In other words, sustainable yield has tangible aspects that can be
calculated using traditional scientific methods and intangible elements that can be
determined using decision analytic techniques (Gregory et al., 2005). The complexity of
defining the problem is increased due to the variability from aquifer system to system
between those elements which are tangible (discharge rates, transmissivity, water quality,
etc.) and equally variable and intangible community components (economic viability,
quality of life indicators, water quality, etc.).
A consensus yield is the acceptable range of extraction volumes for a groundwater
aquifer as determined by the inter-related elements of both local and regional hydrologic
regimes within the context of the specific preference sets held by affected stakeholders.
In effect, this quantity is asking a community what is the magnitude of development
and/or depletion of the resource they are willing to tolerate, paired with an estimate of
that same community’s risk aversion to uncertain outcomes.

Figure 2-3 shows a

hypothetical negotiation space with critical points representing individual, or stakeholder
group, preferences.
The amount of available groundwater can therefore be determined through a
consensus process of resource stakeholders.

The process involves stakeholders

identifying different management goals, as well as scientists and engineers calculating the
amount of groundwater available for use that meets each management goal. Stakeholders
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may reach consensus or, at a minimum, narrow disagreements on the range of
constraining factors that influence the final amount of groundwater available for use.
Methods that are not traditionally included in hydrogeologic analyses can be
employed to assess the factors for a consensus yield condition. Consensus yield defines a
feasibility range for science supported stakeholder negotiation and conflict resolution
processes in a manner that is unusual to hydrogeologic sciences. To conduct consensus
yield evaluations, models appropriate for use as scoping tools and stakeholder
participants can be used to define desired future conditions, Chapter 5 of this dissertation
discusses a proposed methodology for establishing the attributes to define conditions for
consensus yield with stakeholder groups.
Consensus yield may not actually reflect traditional definitions of consensus
processes. Within a policy and negotiation framework, consensus is often viewed as a
process of reaching agreement on a particular issue among a group of stakeholder
participants. Alternatively, consensus may be defined more loosely to reflect a reduction
in the number of impasse issues (Gregory et al., 2001). In the case of consensus yield a
definition that reflects the use of stakeholder inputs to identify a feasible range of value
dimensions that delimit a negotiation space (Luce and Raiffa, 1985) is appropriate. From
this interpretive stance, the stakeholder input is used to guide the science-based modeling
efforts for an aquifer system.
Effective Yield
Effective yield is the dynamic or variable range of water volumes that can be
extracted from an aquifer under a given set of operating conditions while meeting
consensus and sustained yield metrics throughout a planning horizon. An effective yield
is the actual managed yield, or volume to be pumped over a defined period of time that
meets a current set of policy needs within the feasible range of aquifer performance. It is
possible that an effective yield will be unsustainable for a period of time, if that yield
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meets the available yield requirements for a particular planning horizon. Figure 2-1
shows ”effective yields” fall in between safe and sustainable permissive yield values, or
something less than average recharge rates while allowing some economically beneficial
use of the resource in the range of possible yields along with hypothetical aquifer
response functions and stakeholder preference points.
The set of operational guidelines, or rules, that are used to manage the amount of
groundwater available for use from an aquifer determines the actual value of effective
yield at a given time. This value, or quantity, may be allowed to change in response to
modifications in community or policy goals, climatic variations, or other influencing
factors. Building from the list of natural aquifer attributes presented in Table 2-2, some
of the more common variables that may be used to create a common set of operational
rules include those associated with water budgets, or fluxes into and out of the system,
and the spatial decision or timing components associated with the controllable elements
of the system, such as well placement and pumping regime.
Natural Hydrogeologic Attributes
Identifying natural attributes for a hydrologic system is an important step toward
determining a method for calculating yields. A natural attribute, defined by Keeney
(1992), is a measurable quantity or criterion that has a common interpretation and can
indicate the level of achievement of goals or objectives.
Defining an actual rate of yield or extraction rate, along with primary natural
attributes, must begin with the master equation for hydrology:
dS / dt = I (t ) − O (t )

(2.1)

The groundwater budget for an aquifer includes variables from the master
hydrologic equation; where the change in storage (S) with time is equal to the difference
between recharge (I) and discharge (O) at steady-state conditions. In this case changes in
storage (dS) over time (dt) can be defined as the difference between recharge [I(t)] and
discharge [O(t)]. Determining the response of an aquifer to variations in any one of the
30

variables for this equation is key to defining the volumes of groundwater that may be
available for extraction, which in turn may determine the limiting constraints for growth
and utilization for a community.
With the application of stress to the system, such as pumping, equation (2.1) can
be re-written as follows:

[ I (t ) + ∇I (t )] − [O(t ) + ∇O(t )] − P = dS / dt

(2.2)

In this case the del operator ( ∇ ) in equation 2.2 is added to represent the change
in input (I) and output (O) after a stress (P), either natural or artificial, has been applied.
The average drawdown for a system can then be determined by dividing the change in
storage volume (dS) by the product of an aquifer’s specific yield (Sy) and areal extent (A)
as shown in equation 2.3.
dS /( Sy * A)

(2.3)

If the aquifer system is unconfined the total storage (S) of the system is
represented as the sum of the specific storage (Ss) multiplied by the saturated thickness
(b) and specific yield (Sy).
S = Ss • b + Sy

(2.4)

For the purposes of this study stress points (e.g., wells, water lines, aquifer inputs
and outputs will each be subdivided into natural and artificial (or human influenced)
components and temporal variation will be based upon hypothetical planning horizons,
which is a 10 year period for a test case implementation. In order to calculate available
yield, the characteristics of an aquifer must be documented. Table 2-2 presents natural
attributes for a hydrogeologic system, or those physical parameters that may influence the
behavior of an aquifer.
Under steady state conditions Equation 2.2 can be set equal to zero.

[ I (t ) + ∇I (t )] − [O(t ) + ∇O(t )] − P − dS / dt = 0
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(2.5)

In practice hydrogeologists assume that the system re-equilibrates rapidly and that
the influences of stressors are distributed evenly throughout the system. The true system
response is probably more localized at specific sites.

The propagation of changes

throughout the system may not be observed until a period of time after the stress has been
applied (Bredehoeft and Young, 1970). Despite this discrepancy many authors, such as
Miles and Chambet (1995), use a water budget or water balance approach, defining the
state of sustainable equilibrium as the point in time at which the change in storage is
again equal to zero.
dS / dt = 0

(2.6)

For the purposes of this study, an assumption is made changing the steady-state
condition assumption to represent a sustainable yield. This modification is an important
element in developing an improved hydrogeologic representation of sustainable yield. In
effect, natural inputs and outputs are developed using existing studies and water budgets,
together with historical data. Artificial, or human induced, inputs are calculated using
spatial representations of land use, as a function of impervious cover, to delineate the
influence of urban recharge. Pumping discharge is calculated using extraction data for
the aquifer as represented in a pre-existing groundwater availability model and allowing
percent increases or decreases in pumping within convergence criteria set by the
numerical simulation; the change in storage as it relates to time is assumed to not equal
zero.
dS / dt ≠ 0

(2.7)

Rather storage will tend to be either less than or greater than zero within a range
of acceptable variance such that dS / dt as determined by the managing agency. In other
words, equation 2.7 describes the assumption that conditions are changing rapidly within
an aquifer system and, therefore, a state of equilibrium is unlikely to be established for a
significant length of time. The reason for this assumption is philosophical and implicit to
understanding the fluctuating nature of hydrogeologic systems.
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The key is

acknowledging that sustainable conditions may be achieved without maintaining a steady
state equivalent to one number, particularly zero.

A sustainable rate is actually

represented by a range of values that vary. In other words, “available” yield is that there
should be upper and lower bounds of acceptable operating conditions.
Traditional hydrogeologic methods for estimating aquifer yields include; water
budgeting, numerical modeling, optimization simulation, chemical tracing, chemical
mixing models, flow-net construction, pump testing, slug testing, and geophysical
methods (Weight and Sonderegger, 2001; Mace et al., 2001). The lack of clarity in
defining both “safe” and “sustainable” yields can be observed in a bevy of methodologies
for calculating these two yield types.

Methods of calculating the yields from the

hydrogeological perspective tend to focus on simple linear relationships that either
emphasize one variable, such as water table level, or incorporate a limited set of
parameters to be optimized, most often economic functions that ignore the non-market
values present in the problem. In fact, the independent behavior of input, output, and
storage components for any aquifer system are most often non-linear and discontinuous,
although they will be treated as continuous functions in subsequent modeling of available
yield.
An appropriate planning horizon may be dependent upon either aquifer
characteristics or political requirements. While this topic merits greater attention, it is
assumed that the planning horizon selected for use in an available yield modeling
exercise is appropriate for the local conditions. In the case of the Barton Springs aquifer,
the planning horizon (t) is set at 50 years, with active revision occurring at least once
every 5 years during state mandated planning efforts. Numerical modeling of the system
includes a monthly time step (g) and 10 year stress periods (p).
From equation 2.1, it is apparent that the 3 basic components of an aquifer
balance must be considered: inputs, outputs, and storage. While conceptually simple,
there are many important considerations when a detailed yield estimate is being
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quantified, such as an aquifer’s particular geologic character, transmissivity rates,
changes in recharge that may occur due to urban processes, and local impacts to
individual wells versus regional drawdown for example.
Storage (ST) can be subdivided (modified from Kalf and Woolley, 2005) into 4
operational quantities: replenishable storage (Sr), minable (Sm) storage, unrecoverable
storage (Su), and forfeit storage (Sf).

ST = S r + S m + Su + S f

(2.8)

Total storage is the sum of these subcomponents. Sr is the volume of water within
accessible storage levels that can be replaced by regular recharge events. Sr may be
depleted in an unsustainable manner for a temporary time period and the rejuvenation of
the aquifer will occur upon cessation of pumping. Sm is the portion of storage that can be
extracted, but has a long return period for rejuvenation. Su is the component of storage
that is not released from storage by gravity or pumping; therefore it is not recoverable
with existing technology, it is the addition of technological limitations that differentiates
Su from specific retention which is a basic hydrological concept. Sf is the storage that
may be lost or disappear permanently due to reductions in available porosity from
processes such as compaction or contamination.
There are four basic scenarios that are notable within the available yield
continuum as depicted in Figure 2-1, non-use, permissive sustained yield, safe yield, and
maximum mining yield.
Non-use is the scenario that maximizes natural conditions and prohibits human
use. In this case extraction rates [ Qa (t ) ] are set equal to zero (2.9). Natural discharge
[ Qn (t ) ] is the sum of natural recharge and human induced recharge, or return flows,
(2.10) once the system has reached equilibrium. Storage [ ST ] is maximized (2.11):

Qa (t ) = 0

(2.9)

Qn (t ) = Rn (t ) + Ra (t )

(2.10)

MaxST = S r + S m + Su

(2.11)
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Permissive sustained yield is the extraction rate that allows for use without
negative or undesirable impacts. In this case, the precise magnitude of drawdown and
pumping influences is determined directly by the preference set of an affected
community. Extraction rates can be expected to capture portions of total recharge and
may utilize portions of the replenishable storage (2.12). Natural flows will continue to
discharge (2.13), preferably up to some acceptable target level. Total storage will retain
the mining and unrecoverable volumes in their entirety (2.14), with some portion of
replenishable storage at various times during the planning period.

Qa < Rn + Ra + S r

(2.12)

Qn > 0

(2.13)

ST ≥ S m + Su

(2.14)

Safe yield is attained when extraction is equal to average annual recharge (2.15).
Under these conditions recharge from both natural and human induced recharge is
captured, such that natural discharge is eliminated (2.16) and total storage may be
depleted slowly (2.17) until the unrecoverable portion of storage is reached.

Qa = Rn + Ra

(2.15)

Qn ≤ 0

(2.16)

ST = Su

(2.17)

Maximum mining yield assumes that extraction rates will drive the system to the
end point for utilization. For this quantity, extraction will use all sources of recharge and
storage (2.18), resulting in cessation of natural discharge (2.19) from the system and
capturing all storage that is technologically possible (2.20). A key difference between
safe and maximum mining yields is the rate of depletion of the system. Safe yield will be
significantly lower than mining approaches.

Qa = Rn + Ra + S r + S m

(2.18)

Qn ≤ 0

(2.19)

ST = Su

(2.20)
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It is the relationships between these four basic available yield scenarios that can
be provided to stakeholders as illustrative of the extremes in management options. The
details and related complications for each case may modify the specific values for the
variables identified above, but the basic relationships should generally hold true for all
aquifer systems.

CONCLUSIONS
Without clear definitions of yields, management is a misnomer. This chapter has
developed a framework for the delineation of yield quantities to support implementation
of managed aquifer yields. The concepts of consensus and effective yield separate the
components of available, or sustainable, yield into physical system and social system
parts. A result of making this distinction is a framework that is readily addressed through
multi-disciplinary methods and is compatible with Texas groundwater legislation.
Current techniques for quantifying and valuing groundwater resources provide
rudimentary tools for moving towards sustainability. The development of sustainable
groundwater management strategies should consider the important natural attributes of a
natural system and their relative states under any given management approach. The tools
used to evaluate appropriate allocation levels must become better integrated and
multidisciplinary, while allowing for the consideration of constraining aspects for each
problem.
Successful yield calculations for groundwater management will need to remain
flexible and simple enough to explain to various user and decision-making groups. The
distinction proposed herein can be generalized to various settings and identifies a process
that distinguishes between the “soft” and “hard” components of the sustainable yield
decision problem by defining the stakeholder based, consensus yield, and science-based,
effective yield.
Subsequent chapters present the process undertaken to develop a groundwater
decision support system (GWDSS) for use as a strategic planning tool that aids in the
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calculation of available and effective yield in a manner compatible with groundwater
availability modeling already in use in the State of Texas. Results of GWDSS modeling
are compatible with a rapid dispute prevention process in development for consensus
building and negotiation. The GWDSS will aid in the creation of management and
permitting rules for an aquifer.
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Tables
Table 2-1: Example definitions reported for safe and sustainable yield.

Year

Author

Definition
1 defined safe yield “. . .the limit to the quantity of water
which can be withdrawn regularly and permanently without
dangerous depletion of the storage reserve.”
“. . . the rate at which water can be withdrawn from an
aquifer for human use without depleting the supply to the
extent that withdrawal at this rate is no longer economically
feasible.”
“. . . annual extraction of water which does not:
1) Exceed annual average recharge,
2) Lower water table so permissible cost of pumping is
exceeded,
3) Lower water table so as to permit intrusion of water of
undesirable quality.”
“. . . the amount of water which can be withdrawn from (a
groundwater basin) annually without producing an undesired
result.”
Defined sustainable yield as “. . . equal to the long-run
average rate of recharge.”
st

1915

Lee

1923

Meinzer

1946

1959
1997

Conkling

Todd
National
Research
Council

“Sustainable aquifer management occurs when (1) the rate
of aquifer exploitation maintains aquifer storage within preLoáiciga
1997
specified and adequate levels, (2) groundwater quality meets
acceptable criteria, and (3) negative long-term environmental
impacts associated with groundwater pumping are avoided.”
“Development and use of ground water in a manner that can
be maintained for an indefinite time without causing
Alley et
1999
al.
unacceptable environmental, economic, or social
consequences.”
“Sustainable water resource systems are those defined and
Loucks et
managed to fully contribute to the objectives of society, now
2000
an din the future, while maintaining their ecological,
al.
environmental, and hydrological integrity.”
Defined sustainable yield as “. . . the use of a resource in
Atkinson
2002
such a way that it is passed on to future generations without
loss of value.”
(from Atkinson, 2002; Loucks et al., 2000; Alley et al., 1999; Loáiciga
, 1997; National Research Council, 1997; Todd, 1959; Conkling, 1946; Meinzer,
1923; Lee, 1915)

38

Table 2-2: Natural attributes for a hydrogeologic system. (1)

State
Conditions
Aquifer
matrix type(2)
(m)
Boundary
conditions(3)
Areal extent
of aquifer(4)
(A)
Porosity
(ø)
Hydraulic
conductivity
(K)
Land Surface
Elevation
(mij)
Drain
elevation
(d)
Notes:

Inflows

Storage

Outflows

Natural
recharge
spatial
component
[Rn(x,y)]
Natural
recharge rate
[Rn(t)]
Artificial
recharge
spatial
component
[Ra(x,y)]
Artificial
recharge rate
[Ra(t)]
Return flow
(α)(5)

Specific
storage
(Ss)

Natural
discharge
spatial
component
[Qn(i,j)]
Natural
discharge rate
[Qn(t)]
Pumping well
spatial
component
[Qa(i,j)]

Lateral or
vertical influx
(V)(5)

Unrecoverable
Storage
(Su)

Saturated
thickness
(b)
Storage
(ST)

Specific yield
(φeff or Sy)
Storativity
Hydraulic head
[h(x,y,z)]
Transmissivity
(T)
Minable
Storage
(Sm)

Model
Considerations(6)
Planning Horizon
(g)

Stress Period
(p)
Time Step
(t)

Pumping well
discharge rate
[Qa(t)]
Evapotranspirat
ion [Qe(t)]

Cell
(i,j,k,z)

Lateral or
vertical outflux
(V)(5)

Bottom confining
unit elevation
(nij)
Acceptable
variance (X)
Diffusivity(7)
(T/S)

Replenishable
Storage
(Sr)

Zone
(z)

1) List of influential hydrogeologic parameters as indicated by Feinerman et al., 1983; Gisser and
Sanchez, 1980; Bredeheoft and Young, 1970; Freeze et al.,1990, Alley et al., 1999; Kresic,1997;
Harbaugh and McDonald, 1996; Kalf and Woolley, 2005 – this list is not necessarily
comprehensive.
2) e.g. fractured/porous; consolidated/unconsolidated; stratigraphic position and extent (after Freeze
et al. 1990).
3) Conditions can include no flow boundaries (lateral), surface impermeabilities, constant heads,
differences between geologic units, etc.
4) An areal extent may be subdivided into zones of confinement, unconfined, and artesian
5) Return flow and lateral influx or outflux can be counted within the artificial or natural recharge
and natural discharge components respectively or split apart as separate components of recharge to
the system as shown here.
6) Presented in the context of finite difference modeling, such as in MODFLOW packages
7) Diffusivity is an indication of the rate of movement through a system and the capacity to sustain
localized drawdowns without resulting in long-term storage depletion. An aquifer’s diffusivity is
probably a good indicator of the relationship to an appropriate planning horizon.
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Permissive
Sustained Yield
Safe Yield

Maximum
Mining Yield
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Note: Storage that is lost, or forfeit (Sf) to compaction, contamination or other processes is not delineated in this diagram.

Non-use

Figure 2-1: Conceptual continuum of available yield for an aquifer during a planning horizon.

Figures

Figure 2-2: Sustainable yield: The relation between consensus and effective yields.
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Non-use

Permissive
Sustained Yield
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Safe Yield

Maximum
Mining Yield

Figure 2-3: Feasible negotiation space in relation to available yield with hypothetical stakeholder positions.

Chapter 3: The Barton Springs segment of the Edwards aquifer as a test
case for decision support
ABSTRACT2
The development of an effective alpha test case for the groundwater decision
support system (GWDSS) is dependent upon the availability of quality data with
sufficient detail and historical reliability to assure a reasonable representation of an
aquifer system. The Barton Springs segment of the Edwards aquifer was selected as the
test case for this research project because it is a well characterized aquifer with historical
and current data sets that are both thorough and accessible.

The groundwater

conservation district responsible for managing the aquifer is exploring operational
policies, or effective yield policies, using a Groundwater Availability Model (GAM)
approved by the Texas Water Development Board (TWDB). In addition, a stakeholder
process specific to the aquifer segment for Regional Water Quality Planning was
completed in 2005 producing a preliminary list of community concerns that are supported
by an active group of stakeholders who willingly volunteered to participate in research
for consensus yield development.
Primary influences on the availability of groundwater for the Barton Spring
segment include changes in recharge rates due to land use changes, minimum flow
measures for endangered species protection, and consideration of the influence of drought
conditions. Conflict over water in the region reflects competing cultural concerns for
preserving the quality of life in the area, protecting environmental features, and the
pressure for continued urban expansion and economic growth.

2

Portions of this chapter have been published in Pierce, S.A., Sharp, J. M., and Garcia-Fresca, B., 2005,
Evaluating groundwater allocation alternatives in an urban setting using a GIS data model and
economic valuation techniques, Applied Urban Hydrogeology, Mattias Eisworth Memorial, ed.
Ken Howard. (Accepted July 2005, in press).
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INTRODUCTION
Located in central Texas (Figure 3-1), the Barton Springs segment of the Edwards
aquifer has a recharge zone of approximately 229.32 square kilometers (km2) and is
overlain by a rapidly urbanizing section of the City of Austin (CoA).

Primary

hydrostratigraphic units are karstified limestone with discrete sinkholes and fracturebased conduits forming the significant recharge features (Sharp and Garcia-Fresca, 2003).
Pumping and drought restrictions are determined by the Barton Springs Edwards Aquifer
Conservation District (the District), which began a recent initiative to evaluate
sustainable yield using a Groundwater Availability Model (GAM) developed with
MODFLOW as a science-based planning tool (Smith and Hunt, 2004).

The GAM

represents the results of an effort to model Texas aquifers with a standardized, technically
rigorous process. GAM models are approved by the Texas Water Development Board
(TWDB) for use as an allocation and planning tool and identified by the Texas State
Legislature as the mechanism for determining the available yield for communities
throughout the state (Dougal, 2006; Mullican and Schwartz, 2004; Griffin, 2002; Kaiser,
2002).
Using the concept of sustainable yield to guide policy, the District defines the
term as “the amount of water that can be pumped for beneficial use from the (Barton
Springs) aquifer under drought-of-record conditions after considering adequate water
levels in water-supply wells and degradation of water quality that could result from low
water levels and low spring discharge” (Smith and Hunt, 2004).
In addition, a community process was convened between June 2002 and June
2005 to address regional water quality, identify key influences, concerns, and objectives
of stakeholder groups (Naismith Engineering, 2005). Divergent opinions abound in the
community surrounding Barton Springs with regard to future land use planning over the
aquifer (Banner and Sharp, 1997; Naismith Engineering, 2005). Stakeholders from a
wide range of backgrounds and interests are actively engaged in a tug-of-war over
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economic development and environmental protection for the region. The Regional Water
Quality Planning (RWQP) process established a priority list of policy actions to alleviate
water quality risks in the Barton Springs segment (Naismith Engineering, 2005). For this
research project a sub-group of 10 stakeholders agreed to collaborate on the GWDSS
design to build the community values portion of the decision support system, as well as
participate in future testing and mediation work.

Legal context and current policy
Policies and laws attempt to reflect a societal values in addition to providing a
framework for addressing conflict and defining consequences for non-compliance. In the
case of water resources, legal constraints bring into question social equity. Since the
Hammurabi’s earliest written code (1795 B.C.- 1750 B.C.) and the Justinian code (A.D.
528) of ancient Rome, governing bodies have attempted to control the effects of
competition between the factors that favor common good versus individual gain (Cech,
2003).

Modern legal tenets evolved from surface-water concerns with the riparian

doctrine and prior appropriation providing the cornerstone upon which much of the water
law in the United States is based. The former is favored east of the 100th meridian and
the latter to the west in the United States today (Cech, 2003).

Groundwater management history in Texas
June 13, 1904, heralded the era of modern water management in the State of
Texas with the landmark decision to uphold the rule of capture passed by the Texas State
Supreme Court in the case of Houston & Texas Central Railway Co. versus W.A. East
(Mullican and Schwartz, 2004). One century later a range of legislative and planning
actions define a different landscape for groundwater allocation in Texas.
The rule of capture provides the foundation for Texas with regard to groundwater
use. This legislation provides that a landowner may extract unlimited amounts of water
from wellheads installed on their property (Mullican and Schwartz, 2004).

45

This

instrument, born out of a commoditized approach towards natural resources, treats water
in the same way as oil, gas or mineral resources. It assures a landowner the right to use,
store and extract an unlimited quantity from the subsurface of their property.
Unmodified, the rule of capture allows for little public control and undermines
management initiatives because an accurate account of water usage at any given time is
not possible and attempts to enforce any extraction limitations are difficult.
The rule of capture has been modified within Texas Water Code today. General
protective additions by Texas courts include correlative law, which assures that pumpers
must take into account the rights of a neighbor to prevent negative impacts, and the
doctrine of reasonable use, limiting withdrawals to a reasonable amount for the
associated land parcel (Mace et al., 2006; Mullican and Schwartz, 2004; Griffin, 2002;
Kaiser, 2002). In 1917, the first Conservation Amendment was passed (Art. 16, sec. 59
of the Texas Constitution), forming a Texas water resource financing program and
giving primary responsibilities for water projects to the local and regional
agencies(Mullican and Schwartz, 2004).
Texas water policy approaches different types of water bodies from separate
policy doctrines. This can be problematic because of the indisputable interconnection
between surface water and groundwater. Table 3-1 lists the four doctrines used to
approach water policy in Texas (Griffin, 2002; Kaiser, 2002).
In Texas, surface and groundwater rights may be transferred and separated from
land; this makes water resource marketing or commoditization of the resource possible.
What is known in the state as “water ranching” is becoming an ever-increasing practice.
Considering the water-poor conditions of some urban zones of the state, this becomes a
concern.

If adequate infrastructure could be installed, and if there are significant

increases in demand, urban buy-outs of rural water could result in significant declines in
water levels in rural zones of Texas. The rule of capture legislative framework exposes
local groundwater resources to possible exploitation and overdraft due to exportation.
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With the end of World War II, technological improvements in pumping
capabilities and cheap energy costs resulted in the rapid expansion of groundwater
extraction around the state.

In 1949 the Texas Legislature created a process for

designating ground water management areas. Shortly after, in 1951, the first Ground
Water Conservation District (GCD) was formed (Kaiser, 2002).

The High Plains

Underground Conservation District No. 1 is still in existence. The organization’s primary
mission is to assure reasonable and strategic use of groundwater resources in the Ogallala
aquifer of the Texas panhandle region.
GCDs have been the form of groundwater management used in Texas since the
1950’s. These agencies have limited powers and GCD boundaries are primarily political
and not hydrologic. Within their limited range, the rule of capture is partially fettered
because the conservation districts have some control over pumping limits and permissible
uses. The lack of correlation between GCD and aquifer boundaries generally complicates
management issues because multiple agencies may be responsible for managing the same
resource.
At about the same time groundwater conservation districts began forming, the
State of Texas vested the TWDB with the responsibility of preparing state water
plans(Mullican and Schwartz, 2004; Kaiser, 2002). In the 1960’s, after the most extreme
drought on record, Texas completed the first water plan and delegated planning
responsibilities to the TWDB (Kaiser, 2002). Initial plans placed an emphasis drought
response measures and on importation of water from outside the state to meet future
water needs (House Research Organization, 2000).
The 1980’s were a period of increased financial support for local water projects
(Griffin, 2002; Kaiser, 2002). State water plans of that period emphasized conservation,
flood control, water quality, and development of regional water and waste systems. For
example, the “Water for Texas Plan” of 1984 was the first time that public input was
sought through the use of questionnaires (Griffin, 2002; Kaiser, 2002). The resulting
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plan did not mention water importation measures as had the previous plan. Some minor
legislation was passed in Texas to reorganize the state water agencies and the first
regional water districts and river authorities were created (Griffin, 2002; Kaiser, 2002).

The role of hydrogeology in management and planning in Texas
Texas legislation and water permitting procedures have undergone significant
modification since 1997 (Mace et al., 2006; Mullican and Schwartz, 2004; Griffin, 2002;
Kaiser, 2002). Texas appears to be in transition from common law framework to a
comprehensive state-wide groundwater management system that is administered by local
districts tailored to meet the needs of specific aquifers (House Research Organization,
2000). Examples of this transition are observed in the recent passage of Senate Bills 1
and 2. Through Senate Bill 1 (SB-1), Texas has initiated a formalized water planning
process for the state (Mace et al., 2006; Mullican and Schwartz, 2004; Griffin, 2002;
Kaiser, 2002). Senate Bill 2 (SB-2) further strengthened this process by identifying the
Groundwater Availability Models (GAMs) as the state’s preferred management tool.
Most recently, House Bill 1763 (HB-1763) establishes the requirement for groundwater
planning to consist of a two stage process that includes the definition of “desired future
conditions” by affected communities for consideration in the calculation of available
yields for major aquifers in the state of Texas (Mace et al., 2006).
Previously dominated by the rule of capture, the ability of groundwater
conservation districts to manage and control localized aquifer use has been strengthened
via SB 1, SB-2, and HB-1763. These controlling legislative mechanisms for groundwater
management in the State of Texas provide preliminary guidance for allocation and
management.
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BARTON SPRINGS TEST CASE BACKGROUND
The Barton Springs segment has an estimated total area, including both the
recharge and contributing zones, of 916.87 km2 (354 mi2 or 226,560 acres) and an
estimated maximum storativity of 0.09514 m-1 (or 2.9 * 10-2ft-1) (Scanlon et al., 2001).
This segment falls within a range for which strategic management and control measures
are expected to have an influence over the efficiency of use within the aquifer making
policy controls feasible (Gisser-Sánchez, 1980). This aquifer holds an entire central
Texas community in rapt attention and garners the focus of renowned scientists. Figure
3-1 shows the location of the Barton Springs segment in central Texas.

General

consensus among previous hydrogeologic studies for this aquifer support a maximum
sustained yield that does not exceed the minimum spring flow recorded during the
drought of record, or approximately 2.72*10-1 m3/s to 2.83*10-1 m3/s (9.6 cfs to 10 cfs)
(Smith and Hunt, 2004; Brune and Duffin, 1983). This range of values was derived
through traditional hydrogeologic estimation techniques using historical datasets,
particularly those of the drought of record and the approved GAM for the system, but
without consideration of additional social, ecological, or economic constraints.

Hydrogeologic evaluations for the Barton Springs segment
Earliest hydrologic evaluation of the aquifer began in the nineteenth century.
Significant energy has been invested in understanding the geologic underpinnings of the
system, as well as estimating reasonable available yield. The first hydrologic assessment
of the Barton Springs region was completed by B.F. Shumard in 1860 (Brune, 1983).
This initiated research in the area, bolstered with the establishment of The University of
Texas, the aquifer has become a local laboratory for researchers drawn to the academic
institution.
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Perched along the fault zone that offsets the Balcones escarpment, the Barton
Springs segment sits as a pivot point between geologic provinces and ecoregions. A
partially isolated portion of the Edwards aquifer, the unique conditions responsible for
the formation of this aquifer segment also influence the modern bifurcation of economy
and culture (Long, 2003).
Ancient mountain building events in the late Paleozoic Era created the now buried
Ouachita fold that forms the structural underpinnings of the Balcones Escarpment. The
escarpment creates a boundary between the Texas Hill country and Blackland Prairie
(Long, 2003), influencing climate by acting as a partial rainfall barrier and separating
differential landscapes that are marked by ranch land to the northwest and rich soils for
agriculture to the southeast.
Hydrostratigraphy of the Barton Springs segment is heterogeneous karst
characterized by triple porosity systems, matrix, fractures, and conduits (Smith and Hunt,
2004; Scanlon et al., 2001; Halihan, 2000). Due to the conduit nature and rapid flow
within the aquifer, water table levels fluctuate significantly, and unlike porous media, the
influence of pumping on the potentiometric surface exhibits localized effects.

Current policies and trends for Barton Springs
The District is in the process of re-evaluating pumping regulations and possible
permit limits for available yield. The principal policy option for available yield is a cap
on overall pumping within the aquifer, which was set at 2.83*10-1 m3/s (10 cfs) in 2005
(Smith and Hunt, 2004). Rules and policies to promote conservation during drought
conditions have been established by the District based on historic well level information
and spring flow records for the aquifer (Fieseler and Rauschuber, 2001).

The

implementation of drought trigger levels aids in guiding extraction reductions for two
stages: alarm with 10 percent voluntary reductions and critical with 20 percent mandatory
reductions in pumping. Due to the federal listing of the Barton Springs salamander as an
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endangered species, additional habitat conservation planning is being completed by the
District to define minimum spring flow levels to preserve the species. Historic flow
records for the primary spring in the aquifer from the end of a 7-year drought period (in
March of 1956) were approximately 2.72*10-1 m3/s (9.6 cfs), or a minimum monthly
average of 3.11*10-1 m3/s (11 cfs) (Smith and Hunt, 2004). In addition, spatial variations
in the water table are considered at The District through the evaluation of impacts to well
production in the sections of the aquifer where the water-bearing formations are thin by
setting saturated thickness minimums (Smith et al., 2006).

Demand: Pumping and population
Demand for water is a major economic and environmental driving force in any
region. Groundwater uses in the central Texas region include manufacturing, mining,
municipal, steam, irrigation, and livestock (TWDB, 2002). The economy near the CoA
and around the Barton Springs segment is dominated by municipal uses, Figure 3-2 and
state water planning projections from the year 2000 through 2060 show little change in
the distribution of these uses when determined for the five county MSA of Bastrop,
Caldwell, Hays, Travis, and Williamson counties (TWDB, 2002).
Major permitted users of aquifer water are the cities of San Leanna, Buda, Kyle,
Sunset Valley, and cement plants located in the area (Smith et al., 2006). The city of
Kyle has an alternative source of water. The city of Goforth is expected to transition to
an alternative source in the near future (Smith et al., 2006).

The aquifer supports

approximately 50,000 urban households with drinking water as a sole source supply.
While estimates for population growth and overall water demands for the region show
dramatic increases in the central Texas region (see Figures 3-3, 3-4, and 3-5), this growth
is unlikely to demand a significant additional supply from the Barton Springs segment.
There is a higher likelihood of surface water importation to support future demands,
except for the industrial uses (Smith et al., 2006).
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Precipitation
The primary source of natural recharge for the Barton Springs segment is from
rainfall directly over the recharge zone and runoff from rainfall occurring in the
contributing zone, as identified in Figure 3-1 (Naismith Engineering, 2005; Fieseler,
2001). Climate in the region is subtropical with precipitation events throughout the year
and exhibiting peaks in late spring, April to May, and early fall, September (Brune,
1985). Figure 3-6 illustrates the relatively high variation of monthly averages for annual
rainfall relative to the long-term annual mean of 2.46 cm, with an approximate order of
magnitude range in values from a maximum 0.804 cm to a minimum of 0.084 cm as
shown in the ranked annual rainfall diagram in Figure 3-7.

The combination of a

moderately wet climate with a fast moving aquifer results in relatively short-term live
storage, or reserve conditions. This means that long-term depletion is not as likely for
this aquifer system; therefore, water supply shortages are expected to be acute events of
short duration.

Spring flow
Porosity is increased due to “dissolution-modified faulted limestone” (Senger and
Kreitler, 1984) with anisotropic permeability parallel to bedding planes or as cavities and
caverns forming along faults. These arteries of the aquifer provide the primary flow
paths through fractured and faulted flow routes emerging as springs on the surface.
Long-term mean spring discharge is approximately 1.5 m3/s (53 cfs), with a maximum
recorded rate of 4.5 m3/s (160 cfs) and a monthly minimum flow of approximately
3.11*10-1 m3/s (11 cfs) or 2.72*10-1 m3/s instantaneous (9.6 cfs) (Smith and Hunt, 2004;
Senger and Kreitler, 1984). Figure 3-8 presents monthly average flow rates and annual
average flow rates for Barton Springs from 1947 to 2003. Cold Springs is an additional
discharge point for the aquifer, that is modeled as a 25 percent contribution to the overall
discharge from the aquifer system despite lack of observed flow measurements (Scanlon
et al., 2001).
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Barton Springs supports a groundwater dependent ecosystem and two endemic
species of salamander. The Barton Springs salamander (Eurycea sosorum), is currently
listed as a federal endangered species. Its newly discovered cave-dwelling counterpart,
the Austin Blind salamander (Eurycea waterlooensis), is a candidate species for the
federal endangered species list (Hillis et al., 2001). Groundwater usage within the aquifer
may be restricted to ensure survival of the protected species (USFWS, 2005). A key
component to protecting the Barton Springs salamander will include managing minimum
flows to maintain an adequate habitat for the salamander. For example, the US Fish and
Wildlife Services (1997) indicated, "The primary threats to this species are degradation of
the quality and quantity of water that feeds Barton Springs due to urban expansion over
the Barton Springs watershed” . . . and . . . “groundwater pumping from the Barton
Springs segment should be limited, particularly during drought, when pumping should be
reduced such that spring flow at Barton Springs does not drop below that which would
allow the long term survival of the Barton Springs salamander” (USFWS, 2005). To
address this issue the District is currently in the process of completing a habitat
conservation plan for submittal to US Fish and Wildlife Services to request a 10a permit
that would allow for a controlled number of salamander takings, paired with sciencebased research into preservation and propagation of the species (USFWS, 2005).
The springs have offered a meeting place and recreational center for the people
living and working in Austin, Texas; they often are referred to as the “Soul of the City”.
Overuse of groundwater within the Barton Springs segment of the Edwards aquifer
threatens the continued existence of both the endangered species and the community’s
central gathering place. At the same time, the continued economic development of
Austin and its surrounding areas is resulting in increased demands for groundwater
supplies. In order to protect each of these interests, proper management of groundwater
within the aquifer will be critical.
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Recharge
A general representation of recharge in the Barton Springs segment can be
divided into two primary components, natural (Rn) and human induced (Ra).
Interpretations for Rn are best represented in work by Hauwert et al. (2004 and
2005) which indicates that the spatial distribution of recharge to the aquifer is dominated
by point source recharge features and upland flows. Recharge is represented in the
Barton Springs GAM model (Scanlon et al., 2001) represents the majority of natural
recharge, approximately 85 percent (Slade, 1985; Barrett, 1996) via infiltration through
cells that represent streambeds of the 5 major watersheds that overlie the aquifer. The
remaining 15 percent is represented in the model as diffuse natural recharge through
pervious surfaces and the aquifer matrix. While the modeled interpretation cannot be
validated directly, it is considered sufficient for the alpha version implementation of
GWDSS. In addition, the 2001 version of the GAM model remains the only model that is
approved for groundwater planning over the Barton Springs segment by the Texas Water
Development Board (TWDB) (Smith et al., 2006), therefore natural recharge is
represented in GWDSS accordance with the GAM assumptions.
Heterogeneity created by man-made disturbances increases complexity to the
already complicated hydrogeological environment and can dominate both the surface and
near surface flow regime. On the surface, impervious cover influences surface-water
runoff patterns, changing both the volume and spatial location of recharge to the aquifer
system. The influence of impervious cover on overall recharge to the Barton Springs
segment is difficult to quantify, research advances to date are best described by Hauwert
(2004) and this dissertation includes impervious cover into the GWDSS as a proof of
concept.
Regardless of the sources for recharge, flow rates at the primary discharge point
are expected to be an indicator of the overall recharge to the system. Linear trend lines
on Figures 3-8 and 3-9 show an apparent increase in flow at Barton Springs with time.
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Figure 3-9 uses a polynomial presentation to illustrate that the increase occurred from
approximately 1955 to 1970, then leveling off, with an increase over the last decade. To
evaluate this apparent behavior, Figure 3-10 juxtaposes precipitation, springflow, and
pumping trends in 3-time periods: (A) 1947 to 1955, the post-World War II boom; (B)
1947 to 1970, including periods of sustained growth, and (C) 1947 to 2003. Precipitation
leading up to 1955 reflects the drought of record conditions and therefore presents a
slightly decreasing slope. The subsequent time periods show a nearly flat trend line
indicating no noticeable climatic changes since 1947. Springflow patterns on the other
hand, show tendencies for a continuous increase in discharge rates, with the most
significant apparent increase occurring from 1955 to 1970. Pumping estimates, also
shown in Figure 3-10, demonstrate continual increases in demand that may reflect an
accommodation of population growth.

Possible causes for the apparent increase in

recharge, without a concomitant increase in precipitation, may be due to unaccounted for
influxes. One possible source of the increase could be: direct recharge from urban
infrastructure and other human induced sources, such as lawn watering, which can play a
role in the overall urban water budget. Two other possible sources for the apparent
increase in recharge may be influx from adjacent aquifers or measurement errors. While
the data to determine an accurate rate of increase may not be available and the precise
cause for increases has not been determined, by inspection of the monitoring results there
is an observable trend that may be included as part of scenario building process for
modeling yield. In order to calculate an available yield for the Barton Springs segment,
accounting for possible causes of apparent increases may be important. For the purposes
of this study, changes in recharge are represented through the use of a simplified urban
sub-process model that is briefly described in the next section.
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The influence of Urbanization (GWDSS sub-process model 1)
Recharge is one of the most difficult components to assess within the hydrologic
cycle, but recharge is one of the most important determining variables for water
availability.

Urban recharge and changes in permeability structures, in particular,

influence the water budget in municipal areas. Resource evaluation relies on calculating
recharge, yet these estimates are typically problematic and their accuracy difficult to
gauge.
Sub-process model 1 is a first approximation that introduces a relationship
between impervious cover and recharge. While the sub-process model implemented in
the alpha version of GWDSS presents a function that reduces recharge with impervious
cover, this version should be viewed as the conservative representation of urban
influences on recharge. Future versions should implement a functional relationship that
includes increases in urban return flows as a function of impervious cover.
Figure 3-11 shows urban growth in the Austin area through a spatial analysis of
historic land use maps and shapefiles from the Austin History Center and the City of
Austin.

Relative increases in impervious cover were calculated using a geographic

information system with land use maps from 1931 to 2003 spaced at approximately
decadal increments (see Figure 3-12),.
Calculations from the shapefile analysis provides the inputs for a simple urban
recharge process model developed for the Barton Springs segment of the Edwards aquifer
for inclusion in the GWDSS. This sub-model is not comprehensive, but it presents a
basic starting point for including urban processes in a broader groundwater management
model.
The basic impervious cover sub-model represents a decrease in direct recharge to
the aquifer as a function of impervious cover (equation 3.1). The basic sub-process
model for direct, or natural recharge, considers the reductive influences of impervious
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cover on effective infiltration to the aquifer system. The method centers on using spatial
analysis of the percent impervious cover (IC) areas as an aggregate estimate across the
aquifer recharge zone where natural recharge (Rn), is related to rainfall (P) and a
coefficient of recharge, or the recharge factor (Rf)

(3.1)

Rn = (1 − IC ) * P * R f

The value of Rf was determined using reported relationships between historic
precipitation data and direct recharge from Scanlon et al. (2003), and the spatial analyses
of land use cover for the recharge zones between 1990 and 1998.
In order to calculate natural recharge as a function of impervious cover, an
estimate for the value of Rf was completed using a set of reported precipitation, recharge
values (Scanlon et al., 2003), and spatial analyses for impervious cover levels using land
use shapefiles from 1990 and 1998 to accomplish this task.

Table 3-2 presents a

compilation of the results, which show the estimate for Rf of 0.86 for 1989 and an Rf
estimate of 5.11 for the more urbanized conditions of 1998. These values can now be
used to create a sliding scale relationship between hypothetical impervious cover
scenarios and a concomitant reduction in direct recharge to the groundwater simulation
component of GWDSS. In subsequent model runs, the GAM model was unable to
converge for Rf values less than 4.26. Therefore, all GWDSS results reflect an Rf value
between 4.26 and 5.11. It is not surprising that the GAM was better suited to model the
more intense impervious cover levels, because the 10-year transient model implemented
within the alpha version of GWDSS was calibrated to flows from 1989 through 1998,
which reflect more urban conditions over the aquifer and thus, higher values of Rf.
The urban recharge sub-process model is a first approximation that can serve as
an initial representation of recharge influences and provides a starting point for the
development of increasingly representative urban process elements for GWDSS. Follow-
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on implementations could represent total recharge (RT) as the sum of natural recharge
(Rn) and human induced recharge (Rh) as shown in equation 3.2 below.

RT = Rn + Rh

(3.2)

Increases in recharge due to urban return flows (Rh) as presented in equation 3.2
could be further divided into leakage from treated mains (DTw) and sewage outflow (DTs).
These volumes are typically reported by municipal agencies and a leakage coefficient
may then be added for each infrastructure type; treated water leakage coefficient (Clw)
and sewage water leakage coefficient (Cls). The sum of the product of infrastructure
volumes and leakage terms allows the determination of human induced recharge (Rh) as
shown in equation 3.3 below.

Rh = (Clw • DTw ) + (Cls • DTs )

(3.3)

This formulation is reported here as a recommended method for quantifying total
recharge (RT) within future versions of GWDSS. Initial estimates for leakage rates in the
City of Austin infrastructure have been reported by Garcia-Fresca and Sharp (2003).
For the alpha version calculations presented here, impervious cover estimates
were completed using geographic information systems (GIS) shapefiles for landuse
distribution produced by the City of Austin along with average assigned impervious
cover values by land use type. Two land use files were used to estimate the aggregate
impervious cover over the recharge zone for 1990 and 1998. The 1990 land use file
reflects conditions from about 1985. The extent of land use for 1998 was compiled using
the year 2000 shapefile.

In each case the land use change between the year of

compilation and the estimated recharge year are assumed to be negligible.
For this sub-process model, total recharge is assumed to be equal to natural
inputs, such as rainfall only, human-induced inputs, cross-formational flows, and other
possible sources of recharge are ignored. The assignment of impervious cover is applied
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equally across the recharge zone, or completed as an aggregate function.

Spatial

delineation using land use distributions could be completed in a future version of this
sub-process. Figure 3-12 shows land use patterns over the recharge zone of Barton
Springs from circa 1930 to 2003. Land use for 1990 and 1998 were used to calculate the
scaling factor (Rf) for recharge factors from equation 3.1.
Based on experience using the urban recharge sub-process model, improvements
could be achieved by factoring human-induced recharge from water infrastructure
leakage into the calculation of modeled aquifer values through the use of geographic
overlays combined with efforts to develop improved empirical data. It is possible to
disaggregate land use data for assigning impervious cover on a cell-by-cell basis within
the recharge zone with the impervious cover densities that are associated with the related
land use type. Another improvement could be the addition of a routing and run-off model
for the contributing zone to show the relationship between future changes in development
patterns to the surface run-off that recharges the aquifer. These improvements were not
completed in the initial version because the simple calculation, reported in equation 3.1,
reflects current stakeholder views of the conceptual model for the system, it provides an
initial starting place for dialogue among stakeholders, and the simple operational version
allowed for a rapid implementation in GWDSS.

Saturated thickness
The storage capacity of hydrostratigraphic units enables productive wells. High
level flow patterns are differentiated from low flow with the result that wells located in
the southwestern portion of the aquifer are vulnerable to inadequate saturated thicknesses
reducing the overall production of the aquifer. The District monitors the influences of
saturated thickness on the wells of individual property owners and considers this
hydrostratigraphic indicator in groundwater availability modeling (Smith et.al., 2006).
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Drought (GWDSS sub-process model 2)
Drought is considered to be one of the primary limiting factors in an overall
available yield for the Barton Springs segment. The slow depletion that is observed in
other aquifers, such as those that exhibit large storage, porous media, and arid
environments, is not the same pattern followed by Barton Springs. Because of its karstic
character, the aquifer is expected to exhibit acute periods of seasonal shortages that are
relieved by rapid and heavy precipitation events that are common to the central Texas
region. Therefore, the determination of accurate drought stages and efficient policies for
drought response become important for this aquifer.

It is possible that the overall

available yield for the aquifer may be increased if appropriate drought reductions can be
implemented.
To address this issue, the District uses a number of well levels and flow rates at
Barton Springs to identify periods of drought. The current policy uses a two-stage trigger
system with alarm stage establishing an early warning and voluntary cutbacks and a
subsequent critical stage, with mandatory reductions in pumping.
The Lovelady well, state well number 5850301 (SWN5850301), is the well with
the longest recorded history located in the Barton Springs segment. Its water levels tend
to follow a subdued reflection of recharge conditions within the aquifer and provide a
cornerstone for the current drought policy for the aquifer.
A relatively stable well, Lovelady is a key drought trigger well that correlates
with generalized water table levels within the aquifer as determined through comparative
analyses

with

Negley

(SWN5857903),

Buda

(SWN5858101),

San

Leanna

(SWN5850801), South Austin (SWN5850301) and Barton Springs (SWN5842903) wells
(Fieseler and Rauschuber, 2001). Figure 3-1 shows the location of the primary spring
outlet and drought indicator wells. Figure 3-13 presents historic water level fluctuations
in Lovelady well for the period of record and Figure 3-14 graphs water table elevation
and precipitation data for the same period. The intersection of graph axes is set such that
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the x-axis (Water Year) crosses at the water table elevation (472.73 feet above sea level)
that constitutes drought stage in the Lovelady well.
Figures 3-15 and 3-16 illustrate duration curves for water levels in Lovelady well
and for spring flow with relevant drought policy levels. A duration curve plots the
percentage of time that a measured variable equals or exceeds a specified value, such as a
drought stage trigger level. These graphs characterize the behavior of the Barton Springs
segment relative to drought conditions.
Water levels in the Lovelady well can be related to flow at Barton Spring flows
during periods of drought using regression analyses (Fieseler and Rauschuber, 2001).
With regression analysis, a linear relationship between observed behavior among the
wells has been established (see equations 3.1 to 3.4). A measure of the fit can be made
using R2 which indicate increased fit as values approach 1.0, the fit between two
variables with a linear correlation.

Linear relationships between head level in the

Lovelady well (HL) and levels in 2 wells, Negley (HN) and Barton Springs (HBS), along
with spring flow (FBS) at the main spring outlet as determined by Fieseler and
Rauschuber (2001) are shown below.

These correlations, have R2 values of 0.97

(Lovelady to Negley), 0.88 (Lovelady to Barton Springs), and 0.98 (Barton Springs well
to Barton Springs flow), can be used to correlate GAM simulation results to represent
potentiometric surface behavior from global optimization results generated by GWDSS.
Calculations are completed using feet and converted to scientific units, or metric, in a
subsequent step.

H L = [1.4644( H N ) − 13.4]

(3.4)

H L = 0.0436( H BS ) + 411.24

(3.5)

FBS = 21.229( H BS ) − 624.49

(3.6)
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An approximation of the Hill method (Domenico, 1972; Todd, 1960) is
implemented as a sub-process model to estimate safe yield levels using the Lovelady well
as a proxy indicator for aquifer-wide changes. The Hill method plots average water level
changes from well data against recorded pumping rates (see Figure 3-17) and then uses
linear trend analysis, such as those generated for the wells in Figure 3-18, to identify the
relationship between zero water level fluctuation and a safe pumping rate. Figure 3-18
presents the linear trend estimates from the Lovelady water level dataset and an average
for the three drought trigger wells, Lovelady, Barton Springs, and Negley.
Safe yield estimates were calculated using the Hill method with a filtered
selection of actual water level measurements reported for the Lovelady well in the dataset
maintained by the Texas Water Development Board (TWDB, 2005). The number of
usable data points for safe yield calculations was limited to datasets from 1949 through
2004 determined on a water year basis, beginning October 1st and ending September 30th
each year.
Due to the intermittent nature of actual water level observations, fewer than 20
were used to calculate fluctuations within water years. Estimates using this dataset do
not provide a conclusive estimate of safe yield. The safe yield values calculated from
historic observations do provide a point for comparison as well as an expected lower
boundary for the available yield for the Barton Springs segment. These values provide a
conservative estimate because they represent a subdued reflection of actual recharge
conditions, or conservative estimates.
Safe yield values range from 3.4*10-2 m3/s to 1.7*10-1 m3/s(1.2 cfs to 5.99 cfs)
respectively, based on historic water level measurements in Lovelady well and estimates
for yield calculated with a modified Hill method (sub-process model 2) that uses historic
spring flow data. Comparison points for other available yield estimates include those
reported by Brune and Duffin (1983) at 2.72*10-1 m3/s (9.6 cfs) and the current pumping
limit set by the District at 2.83*10-1 m3/s (10.0 cfs) (Smith and Hunt, 2004).
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All

calculated estimates and the reported values are shown in Figure 3-19. These initial
estimates of possible ranges for safe yield in the Barton Springs aquifer can be
augmented using the GWDSS. Disparities in the yield estimates are likely due to the
different techniques, field observations versus linear estimations.

Brune and Duffin

(1983) based their estimate on the minimum flow event recorded for the springs, the
District looked at the average monthly flow during the drought record and the minimum
event, selecting a value in between the two, using historic data from wells proves difficult
due to missing data and the probable errors that are propagated through the calculation
due to the fit of linear regressions. Each estimate provides insight into possible ranges of
values for the system and provides a starting point for evaluation and comparisons
against simulated alternatives that are generated by the GWDSS system.

Profound protagonist Parthenia: The root of community conflict
Conflict often emerges in human dialogue with the concept of ownership or
through defining the concept of separateness (Chilton, P.A., 1997). Modern conflict in
Austin over Barton Springs began in 1837. Figure 3-20 is a graph of the timeline and
scope of modern study and conflict over Barton Springs. In a gesture of patriarchal pride,
William Barton named the springs, emitting from the northernmost boundary for his
daughters Parthenia and Eliza. While the designation may seem insubstantial next to the
profound geologic history and formation of the springs, it represents a significant event
from the human perspective.

Ownership implies responsibility and control.

When

applied to a transient resource, such as groundwater, deeply seated roots of conflict are
sown.
Long before European settlers had gained control of the region, transforming the
hills to urban landscapes, paleo-Indian (pre-1500’s) and early Indian tribes, such as the
Comanche, Apache and Tonkawa, made use of Parthenia and her sister springs. The
roving tribes thrived on the water that bubbled forth, providing a refreshing stopover on
seasonal trails that rose from plateau to prairie via this vegetated oasis at the edge of the
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Balcones plateau (Brune, 2002). The establishment of a key rail crossing in the City of
Austin set the stage for a century of transition and cultural formation, from circa 1870 to
1970, characterized by periods of limited sanitation and the first street paving that later
gave way to early city planning and rapid post-war expansion. In 1971, the inauguration
of a beautification project on the central shores of town lake by former first lady, Mrs.
Lyndon B. Johnson was a prelude to adoption of the Austin Tomorrow comprehensive
plan for growth (1979) and presaged a citizen uprising against urban development (1990).
From the mid-1980’s residents of central Texas sought to protect Barton Springs
through federal petitions to save both the springs and an endangered salamander (eurycea
sosurum). As new residents flocked to the city of Austin area, existing citizens resisted
potential degradation of their lifestyles and watershed through promulgation of Save Our
Springs (SOS) initiative to limit the impervious cover in the sensitive recharge zone. The
battle lines pitted city policy against the state legislature and skirmishes ensued to either
delimit or permit, respectively, urban development in the region. The period from 1992
to 1999 is punctuated with divisive events, from the enactment of impervious cover limits
by the city to the legislature rescinding House Bill 1704 to allow development under
grandfathered regulations and back to the city’s enactment of permit expiration. Each
interaction further entrenched the two cultures of Austin and aquifer, those for
development and those against, establishing a continuum of stakeholder positions that
characterize the community today.

Most recently, regional water quality planning

initiatives have been instigated, with local citizens attempting to sustain discourse that
will result in consensus policy (Naismith Engineering, 2005). Local agencies, such as the
groundwater conservation district, are working toward habitat conservation planning with
federal staff (U.S. Fish and Wildlife Service, 2005) and city planning auditors (Elizondo
et al., 2006). Consensus efforts reflect the principles of Senate Bills 1 and 2 that clarify
groundwater management authority, along with the most recent, unfunded mandate for
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regional groundwater management cooperation through House Bill 1763 (Mace et al.,
2006).

MODELS FOR MANAGEMENT IN TEXAS
The groundwater availability model (GAM) for the Barton Springs segment of the
Edwards aquifer, approved by the Texas Water Development Board (TWDB) is the
primary tool used to guide the allocation policy direction and forecasting efforts by the
the District. The Barton Springs GAM is a two dimensional MODFLOW model that
demonstrates a high sensitivity to recharge, limited response to changes in pumping, and
two drains that represent drought-sensitive springs. The model is a porous media model
simulating a karst system. Calibration results indicate adequate performance for use in
management analyses (Scanlon et al., 2001). Steady state and transient versions of a
distributed parameter model were developed for the aquifer, passing through a rigorous
technical evaluation process prior to acceptance as a formal tool for management (Smith
and Hunt, 2004; Scanlon et al., 2001). Figure 3-21 presents a map view of the modeled
extent of the Barton Springs segment. The model is constructed to represent anisotropic
flow through 7036 cells, 500 by 1000 feet each, and the assignment of 9 distinct
hydraulic conductivity zones. Complete descriptions for the model construction and
justification for using a porous media code to model a karstic aquifer are provided in
several documents by Scanlon et al. (2001, and 2003) and Smith with Hunt (2005).
Table 3-3 lists the natural attributes, or readily quantifiable, descriptive values for
the aquifer used to define the aquifer within the GAM. These basic hydrogeologic
attributes are observable and can either be measured or estimated using traditional
hydrogeologic techniques; they are part of a set of recognized natural attributes for
groundwater systems. A natural attribute is a measure, or parameter, for a system that
has a common interpretation (Keeney, 1992) and the various levels of the attribute
provide an indication of system behavior. The list of natural attributes presented in Table
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3-3 is important to the delineation of a model for decision making for the available yield
problem that is presented in subsequent chapters.

CONCLUSION
As of 2006, the TWDB and groundwater conservation districts have developed a
reasonable understanding of the geology and groundwater resource availability across the
state. Future challenges for the Barton Springs segment will not be related so much to an
understanding of the resource characteristics, but the effectiveness of resource
management. In fact, many key decisions will be determined in the next 50 years with
regard to water use priorities. Determining whether to sustain continued urbanization and
economic growth patterns over the aquifer or begin phasing that growth into other
geographic regions using incentives is a major consideration for the government agencies
with jurisdictional oversight for the Barton Springs segment and contributing zones.
Results of simple statistical and graphical analyses for the Barton Springs
segment presented here, demonstrate an apparent increase in spring discharge with time;
they may indicate an increase in the overall available yield for this aquifer. Considering
the population trends exhibited by Austin in the past and projected growth for the future,
ascertaining the available yield for this aquifer will become important as urbanization
juxtaposes increasing demands on the aquifer and creates the potential for conflicting
interests.
After completing this preliminary assessment, the Barton Springs segment is a
promising test case for combining stakeholder and technical collaboration to define
available yield using a GAM. Every community has a common narrative, the living story
that defines a region and provides direction for the future. These community beliefs
influence the aquifer system and can be incorporated into a dynamic calculation of
available yield, discussed in subsequent sections of this document.
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TABLES
Table 3-1: Legal Chronology for Groundwater in the State of Texas.

Year
1917

Event
Added Art. 16, sec.
59 to Texas
Constitution

1931

Wagstaff Act passed

1949

Groundwater District
Act

1957

Water Planning Act
of 1957 passed
Gov. John Connally
appropriated funds
for State Water Plan
development

1964

1965
1966

Water planning
shifted to TWDB
First published State
Water Plan

1968

First Water Plan final
version complete

1984

Water for Texas: A
Comprehensive Plan
for the Future

1985

Legislation passed for
state-backed loan
program for local
water projects

Significance to groundwater management
Passage of first Conservation Amendment that
formed Texas water resource financing.
Gave local and regional agencies (cities, water
districts, and river authorities) primary
responsibilities for financing water projects.
No state role in water resources planning.
Established preference for some water uses over
others and noted municipal use as the highest priority
Legislature created process for designating ground
water management areas
First Groundwater Conservation District (GCD)
formed
High Plains Underground Conservation District No. 1
Water Develoment Board (TWDB) formed after
period of extended drought broken by flooding
First major effort in water planning undertaken

Water planning function shifted to TWDB
Included plans to transfer north Texas surface water
to Dallas and to Lower Rio Grande Valley via
transfers from the Trinity and Brazos rivers with
Colorado River water transfers from Austin to San
Antonio
Emphasized importation of water from Lower
Mississippi River by 1988.
Projected 2020 use of water at 12-13 million acre-feet
per year
First plan with public input via questionnaire.
Primary focus conservation and broad statewide
issues, no mention of importation.
Conservation emphasis, flood control , water quality,
and development of regional water and waste systems
Other legislation re-organized the state water
agencies creating regional water districts and river
authorities
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Year
1997

Event
Senate Bill 1 passed
(State Water Plan,
Water Code
Amendment, 1997).

Significance to groundwater management
Gave GCDs increased power to regulate groundwater
extraction via permit limitations, but cannot prohibit
exportation of water from district
Officially recognizes Districts as State’s preferred
management mechanism for ground water

SB-1 divides the state into 16 water planning
districts, Regional Water Planning Groups are
responsible for developing regional water plans for
the district to assure that water needs will be met over
the next 50 years.
2001
Senate Bill 2 passed
Strengthens and clarifies the GCDs jurisdictional
powers and establishes a framework for funding state
water projects.
Allows GCDs to regulate well spacing and they may
require permits to export groundwater based on
affects to available yield.
2002
Water for Texas 2002 TWDB completed a statewide water plan, “Water for
completed
Texas -2002.” This plan provides initial guidance
with regard to water resource management over the
next 5 years, at which time the plan will be reviewed
and modified accordingly. (SB1, 1997)
Groundwater Availability Modeling in progress for
major aquifers
2005
House Bill 1763
Encodes provisions for GCDs to make changes to
passed
groundwater management plans.
The Bill allows GCDs to use desired future condtions
to quantify available groundwater.
2006
2007 State Water
This draft plan reflects increased consideration of
Plan
socio-economic relation to water demand. Most
planning groups used one of two policies to
determine groundwater availability:
1) Sustainability, with an indefinite planning
horizon, and
2) Planned depletion, setting extractive pumping
rates over set period of time.
Sources: Mace et al., 2006; Mullican and Schwartz, 2004; Griffin, 2002; Kaiser, 2002
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722
1326
1170
673
1045
863
751
1195

1990

1991

1992

1993

1994

1995

1996

1997
3.61

0.12

2.35

0.95

1.87

4.77

3.99

0.59

0.82

-

-

-

-

-

-

-

5

-

-

-

-

-

-

-

-

0.86

-

(-)

(m3/s)

-

-

-

-

-

-

-

33,309

-

(million m3/year)

Impervious Cover

Factor

Annual Recharge
(%)

Recharge with

Impervious Cover

Recharge

Estimated
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1998
14
5.11
993
4.35
201
Notes:
(1) Rainfall and recharge estimates reported in Scanlon et al., 2003.
(2) Impervious cover estimates calculated using GIS spatial analyses with shapefiles produced by the City
of Austin. Information used for 1990 and 1998 (~2000) (Austin, 2005) to complete calculations,
(3) “-“ indicates shapefile data unavailable or not determined for this time period.
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(mm)

Annual Rainfall

1989

Year

Table 3-2: Recharge estimates for GWDSS using sub-process model 1.

Table 3-3: Hydrogeologic parameters for the Barton Springs model.

Parameter
Boundary conditions

Areal extent of aquifer
Hydraulic conductivity (k)
Hydraulic head [h(i,j,z)]
Saturated thickness (b)
Aquifer matrix type(2) (m)
Planning horizons (t)
Specific storage(Ss)
Storativity
Specific yield (φeff or Sy)
Transmissivity (T)
Natural recharge spatial
component [Rn(x,y)]
Natural recharge rate [Rn(t)]
Artificial recharge spatial
component [Qa(i,j)]
Artificial recharge rate [Qa(t)]
Return flow (α)
Natural discharge rate [Qn(t)]

Pumping well spatial component
[Qa(i,j)]
Pumping well discharge rate
[Qa(t)]
Confinement
Evaporation

Average range or description
East - badwater line West Mt. Bonnell fault – no flow
South - Onion Creek – groundwater divide
North - Colorado River
Small leakage to Glenrose
Contributing - 684 km2
Recharging – 233 km2
1.42e-7 m3/s
Dynamic; temporal fluctuation
Highly variable
Limestone/karst (generally)
5 year / 50 year
0.00082 – 0.00148 m-1
0.001 – 0.023
0.04 – 0.06
0.1m2/s – 0.4m2/s
Average annual value from 1989 to 1999
2.34 m3/s (82.7 cfs)
(85% streams, 15% diffuse)
Water main and sewage, small % from surface dam
Not determined for this study
~7.0%
Barton Springs
0.396 – 2.38 m3/s
Cold Springs
(~ 5% of Barton Springs)
0.085 – 0.113 m3/s
~142 in several pumping centers most on
south/central and eastern side
6,552,545 m3/yr or 0.208 m3/s
(estimated year 2000)
Confined east / unconfined west
168 cm/yr (standing water)

Acceptable variance (X)
Greatest sensitivity to recharge and
Sensitivity
hydraulicconductivity
Source: (Smith and Hunt, 2004; Garcia-Fresca and Sharp, 2000; Scanlon et al., 2001;
Brune and Duffin, 1983)
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Source: (Austin, 2005)
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Figure 3-1: General location map of the Barton Springs segment with drought indicator wells and the primary springs.

FIGURES

Source: (TWDB, 2002)
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Anticipated Demand for Planning Year

Figure 3-2: Austin area water demand distribution by major use categories, 2000–2060.

Figure3-3: Austin area water demand for municipal and total use, 2000-2060.
Water Demand Projections by use category
for Bastrop, Caldwell, Hays, Travis, and Williamson Counties
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Source: (TWDB, 2002).
Figure3-4: Projected demand for 5 county area near Austin, Texas various categories,
2000-2060.
Water Demand Projections by use category
For Bastrop, Caldwell, Hays, Travis, and Williamson Counties
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Source: (TWDB, 2002).
73

2040

2050

2060

Water Development Board, State Water Plan (TWDB, 2002)
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Sources: (1) U.S. Census Bureau (Bureau, 2005), (2) City of Austin, Demographics Department (Austin, 2005), and (3) Texas

Figure 3-5: Historic and projected population growth for central Texas region to 2080.

25.00

75.00

125.00

1876

1871

1866

1861

Mean Annual Rainfall
(cm)

Source: (Smith et al., 2006).

1856

87.07 cm

1936

1931

1926

75

Wate r Ye ar

Drought of record

1961

1956

1951

1946

1886

Mean Annual Rainfall

1881

Transient model calibration
period 1989-1998

1976

1971

1966

175.00

1981

1941

1921

1916

1911

1906

1901

1896

1891

Figure 3-6: Variation of annual rainfall relative to long-term annual mean (cm).

2001

1996

1991

1986

22.6

16.9

11.3

5.7

0.1

Source: (Smith et al., 2006).

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

61.9

56.3

50.7

45.1

76

Exce dence Probability
(Period of record from 1856 to 2004)

1 standard deviation
from the mean

Mean Monthly Precipitation
7.29 cm

67.5

Monthly Mean Precipitation
(cm)

40.00

Max
52.78 cm

73.2

45.00

78.8

50.00

84.4

55.00

90.0

28.2

Figure 3-7: Ranked monthly mean rainfall (cm)
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Figure 3-8: Trend for Barton Springs flow rates, 1917-2003.
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Figure 3-9: Polynomial trend for Barton Springs flow rates,1917-2003.
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Figure 3-10: Linear trend comparison of Barton Springs precipitation, spring flow, and pumping, 1917 to 2003.
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Figure 3-11: Impervious cover in Barton Springs recharge zone, 1931 to 2003.

Source: (Cornelius et al., 2005)
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Figure 3-12: Impervious cover changes in the Barton Springs recharge zone, 1931 to 2003.

Figure 3-13: Lovelady well water table elevations, 1949 - 2004.

Source: (TWDB, 2005)
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Figure 3-14: Lovelady Well water elevation and precipitation trends, 1949-2004.

Source: (Smith et al., 2006; TWDB, 2005)
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Figure 3-15: Duration curve for Lovelady well water elevation with drought stages, 1947
- 2003.

Source: (TWDB, 2005)
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Figure 3-16: Barton Springs flow duration curve with drought trigger levels, 1917 - 2003

Source: (Smith et al., 2006)
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Source: (TWDB, 2005; Feiseler and Rauschuber,2001)
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Figure 3-17: Drought trigger well head change calculated from regression analysis and observed flows at Barton Springs.
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Figure 3-18: Estimated safe yield using modified Hill method and trendlines for drought trigger wells.
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Figure 3-19: Safe yields using alternative techniques for the Barton Springs segment.
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Figure 3-20: Narrative timeline for the political context of the Barton Springs segment.
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Source: (Austin, 2005; Scanlon et al., 2001)
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Figure 3-21: Modeled extent used in groundwater availability model for the Barton Springs segment.

Chapter 4: Groundwater decision support system
ABSTRACT
To meet future water demands groundwater aquifers should be managed
sustainably. Current groundwater management strategies and methods may result in the
over-abstraction of aquifer systems. This dissertation evaluates whether robust decision
support systems (DSS) can provide a means for water managers to evaluate complex data
sets that include hydrogeologic, economic, legal and environmental elements to calculate
available yield for aquifers, resulting in improved policies for groundwater allocation that
may help ensure sustainable water use.
A DSS is an interactive computer model that incorporates data relative to a
problem and, through programmed analyses, can aid the formulation and selection of an
appropriate management strategy. The calculation of sustainable yield lends itself well to
a systemic and multi-disciplinary research paradigm that differs from traditional
discipline-specific scientific methods.

In view of the impending need for increased

groundwater use, a closer look at allocation methodologies is warranted. A DSS offers a
robust means of evaluating the problem.

While distributed groundwater modeling

approaches have advanced, their incorporation in decision support processes remains
limited and the inclusion of social preferences is uncommon in the hydrogeologic
literature.
The specific objectives of the dissertation is to create a transferable groundwater
yield DSS template that provides a platform for improved integration of hydrologic,
economic, environmental, and legal aspects. It should offer an accessible and flexible
tool for decision-makers and identify gaps in the data set needed to make a science-based
decision. It should be simple enough for use by various user and decision-making groups
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so as to calculate a range of sustainable yields under varying conditions. Such a DSS
should include methods to anticipate future demand or integrate forecasting into ongoing
planning, as well as enable the relative ranking of management scenarios.

INTRODUCTION
Research into the behavior of decision makers demonstrates that the complexity
of many decision problems can outstrip a decision maker’s unaided cognitive capacity
(Gregory et al., 2005).

The use of decision support systems (DSS) represents a

systematic approach to often divisive and intractable issues, such as available
groundwater yields. DSS is a broad ranging term that refers to the group of decisionanalyses, most often computer generated tools, which assist decision-makers in the
development and evaluation of alternative management strategies. A hybridized DSS
loosely links together raw data, empirical calculations, numerical models, and other
qualitative factors to analyze resource allocation problems. A DSS can help decisionmakers conceptualize a problem in a new way, as well as allowing for the rapid
conversion of the vast sets of data typically associated with groundwater problems into
formats that can provide guidance and insight (Kersten, 2000).
DSS are the modeling and information system components of a larger process
called integrated assessment (Jakeman and Letcher, 2003). Integrated assessment (IA)
entails the inclusion of multi-disciplinary expert knowledge together with stakeholder
advice and technical models in support of management decisions.

The following

research presents an overview of a groundwater decision support system (GWDSS) that
couples a spatially explicit MODFLOW-based groundwater model and stakeholder
values with the aim of providing insight into the calculations for available yield within an
aquifer test case. This section discusses the system architecture and relational database
format that is compatible with the various data types and processing needs for the
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GWDSS.

This research presents a logical data model and system architecture to

accommodate the demands of a hybridized calculation for available yield that includes
components of community interest, groundwater simulation, decision models, and
combinatorial search engine for optimization routines.

Background
Although the actual origin of the term DSS is blurred in the literature, many
practitioners credit Simon (1960) with the presentation of basic management decision
processes. One of the earliest definitions of DSS can be found in Little’s (1970) seminal
work on the concept of decision calculus. Early DSS development occurred in business
schools, with the majority of publications appearing as dissertation documents. The first
international conference on DSS was held in Atlanta, GA in 1981 (Power, 2003). DSS
literature recognizes that DSS models are simplified representations of problems
addressed within a society that assist with the development and evaluation of alternatives.
They can utilize multi-objective planning to consider various aspects of the decisionmaking paradigm simultaneously (Haith, 1976), such as environmental quality,
optimization, and economic cost-benefit analyses. A review of unstructured and strategic
decision processes developed by Mintzberg et al. (1976) resulted in generalized phase
model of decision processes. Figure 4-1 illustrates a modified version of the phase
decision process model. In the case of a groundwater decision the process is most similar
to a dynamic decision situation identified by Mintzberg et.al. (1976).

One goal of

implementing a DSS is to move the decision process beyond the iterative phases of
identification and development into the selection phase for either a bargaining routine for
an evaluative choice by stakeholders (consensus) or aid development of alternatives that
can be presented to an authority phase for a definitive policy outcome.
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Development within the general decision support literature follows a trend of
increasing complexity in terms of application and outcome goals for the processes.
Figure 4-2 shows a conceptual timeline for the transition among model scopes and type
(Pereira and Quintana, 2002). As research related to science-based decision making has
evolved, increasing levels of insight and understanding are expected to be generated from
the systems with the highest levels represented by knowledge generation, or the recently
proposed Tool to Inform Debates, Dialogues and Deliberations (TIDDD) (Quintana et al.,
2005). At present the highest reported implementations are integrated assessment models
which include the basic features discussed in a review by Jakeman and Letcher (2003).
Table 4-1 presents the features that are usually included in an integrated assessment
study. The research completed for the GWDSS and its parallel rapid dispute prevention
process (RDP) includes all of the features shown as part of a broad integrated assessment
modeling effort.I If real-time model mediated and optimization enhanced consensus
sessions based on the GWDSS are successful this result may represent one of the earliest
functional TIDDDs (Quintana et al., 2005).
The transition away from discipline or application specific DSS is not easy to
delineate in the literature. In fact, the process of integrative modeling began at about the
same time that DSS were conceived. Early inception for modeling of the whole system,
or complex systems, can be attributed to early global simulation models of the ‘70’s and
80’s (Rotmans and Van Asselt, 2001) and the systems dynamics modeling paradigm that
emerged from the parallel work of Forrester and Churchman in the early ’70’s
(Guhathakurta, 2002) who conceived the constructs of causality for driving model design.
Actual environmental modeling frameworks are developing rapidly, but little
consensus on a generalized framework has been achieved in the current literature (van
Evert et al., 2005; Mysiak et al., 2005).
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Various approaches and frameworks are

presented in the literature (Villa, in press; Khaiter, 2005; Moore et al., 2004; Rhaman et
al., 2004; Sydelko et al., 2001; Argent and Grayson, 2003; Segrera et al., 2003; Leavesley
et al., 2002). These options range from generalized modeling frameworks that are more
accessible to non-programmers, but limit specific model implementation and model
specific frameworks, or implementation-level frameworks, that require a higher level user
group, usually with programming experience.

Decision support for groundwater systems
Few studies have been completed that evaluate aquifer exploitation using riskbased decision analysis techniques (Correll and Dillon, 1993). The use of decision
analysis techniques are reported in the literature for a range of problems with health and
environmental quality concerns generally providing the objective for the research. In
particular, risk assessment techniques are common in the literature for groundwater
problems associated with petroleum spills, waste site leachates, agricultural
contaminants, and radioactive materials control. Correll and Dillon (1993) provide a
succinct literature review on this topic. Davis (1982) presents one of the few risk
analysis style studies on groundwater supply in the literature.
Domenico (1972) provided one of the most fundamental introductions to safe
yield calculations, linear programming, and economic valuation for groundwater
practices, but only touched on the implications for decision support and sustainability.
An evaluation of decision-analysis with hydrogeological applications was put forth by
Freeze et al. (1990) to be used for project evaluation.

Freeze’s paper was timely,

preceding the development of a wide-array of DSS for applications to groundwater,
particularly contamination and remediation problems (Camara et al., 1990; Xiang, 1993;
Lovejoy et al., 1997). Little work can be found applying the same concepts to aquifer
yield. A few lumped system approaches without spatial considerations are reported
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(Naik and Awahthi, 2003; Heath and Spruill, 2003; NRC, 1997; Mann, 1963), or
dimensional approximation (Miles and Chambet, 1995), but these efforts lack the verity
of a scientifically reviewed, distributed groundwater model.
Sophocleous and Ma (1998a) provide one of the few groundwater DSS that
models the impact of salt water intrusion on aquifer yield. In 1997, the Journal of
Hydrology printed a Special Issue on Decision-Support Systems (Jamieson, 1997) that
noted the increasing interest in decision support applications. A non-exhaustive summary
of the literature regarding decision support systems that are related to groundwater
management or allocation is included in Table 4-2. Several of the DSS reported contain
similarities with GWDSS and merit differentiation in this dissertation. These models
include the WaDSS, Govuerne, Hydroanemas, GESMO, and MIKE-SHE systems
discussed below.
The WaDSS addresses the problem of water resource distribution on a regional
scale linking surface-water and groundwater through a nodal network (Letcher, 2005).
The Govuerne system focuses strictly on policy questions to date and incorporates the
media-based input from stakeholder participants, but does not clearly describe the
groundwater component of the system (Pereira et al., 2005). Hydroanemas evaluates
conjunctive use problems using MODFLOW as the groundwater module, but
incorporates stochastic programming to address uncertainty (Nalbantis et al., 2002).
GESMO incorporates a steady-state MODFLOW model to evaluate econometric
problems for agricultural use on a regional scale (Belmonte et al., 1999). The MIKESHE system addresses the problem of sustainable groundwater management using
scenario modeling, but does not incorporate optimization techniques (Demetriou and
Punthakey, 1999).
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CONCEPTUAL DESIGN AND RATIONALE
The methods set out for this project are geared to achieve a usable DSS that provides a
logical, science-based decision sequence for determining groundwater allocation
strategies. The alpha version of GWDSS allows users to conduct the following tasks:
•
•
•
•
•
•

Input basic simulation configurations via a GUI, such as adding pumping
through an interactive map
Define and save simple scenarios
Perform/run/execute simulation of basic groundwater simulation
Perform simulation of a given realization using various decision variable
and scenario settings
Generate new management realizations and perform optimization
iterations using a tabu search engine
Create reports for sets of simulation runs using either Microsoft Excel or
XML reporting

The capabilities of the GWDSS can be used to:
• evaluate operational rules by the groundwater conservation district;
• rank alternative management plans;
• facilitate consensus building sessions with stakeholder groups;
• conduct multi-model comparisons;
• pair-wise evaluation of scientific methods, process models, or
interpretations; and
• identify general behavior trends or aquifer response to management
related stresses.
GWDSS may be useful as a tool that provides a connection between community
preferences, simulation, and optimization models. The GWDSS is useful for comparing
alternative management scenarios, can aid decision-makers when conceptualizing a
problem, and provides a mechanism for displaying information regarding aquifer system
status. Figure 4-3 presents an overview of the information flows and structure for the
paired GWDSS and Rapid Dispute Prevention (RDP) process proposed as an integrated
assessment method in this research. The GWDSS-RDP process was developed in a
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collaborative technical team science work session on June 8, 2005 with subsequent
refinement by policy team members on July 15, 2005.
The overall GWDSS-RDP research effort incorporates the groundwater model
development, optimization, and stakeholder procedures presented here, as well as parallel
inquiry by other researchers into model scaling, systems dynamics policy modeling,
behavioral psychology of group decision processes, media influence on negotiated
positions, multi-objective optimization, metaheuristic search engines, and real-time
dispute prevention. The research results presented in this chapter on the architectural
system and software design for the stakeholder-groundwater-optimization links within
GWDSS.

Design and development of GWDSS
The GWDSS has been a collaborative development process that includes
scientists of various disciplines beginning with early stage development (Pierce et al.,
2004) from January 2003 through July 2005, with prototyping and assistance from
software developers from May 2004 through July 2005. The GWDSS-RDP is composed
of 3 levels for external policy, the internal analysis engine, and the external groundwater
simulation model. The first level, the policy driven portion of the system, is external to
the software model components. Level two contains the dynamic data manager and
software engine, within this portion of the system the major database storage and processbased functions are housed.

Level three includes external models, both a lumped

parameter and distributed parameter groundwater simulation models, a metaheuristic
search engine, and a proprietary decision modeling software.
The external simulation components of GWDSS for the Barton Springs case
include a lumped, or simplified systems dynamics model version with only 11 cells to
represent the aquifer which replicates the more detailed GAM version and the actual
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GAM version is the spatially explicit model with 7036 active cells run by MODFLOW
software (Harbaugh and McDonald, 1996).
The systems dynamics model development is being led by Tom S. Lowry of
Sandia National Laboratories (Pierce, et al., 2006) using the proprietary systems
dynamics software package Powersim (Powersim Software AS, 2005). While this model
is included in the overall GWDSS and is part of the functional software design discussed
in this Chapter, modeling results presented in this dissertation do not include any
Powersim modeling. In other words, functionality with a systems dynamics model is
included in the GWDSS design and implementation portion of this research, but actual
modeling results for this research are limited to the MODFLOW results. The information
is presented in this way to maintain a clear distinction between work completed by the
author versus work completed as part of a collaborative team.
The distributed parameter model, or spatially explicit MODFLOW model with
120 columns by 120 rows, provides the basis for groundwater simulation results
presented in this dissertation.

The

distributed model was originally developed by

Scanlon et al. (2001) and is the currently approved GAM for the Barton Springs segment
of the Edwards Aquifer. Output reslts for GWDSS reported in this dissertation are
generated using the original GAM.
A tabu search algorithm, or metaheuristic search engine, was developed as part of
parallel research by Michael Ciarleglio (Ciarleglio and Barnes, in preparation) and
provides the underlying mechanism for conducting searches for management alternatives
in the GWDSS. This component of the GWDSS provides a rules-based optimization
method that is tightly coupled into the overall decision support system by generating
alternative input files for the GAM simulation through many iterations (Ciarleglio and
Barnes, in preparation).
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Finally, simulation model results, generated manually or iteratively with the tabu
search, are exported manually into a software package for decision analysis called
Logical Decisions (Smith,2002). Logical Decisions provides a method for ranking sets of
alternatives against one another with the goal of identifying the best performing
management regime for the aquifer.

Level 1: Policy processes and interface for dynamic use
The policy elements are exogenous activities conducted face-to-face between
facilitators and the participants, stakeholder, decision makers, and scientists. The steps in
the process begin with elicitative interviews to gather the pre-negotiation status, or the
preference state of participants, along with concerns and metrics to be translated via
narrative analysis into model representations. User groups are divided by their level of
authority (decision maker), interest (stakeholders), or technical input (science analyst)
and represent the first interface within the software system. A detailed description of the
policy relevant process is presented below in Chapter 5,

Level 2: Dynamic data manager / GWDSS engine
The Dynamic Data Manager (DDM) is an integrated modular systems framework
and represents the core of the GWDSS, providing utilities for dynamic data exchange
between models. The datawarehouse provides a spatially indexed relational database
format for information storage. The dynamic data manager facilitates communication
between programs and transfer of both input and output files for the various software
packages that are linked to the system, for the alpha version of GWDSS these software
packages include MODFLOW, Powersim, and Logical Decisions.
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Level 3: Interoperability and external model interface
The interoperability components include software systems that must interact with
the core data manager, but remain external to the datawarehouse functions. The interface
between external models and the database is handled through either application protocol
interfaces (APIs) or adaptors depending upon the needs of the external software
programs.

Graphical user interfaces (GUIs) provide access for human-computer

interaction.
The following sections provide a general description of the prototype and initial
implementation of the GWDSS. These descriptions are descriptive and do not constitute
full documentation of the software system.

Prototyping a GWDSS data model
Every model represents a hypothesis about the way a system or aspect of the world
works. To build any hypothesis, observed facts or data, must be collected and evaluated. The
conversion of factual tidbits into related information provides the beginnings of conceptual
understanding. In 1970, E. F. Codd, introduced data modeling techniques (Allen, 2003).
The process of relational data modeling supports our ability to derive, map, prioritize, and
logically interact with data. A data model provides data structure to support different kinds of
functionality (Allen, 2003) and provides a means to store otherwise disparate data in one

location.
To build the alpha version of the GWDSS, a prototype data model was constructed and a
preliminary schema for implementation was applied to a MySQL database. MySQL was selected
because the program has spatial extensions and it is a freely available and stable database
program with GIS functionality. A spatially indexed database provides the storage capacity for
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both structured and unstructured data attributes, while the schema define principle relationship
classes within an urban groundwater context.
Selecting a non-proprietary database program aids with the interoperability of the overall
system, because data exchange can be completed using standard formats and without requiring
any special licensed access. In addition, the use of spatially referenced datasets within a water
allocation decision support system provides an important means for integrating spatial data
together with numerical models and empirical calculations. Various studies have developed the
use of spatial data or GIS within a larger decision support system applied to groundwater
(Belmonte & others, 1999; Chowdary & others, 2003; Brown, 1999) but the limitations of GIS to
simple displays of surface features has reduced the effectiveness of subsurface applications to
date. Developing a relational database link between a spatially compatible data structure and
groundwater models, such as MODFLOW (Harbaugh & McDonald, 1996), assures that results
can be presented in displays that capture both surface and subsurface information. In addition,
buiding the GWDSS as a loosely linked system is more flexible and architecturally more robust
than fully embedded simulation models.
Data model elements can be divided by functional and data format categories as shown in
Figure 4-4. The GWDSS data model presented here is not comprehensive, but presents an initial
integration strategy for features common to an available yield problem within a spatial
distribution framework, or a loose construction and logical format. Specific data model elements
are selected with the intent of proving the potential for linking modeling systems and proposing a
functional link with mathematical optimization. Once developed, a detailed data model schema
may then be applied to a database and populated for use in simulation modeling and analysis. A
preliminary schema outline for the data model is presented in Figure 4-4.

Using, the Cell feature (see Figure 4-4), spatially referenced calculations can be
generated to correspond to the hydrologic simulation model grid. In effect, a polygon
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mesh acts as the geometric representation of the hydrogeologic flow model and attributes
can be assigned on a cell-by-cell basis. This delineation of spatial features within the
MySQL database is the property that makes spatial decision tools unique because the
physical system can be modeled while retaining data in its relevant spatial layout.
As the simulation model is run under various management scenarios, output files
may then be linked by grid cell back into the spatially referenced database. This enables
analyses, such as the creation of either raster or vector-based files that represent
potentiometric surfaces at different times and conditions, or visual presentation of ranked
results. Iterative model runs and analyses may be collected and compared.
Some traditional hydrogeological methods for estimating the parameters include:
water budgeting, nsumerical modeling, optimization simulation, chemical tracing,
chemical mixing models, flow-net construction, pump testing, slug testing, and
geophysical methods (Weight and Sonderegger, 2001). With the ability to link the model
results to a spatially indexed database water budget estimates may now be completed via
GWDSS applications. This approach is similar to the Urban Value Quality (UVQ)
approach defined by Eisworth (2001) with the added ability to evaluate other
performance metrics for the aquifer system simultaneously. The GWDSS incorporates
management objectives, such as maximizing total pumping, and stakeholder preference
sets, such as a preferred minimum spring flow rate, into the data model, so that a
multiobjective optimization system of equations may be evaluated. The alpha version of
the GWDSS evaluates alternatives against one objective, but subsequent ranking or
ordering of the top alternatives completed in Logical Decision software is completed with
consideration of additional objectives such as the spring flow preferences. The actual
implementation of objectives is discussed in Chapter 6 of this dissertation.
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To link the valuation, management, and stakeholder attributes into the database,
the object classes and their respective feature attributes are added to the existing data
model. As shown in Figure 4-4, these feature attributes span a range of calculated values
and user defined input values.

For example, a set of functional methods can be

programmed using the RchFactor object class, representing a sub-process model
estimating recharge from impervious cover settings from the Stakeholder, or User,
Scenario settings.

Iterative calculations of recharge are then generated from spatial

analyses completed within the database. Methods may be programmed independently to
re-calculate input files for the groundwater simulation model and a modeled
potentiometric surface can be created for results reporting. After the simulation run has
been saved back into the database, the results can be evaluated against stakeholder
indexed criteria, PreferenceSet, to rank the new management scenario. After developing
the basic structure for the relational database files and schema, management scenarios
can be designed.

Implementation of GWDSS system architecture
A spatially compatible database has been developed using MySQL to allow
access to background data, scenario setups, simulation files, and tabu optimization search
outputs. To test the alpha version, a datawarehouse has been built for the Barton Springs
segment of the Edwards aquifer in Austin, Texas. The MySQL database stores relevant
spatial data together with structured and unstructured data. One of the primary goals of
this research has been the development of a database architecture that can support the use
of groundwater simulation-optimization techniques so that results can be explained to and
used by both managers and stakeholder groups. Linking the tabu optimization algorithm,
simulation modeling, and more intuitive visualization provided by a geographic
information system data model proved to be a successful avenue for achieving real-world
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implementation of a science-based resource management support system. The system
can include political, social, and organizational components (Reitsma, 1996), as well as
accessibility, flexibility, facilitation, interaction, and ease of use (Simonovic and Bender,
1996).
Through a modular structure, the GWDSS creates a configurable architecture that
meets current needs quickly and allows common functionality to be used across external
models by providing a common insertion point. The structure can be both efficient and
flexible through the use of a core data exchange manager and coupled models that are not
embedded within the GWDSS.
Figure 4-5 illustrates the modules by reference to the coupling the MODFLOW
simulation model into GWDSS A strategic decision during the design process was to
implement a tightly coupled system, rather than an embedded system. A tightly coupled
system leverages the database as a data repository and routing mechanism for calling
simulation models and other functionality, Figure 4-6 shows a conceptual diagram of a
tightly coupled information flow.

In effect, an embedded system actually re-writes

software components and places them within the code of the DSS. While the embedded
system may be capable of achieving faster runtimes, it is generally less stable,
significantly more difficult to implement, and less flexible than a tightly coupled system
which takes advantage of the existing functionality of an external software program.
MODFLOW itself has many modular packages and add-on features. In addition the
program is recognized world-wide as the standard and defensible code for simulating
groundwater flow. In an embedded system, the developer would need to reverse engineer
and link every added MODFLOW package individually, adding to the programming
burden for implementation.

Such a process of re-engineering would redefine the
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program’s credibility because the new code may not respond identically to an unmodified
version of MODFLOW.
Selecting the smallest element of scale for the system, or the atomic unit, has
important implications for the ability to translate information within the modeling
components. If the atomic unit is too large there is a risk of missing important behavioral
complexity. If a unit is too small then the system may be burdensome to run or become
too difficult to implement. In the case of GWDSS a decision was made to create one
“Master Table” with a consecutive integer ID assigned to each cell and 4 attributes
(KZone, Layer, Row, and Column). Using the MODFLOW model cells as the atomic, or
linking unit, each piece of information used to populate the database had to be keyed to
link back to at least one cell. One other important decision was the inclusion of a
“kzone” attribute for each cell. Using hydraulic conductivity zones, more parsimonious
versions of the distributed groundwater model can be tested within a systems dynamics,
or lumped, version of the system. This feature opens up the option of scaling between the
two levels of detail, a scoping and policy level model that is useful for broad policy
evaluations and a detailed aquifer level model, use in the development of operational
rules for the District.

The high level, lumped model is best suited for real-time

discussions over consensus yield. The detailed model can be used to determine effective
yield for the aquifer system.
Additional concerns included the hierarchal nature of the users and cases. The
GWDSS was designed to provide a software platform general enough to use for multiple
groundwater availability studies. New case setup should be relatively straightforward.
The system should accommodate multiple cases and multiple users through, a clientserver setup.
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The development of this decision support system focuses on defining decision
rules that can be quantified by empirical calculations, existing models, or regulatory
limitations linked together through tightly coupled database, server, and software
programs. Actual implementation of the design has been completed in collaboration with
William Cain. The following sections discuss the functional implementation of software
components for the alpha version of GWDSS, as illustrated in Figure 4-7 a conceptual
diagram for the GWDSS alpha version.
The basic strategy for system implementation emphasized the creation of a
flexible architecture that can be readily adapted as requirements change, by using open
source tools.

This approach allows compatibility with a variety of data formats,

particularly GIS shapefiles, common spreadsheet formats, and text files. The GWDSS
approach reflects an approach that can be iterative and compatible with an adaptive
management framework to provide for continuous monitoring and improvement. The
approach allows resource managers to modify or adapt strategy and policy according to
observations identified by the system analyses.
The GWDSS design uses software and programmed languages (see Figure 4-8),
that follow the framework for design components laid out by Bonczek et al. (1981), Table
4-3, lists the software components relative to their functional roles.

Structure of the GWDSS
The following sections provide a descrition of the functional components of the
GWDSS. Each section briefly discusses aspects of implementing the test case that
became important challenges to address before the system became functional.
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Storage formats and interoperability
Hydrogeologic input parameters are collected from a combination of groundwater
pumping estimates, historic spring discharge data, MODFLOW model values, and GIS
derived analyses. The alpha version of GWDSS can accept data in text file, shapefile,
and spreadsheet formats. Dynamic links are established via Application Programming
Interfaces (APIs) 3 different software programs; MODFLOW, (Harbaugh and McDonald,
1996) Powersim (Powersim Software AS, 2005), and a tabu search engine (Ciarleglio
and Barnes, in preparation). An API provides a mechanism for communicating between
different software programs with the goal of transferring output from one program into
another. Results from the GWDSS are stored in a database with the ability to export
simple reports using Extensible Markup Language (xml), which is a programming
language with a structure specifically designed to support transfer of data across
programs

Data interpolation, interpretation, and pre-processing
Building a case requires data identification and collection, preliminary data
organization, and identification of useful (off the shelf) software packages. The effort to
complete this portion of the research is substantial and benefits from a thoughtful
approach because key decisions regarding how the system will be represented are made
and this has a significant impact on both how the natural system is represented and the
flexibility of the programmed components.
For the Barton Springs test case used in the implementation portion of this project
(Barton Springs segment of the Edwards aquifer), the groundwater availability model
(GAM) approved by the Texas Water Development Board (Scanlon et al., 2001) is used
to define the initial hydrogeologic characteristics and numerically model aquifer
conditions under various scenarios. Groundwater demands are calculated using pumping
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information collected by the Barton Springs Edwards Aquifer Conservation District
(BSEACD), GIS files available through the City of Austin are used to calculate urban
influence on recharge (see sub-process model 1 as reported in Chapter 3, p. 55 of this
dissertation).

Programming language selection
Application programming interfaces (API’s) for GWDSS are written using Java
(Gosling and McGilton, 1996) with Eclipse (International Business Machines, 2006) as
the primary software development environment (SDE). Java was selected because it is a
simple, distributed object oriented programming language that allows for robust, secure
and portable code development, allowing for high performance computing and dynamic
interactions. An interesting feature of Java is the architecture neutrality, as the code uses
a “virtual machine” which acts as an interface between the code and the hardware so that
Java code can be transferred directly from one operating system to another, such as
Microsoft Windows to Mac to Unix (Gosling and McGilton, 1996).

The current

operating platform for GWDSS is Microsoft Windows.

Client/server access
The GWDSS is implemented using a Java platform enterprise edition (J2EE) (Sun
Microsystems, 2006), as a locally distributed client-server configuration.

The J2EE

programming platform provides a modular and standardized method for managing
distributed java applications.

Management and model scales
The groundwater decision support system (GWDSS) establishes two options of
information for model interactions: implementation and scoping. The development of a
bi-model system was initially conceived with the goal of linking the spatially distributed
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hydrogeologic components with the qualitative limiting aspects that tend to be
represented in conjunction with a lumped parameter model. The initial architecture of the
alpha GWDSS enables the dual model option through API’s for the simulation programs
MODFLOW (spatially explicit groundwater model) and Powersim (lumped systems
dynamics simulation model). While use of these two model types is enabled in the
overall system, this dissertation presents simulation model results for the spatially explicit
simulation only. The systems dynamics modeling effort is being lead by Tom S. Lowry
and preliminary results of that modeling effort are reported elsewhere (Pierce et al.,
2006). Discussion of the functionality designed into the GWDSS that enables spatially
explicit and lumped modeling efforts are presented in this chapter.
Implementation level information begins with the spatially explicit model and the
description of an aquifer. This is the information that can be used to develop minimum
spring flow policies, pumping restrictions, drought definitions, and other policy level
decisions that are appropriate for a science-driven management agency. Typically, the
considerations within this implementation level are limited to the domain of physical
system behavior and can be adequately modeled using MODFLOW. Changes in the
physical system reflect human activities must be recognized and can be best addressed at
the scoping level with decision variables and attributes that are defined in a social
context.
Scoping level decisions reflect the preferences and vision that a community, or
stakeholder group, may share for a region.

The physical system may demonstrate

sensitivities to the scoping level elements, but the role of defining social elements is
outside the traditional realm of hydrogeologic models. Thus, a value model can be used
to relate socio-economic influences with the physical system and to define possible
community growth scenarios, as well as constraining policies to control the physical
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system. GWDSS allows for the interchangeable modeling between the two levels once a
suitably parsimonious representation of the distributed model is developed. For the
Barton Springs test case, a simplified systems dynamics model that mimics the orginal
GAM behavior while using 11 cells, rather than 7036 in the original GAM, has been
developed with manual calibration methods (Pierce et al., 2006). This simplified systems
dynamics model completes simulation runs in a few seconds, approximately 30, versus
the approximate 5 minute per simulation runtime needed by the GAM. It is possible that
the systems dynamics model may provide a model that can support real-time model
supported mediation and the GWDSS architecture will provide the cornerstone for future
testing efforts.

Groundwater simulation
The groundwater module is accessed via a command line protocol to access a preexisting groundwater availability model (GAM). The distributed parameter GAM is a 2D MODFLOW model of the Barton Springs segment of the Edwards aquifer, which is a
karst aquifer undergoing rapid urbanization (Garcia-Fresca and Sharp, 2003). Both the
steady-state and transient versions of the Barton Springs GAM can be accessed through
the GWDSS, allowing spatially heterogeneous data to be represented efficiently in a
relational context.

Clients and user levels
The purpose of GWDSS is to provide an interactive tool for strategic planning
and modeling for the Barton Springs/Edwards Aquifer Conservation District, as well as a
platform upon which the components for a real-time rapid dispute prevention process can
be based. Because the District has jurisdictional authority over allocation and they are
the primary user group for whom this portion of the GWDSS has been developed the
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toolsets implemented in the first version of the system are geared toward scientists as a
user group.

Therefore, the majority of the research focus has been on developing

analytical tools and processes that use the technical information and simulation models in
an innovative manner. Prototype designs for graphical user interfaces that would be
appropriate for stakeholder users were prepared and are presented in the Appendices of
this dissertation. Subsequent versions of GWDSS will improve versions of interfaces to
aid in model-mediated consensus-building sessions with community stakeholders.

Graphical User Interfaces
The alpha version of GWDSS has a basic graphical user interface with
rudimentary implementation of interactive components, primarily for the science-advisor
level user or basic stakeholder input values. The first GUIs implemented in GWDSS
were completed for simple utility features, such as user log-ins, and screens for defining
simple scenarios (Figure 4-9), a set of dashboards for land use distribution and density
assignments (Figure 4-10), as well as interactive map panes for adjusting pumping rates
(4-11), modify scenarios (4-12), or viewing results (4-13).
Preliminary GUI prototypes designed for GWDSS using the software program
Xcelsius (Infommersion, 2005) include dashboards, utilities, user levels, and map panes.
The development of these GUIs helped guide preliminary implementation and design for
the overall system and may be built in future versions of the GWDSS.

Metaheuristic Application to Groundwater Model Calibration
A combinatorial search algorithm is linked to GWDSS by an API. Combinatorial
searches are computer algorithms that evaluate numerous combinations of input
parameters and decision variables for a problem, assess the performance of outputs, and
systematically seek improving results. This allows for iterative searches and optimization
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routines. MASTs is a tabu search engine designed by Michael Ciarleglio (Ciarleglio and
Barnes, in prep.) that enables deterministic search through linked simulationoptimization. A more complete description of the use of tabu search is included in
subsequent sections of this dissertation (Chapter 6).

DISCUSSION
The research completed to date includes a system capable of bridging a gap
between science-based groundwater simulation and water resource management decision
processes. GWDSS attempts to address problems that involve both complex scientific
topics and contentious public policy issues. The GWDSS architecture is a means of
accommodating complex problems common to a wide-range of resource allocation
issues.
In effect, the architecture provides a platform that supports the application of both
hard and soft science methodologies. The GWDSS architecture includes both detailed
and simplified groundwater simulation. It stores disparate datasets, links multiple model
types, such as numerical groundwater models (MODFLOW) and systems dynamics
models (Powersim), and can search for alternative scenarios efficiently using a tabu
search algrorithm (MAST’s). The architecture permits interchangeable applications to
ease policy implementation.
The software system provides a structural bridge for iteration between discipline
specific models, decision science applications, and social values. Using the GWDSS
architecture an innovative new approach can be implemented for calculating a range of
groundwater management scenarios and calculating available yields under varying
conditions.
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CONCLUSIONS
Groundwater resource management that addresses sustainability does not
optimize a single indicator to define a long-term groundwater management regime, but
takes into account the various hydrogeologic, economic, legal, environmental, and other
factors to estimate the most appropriate yield for all parties concerned.

Currently

observed general practice continues to result in the implementation of some version of
safe yield (Mace & others, 2001).

However, new applications using groundwater

decision support systems are capable of providing alternative means for approaching
water resource management operations.
With the completion of the alpha version of GWDSS, a test case was built for the Barton
Springs segment of the Edwards aquifer. Subsequent chapters discuss the implementation of this
schema for use on an urban aquifer system. An existing distributed parameter model (e.g., a
calibrated MODFLOW model) is used to define the initial hydrogeologic characteristics and
numerically simulate aquifer conditions under various scenarios. Groundwater availability is
calculated using pumping information for the Barton Springs test case, GIS shapefiles available
through municipal agencies, and stakeholder advice. The optimized behavior of the aquifer
system can be determined through the use of either classical optimization formulations (Ahlfeld
and Mulligan, 2000) or global search algorithms, such as tabu search (Glover, 1986). This

appears to reflect the view of English (1999) that future research in decision support
development could develop new tools that are increasingly transparent to the user groups
and improve the integration of tools into daily use by decision makers, base on continued
collection of input parameter data and improve data measurement.
This chapter has discussed initial steps for creating a flexible, user-friendly
GWDSS that can provide an avenue for improved communication with regard to water
resource conflicts and management. Important advances include the development of a
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data model that for integrating urban, hydrogeologic, and economic parameters within a
management framework. The application of a data model improves the total description
of the hydrologic system by allowing assignment and storage of otherwise disparate data,
of both a quantitative and a qualitative nature, within the same datawarehouse. The
application of the data model schema to a database provides a link between a spatial
geodatabase, groundwater simulation models, and optimization algorithms.
Bridging the gap between current modeling abilities and the need for management
science applications may provide an avenue for implementing an adaptive management
process for water resources. Using the system design proposed herein, it may be possible
to convert information into knowledge in a format that is accessible for both strategic
planning and rapid dispute prevention of water resource conflicts. Development of these
linked methodologies involves onerous programming while addressing complexities in
water resource decision and allocation problems.

The successful development this

integrated modular simulation framework provides a platform to analyze resource
management problems at a higher level. The initial GWDSS is already in use by the
Barton Springs/Edwards Aquifer Conservation District to evaluate drought policies and
may augment habitat conservation planning. Application of the GWDSS platform could
potentially expand beyond groundwater problems into more generalized resource
allocation problems and continued, iterative development of the GWDSS may be used to
evaluate groundwater cases.
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Tables
Table 4-1: Features common to integrated assessment models.

•

Problem- focused, needs driven; project-based

•

Interactive, transparent framework; enhancing communication

•

Process enriched by stakeholder involvement to facilitate adoption

•

Links research to policy

•

Connection of complexities between natural and human environment; spatial
dependencies, feedbacks and impediments recognized

•

Iterative, adaptive approach

•

Focus on key elements, identifies missing knowledge/gaps for inclusion

•

Team-shared objectives, norms and values; disciplinary equilibration

•

Science not always new but intellectually challenging

•

Characterization and reduction of uncertainty in predictions

Source: (Jakeman and Letcher, 2003)

116

Authors

CarrerraHernande
z and
Gaskin

Letcher,
R.A.

Recio et
al.

Mysiak et
al.

Lanini et
al.

Quintana
et al.

Fredrick
et al.

Year

2006

2005

2005(2)

2005

2004

2004(1)

2004

Contaminant
susceptibility

Groundwater
governance

Link
hydrogeologic
model with
econometric for
agricultural
decisions
Water resource
management
(general)
Participatory
integrated model
for basin study

Water allocation
for a watershed
basin

Spatially explicit
groundwater
modeling

Problem

Local:
Single aquifer, NY

Local to regional:
Herault Middle
Valley, France

Local to regional:
Herault Middle
Valley, France

Local to regional

Regional to large:
Namoi & Gwydir
River Basins,
Australia
Regional:
Eastern Mancha
aquifer, Spain

Any

Scale
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2-D Steady state
AEM

Lumped
parameter model
of sociohydrosystem
Not clear, but
indicates that a
groundwater
module included

Not specified

Network- nodes
linked with
surface water
sites
MODFLOW,
possibly 3-D (not
clear) steady
state

MODFLOW

GW Simulation

GOUVERNe or
TIDDD (Tool to
Inform Debates,
Dialogues &
Deliberations)
(no optimization)
Spatial indexing
Drastic method

(no optimization)
Matlab/Simulink

MULINO

GESMO

Optimization or
larger DSS
Open source link to
GRASS for
geospatial
groundwater
modeling
WaDSS based on
ICMS

Table 4-2: Review of decision support projects reported in recent literature. (Page 1 of 3)

Minimize pollution potential

Exploratory decision support
with stakeholder participants

No clear description
Stock and flow/steady state
system

Multi-criteria weighting
applications

Land allocation for crops
Crop yield maximization

Max water allocation

Pure simulation capabilities at
this point

Objective

Water table levels
Drastic scores

Not clearly defined

- Head - drawdown
- humping
- natural discharge

Varies

-pumping
- head levels
-electricity costs

Not clearly stated,
but variable options

NA

Decision Variables

Authors

Aziz et al.

Fatta et al.

McKinney
and Cai

Nalbantis
et al.

Oxley et
al.

Naveh and
Shamir

Demetriou
and
Punthakey

Sophocleo
us and Ma

Year

2003

2002

2002

2002(3)

2002

2000

1999

1998a

Saltwater
intrusion
(estimate
parameters)

Groundwater
level
management
Sustainable
groundwater
management

Land
degradation in
the
Mediterranean

GIS-based water
management
framework
(prototype )
Conjunctive use
management

Landfill leachate
impact

Optimization
link for
groundwater
monitoring plans

Problem

Regional:
Wakool, Murray
Darling Basin
Australia
Local:
Great Bend Prairie
aquifer

Local:
Hula Lake, Israel

Regional:
Argolida, Greece
Marina Baixa,
Spain

Regional:
Athens, Greece

Local to regional:
Kashkydarya River
basin

3-D density
dependent
flow/solute
transport
(SWIFT II)
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MIKE SHE, 3-D
flow

MODFLOW
with GMS

MODFLOW
Multi-cell and
Lumped
parameter
models
MODFLOW

Groundwater
treated as source
node

Linear regression
for plumes,
empirical data,
and simplified
models
MODFLOW/MT
3D

Local:
Contaminant plume
various sites
Local:
Ano Liosia landfill,
Greece

GW Simulation

Scale

Linear regression
(forward,
backward,
stepwise)

MIKE SHE

MODULUS DSS:
9 sub-models for
integrated
assessment
modeling
Spreadsheet model

ECOSIM : Pilot
version / local
client-server
architecture
GIS and General
Algebraic
Modeling system
(GAMs)
HYDRONOMEAS
: Multi-reservoir
system
management

Optimization or
larger DSS
MAROS

Minimize saline intrusion

Scenario modeling
(no optimization)

Solution algorithm and
specific objectives not
defined.
General problem
environmental problem scopes
Microsoft Excel solver
optimization add-ins

1st model links, confirms
operability only parallelized,
telemetrics, visualization,
linked simulation models, GIS
Maximize supply; downstream
flow;
Minimize salt concentrations;
power; import sources
Stochastic optimization
(limited solution algorithm
description)

Minimize the number of
sampling sites and frequency

Objective

-mainly crop and
vegetation related
-defined with historic
data for scenarios
-hydraulic
conductivities
-pumping rate
-distance to saline
interface
layer thickness

Mentions as possible:
- crop choice
- subsidy change
- water management
and others
- head levels
- canal flow rates

- pumping

No decision problem
results reported,
embedded expert
system not discussed
-water withdrawal
-reservoir release
-and others

Monitoring location
and time

Decision Variables

Latinopou
los et al.

Andreu et
al.

Datta and
Peralta

1996

1996

1986

River basin
planning &
operational
management
Alternative
selection
(Surrogate
Worth Tradeoff)

Engineering
supply &
remediation

Problem

Local and
Regional:
Segura & Tagus
basins, Spain
Regional :
Grand Prairie, AR

Small :
Hypothetical case

Scale
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2-D Steady state
Flow

Eigen value
aquifer response
flow module

2-D Method of
Characteristics
(1 yr)

GW Simulation

AQUATOOL

Optimization or
larger DSS
(no optimization)
Monte Carlo or
Stochastic
programming

Dynamic Multiobjective
optimization
(Quadratic &
Linear)
Note: Projects that resemble the GWDSS, with comments regarding differentiating features.
1-Very similar to GWDSS, but does not include optimization search engine or scenario generation
2 – Focus on agricultural problems, uses non-compiled language (VB), No social values
3- Expert system only, no stakeholders, stochastic optimization, also a karst aquifer

Authors

Year

Min cost of water
and max total supply

-pump location &
volume
-head drawdown
-vol. surface water
diverted

Not clearly stated

Broken into costs,
failure risks,
tolerance

sum of total costs + risk

Not clearly stated

Decision Variables

Objective

Table 4-3: GWDSS software components.
1. A language system for data storage and input, completed
using
a. MYSQL to house the raw case information and
DSS output in a spatially indexed database
structure,
b. Java as the primary programming language with
using Eclipse 5.0 as the main SDE,
2. Problem-processing system – is composed of the solution
algorithms, sub-process models, and simulation software.
Specific components for the alpha system are:
a. MODFLOW, Texas Groundwater Availability
Models to simulate groundwater flow,
b. sub-process models such as recharge calculations,
and
c. Logical Decisions for decision model formulation,
analysis, and display.
3. Knowledge System - to link data and models
a. Java Platform, Enterprise Edition (J2EE) used to
provide communication between software
platforms and allow exchange of data.
4. Presentation system – Graphical displays
a. GeoTools to display interactive map panes,
b. JChart for 2-D graphing,
c. Logical Decisions for decision models, and
d. TreeMap is used after manual export for nonaggregate graphs.
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Source: (modified from Mintzberg et al., 1976)

Recognition

Diagnosis

Identification

Design

Search
Screen
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New Option Interrupt

Development

Figure 4-1: Components of groundwater decision problem addressed by GWDSS.

Figures

Bargaining

Analysis

Judgment

• Implemented in GWDSS alpha
version
• Future inclusion by collaborators

Authority
Decision

Evaluation & Choice Routines

Source: (modified from Pereira et al., 2002)

Knowledge assessment

Single decision-maker model
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Development

Participatory: includes all stakeholders

Model mediated negotiation

Integrated assessment

Expert knowledge for expert use

DSS to legitimate decisions

GWDSS –
alpha version

GWDSS –
projected version

Figure 4-2: Evolution of decision support systems and GWDSS level.

Time

Administrator

GUI
Case Setup

System Code

User Access
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Value
Model

Figure 4-3: GWDSS system components presented in this research.

Output

tabu

Figure 4-4: The GWDSS data model and functional categories.
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Figure 4-5: Early tasks and requirements for GWDSS architecture – MODFLOW interoperability
example

Purpose: ASCII Reader/Writer utility
Read information from the basic MODFLOW input files, assigns the spatial location, and
saves the information within database for subsequent system calls to the simulation
model. Simulation runs are routed through the dynamic data exchange manager and input
files are populated and sent to the simulation directly from the database.

Description of Components:
MODFLOW runs with a set of ASCII text files. These files form the basic model
settings. Input files are shown below with key files that need to be read shaded in green:
Basic Package
Block Centered Flow Package
Well Package
Drain Package
River Package
Evapotranspiration Package
General Head Boundary Package
Recharge (RCH) Package

*.BAS
*.BCF
*.WEL
*.DRN
*.RIV
*.EVT
*.GHB
*.RCH

Priority Tasks:
Read Hydraulic Conductivity values from the *.BCF file
Read/Write Recharge and pumping values from the *.RCH and *.WEL files
Assign Row, Column, Layer - set up relationship to master table in relational
database
Write values to database table
4)
5)
Assign Hydraulic Conductivity Zones (Assign all grouped values together, if
differences assign higher k-value)
1)
2)
3)
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Figure 4-6: GWDSS conceptual diagram of tight coupling applications with database.

Groundwater
Availability Model
MODFLOW
Fortran Code

Graphical User
Interface Java Code

Java Application
Java Database Connectivity

MySQL Database
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Science Analyst

Decision Maker

Stakeholder

Figure 4-7: GWDSS architecture.

Powersim

MODFLOW
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API

API

API

Optimizer

Server – Routing – Model Execution

Adaptor

Interoperability

MySQL

Client / Prototype GUI /
Presentation system

Server / Knowledge system

Problem-processing system

Coding / Language system
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Source: (1) Sources: (1)Price,, 2006; (2) Gosling and McGilton, 1996; (3) International Business Machines, 2006; (4) Atherton et
al., 2006; (5) Beck and Gamma, 2005; (6) XDoclet, 2004; (7) MySQL, 2006; (8) Harbaugh and McDonald, 1996;(9) Smith, 2002;
(10) TeamDev, 2006; (11) Powersim Software, 2005; (12) Fleury et al., 2005; (13) Begin, 2006; (14) MySQL, 2006; (15) Custer,
2006; (16) Gilbert, 2006.

* = Open-source and unrestricted licenses

15.Geotools*: GIS API
16.JFreeChart*: API for charts, graphs

10.JExcel*: Excel API (for Powersim data)
11.Powersim SDK: Powersim API (execution)
12.JBoss AS*: J2EE application server
13.iBatis*: database tool/API
14.MySQL*: database

8. MODFLOW*: Numerical simulation model
9. Logical Decisions: Decision modeling

1. CVS*: source code repository
2. Java*: language, developer kit, & runtime
3. Eclipse*: development environment
4. Ant*: compile/build/deploy tool
5. JUnit*: unit test tool
6. XDoclet*: EJB code generation tool
7. Query Browser*: MySQL database viewer

Figure 4-8: GWDSS software components used for implementation.

Figure 4-9: A GWDSS screen shot: Utility functions.
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Figure 4-10: GWDSS screen shot: Map pane GUI to modify impervious cover settings.
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Figure 4-11: GWDSS screen shot: Map pane GUI to change well pumping locations and volume settings.
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Figure 4-12: GWDSS screen shot: Results screen for modified pumping scenario.
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Figure 4-13: GWDSS screen shot: Land use distribution GUI for changes in impervious cover density.

Chapter 5: Stakeholder elicitation to identify groundwater management
parameters
ABSTRACT:
From a hydrogeological perspective, the yield of an aquifer is limited by the
relationship between recharge and storage for a given aquifer. From a regional planning
perspective, the determination of allocation is dependent upon how water is viewed by a
community. To address issues related to allocation, decision makers need tools and
analytical methods that can assist with the evaluation and presentation of water
management alternatives that are both socially stable and based on sound science.
Scientific inquiry that incorporates participatory input stands to provide improved
understanding about aquifer system response, apply a wider range of domain knowledge
to hydrogeologic analyses, and contribute new variables or parameters of concern to
consider when modeling a hydrogeologic system.
While distributed groundwater resources models excel in simulating the response
of an aquifer to physical stressors, they do not capture the qualitative community
preferences that are equally important to the success of a management strategy. This
chapter presents a decision-analytic approach, to address this gap by modeling a
groundwater system combined with a participatory process using face-to-face elicitive
interviews, focus group sessions, development of stakeholder narratives, value-focused
thinking techniques to define objectives, and attributes, and a value model for calculating
a consensus yield.
Consensus yield is a set of limitations placed on a groundwater resource
management problem by community preferences. The limitations of defined preferences
provide a feasibility region within which operational guidelines for aquifer management
can be developed. This research presents a viable methodology to define a community
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derived feasibility space that can act as a guide for groundwater conservation districts
(GCDs) when calculating the available yield of an aquifer.

INTRODUCTION
Sustainable development in a democracy can be enhanced if decisions and the
rationale underpinning those decisions are acceptable to concerned stakeholders (Hall et
al., 2000). A stakeholder can be defined as an individual with a vested interest in the
outcome of a specific resource decision. For the purposes of this research, a stakeholder
can also be an entity that is not typically represented in a policy debate, such as an
environmental system, aquifer, endangered species, or member of a future generation. In
Texas, stakeholder participation has been introduced into groundwater management
procedures through HB 1763 that enforces the use of community defined “desired future
conditions” through stakeholder processes to guide the calculation of available yield for
aquifers.
One rationale for community stakeholder processes is that incorporating human
preferences into groundwater management and planning through the use of models that
represent links to non-hydrologic factors and community preferences may facilitate
consensus building and the calculation of a scientifically defensible yield for an aquifer.
One purpose of this research is analyze methods to aid the systematic definition of
desired future conditions with community participation, producing results that can serve
as constraints in a simulation-optimization exercise for groundwater operations and
management. This approach works from the premise that available yield falls within a
region that is viable for the physical system behavior and falls within the range of
community defined boundaries (see chapter 2). This chapter describes the process of
stakeholder elicitation to identify groundwater management objectives. The methods
include elicitation, narrative development, and value focused thinking methods. This
research project was completed in collaboration with the Barton Springs/Edwards
Aquifer Groundwater Conservation District and representatives from the Regional Water
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Quality Planning Group and other stakeholder citizens with the goal of designing a
flexible GWDSS to forecast the amount of groundwater available within the Barton
Springs segment of the Edwards aquifer. The GWDSS can aid District personnel with
current water permitting practices that allow for reasonable use policies while protecting
valuable ecosystem resources, as well as negotiation and consensus building session in
the future. A letter of collaborative support from the Barton Springs/Edwards aquifer
Groundwater Conservation District is included within Appendix B of this document.
The initial four steps represent a method to elicit attributes from stakeholders that
can inform hydrological modeling.

Research steps for the development of the

stakeholder component, or consensus yield criteria, are listed below.
•
•
•
•
•
•
•

Pre-modeling interview sessions
Value-focused thinking attribute assignment
Conceptual model design and review focus session
Model debut session (District & Stakeholders)
Interactive real-time use of model
Consensus session
Post-modeling interview sessions

METHODS
The methods developed in this research provide steps for developing a set of
constraints to be used in identifying consensus yield, or desirable future conditions, for an
aquifer. To link stakeholder views to the hydrologic simulation, a two-step process was
developed that identifies constraints through interviews and participatory focus sessions
with stakeholders and applying value-focused thinking (VFT) techniques to distinguish
objectives and measurable attributes for the decision problem. One of the advantages of
using VFT is the ability to represent the multi-objective interests of stakeholders for both
monetary and non-monetary forms, as well as, providing a mechanism for maintaining a
disaggregate tally for alternatives scores (Gregory, 2000).
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Previous work by research teams on projects in Melbourne, Australia (Kodikara et
al., 2005), the Neuse river basin (Maguire, 2003: Borsuk et al., 2001), the Spree river
basin (Messner et al., 2006) and the Upham Brook watershed (Merrick et al., 2005:
Merrick and Garcia, 2004) have applied value-focused thinking style approaches to
varying degrees. The research presented here includes a groundwater resource to a
degree of detail not presented elsewhere.

Unlike many other studies, stakeholder

participants are actual citizens involved in an ongoing conflict resolution process for the
central Texas region.

Pre-modeling interview sessions
Interviews and narrative analysis were selected as a systematic procedure for
collecting stakeholder positions, concerns, and measurable indicators that relate aquifer
performance to community concerns. The determination to use this combination of
methodologies is based on a series of studies that show: 1) surveys and questionnaires
can quantify people’s attitudes towards water allocation; 2) informal elicitation
techniques have similar results when compared with hardcopy surveys and improved
participation; and 3) non-market valuation may be more effective when completed as an
open-ended elicitation.
Survey results collected by Syme and Nancarrow (1996) to quantify attitudes and
values with regard to a water allocation problem found empirically measurable
tendencies between a person’s preferred “approach toward allocation” and their personal
philosophy. The preliminary results “provide a set of criteria for evaluating the success
of decision-making systems” (Syme and Nancarrow, 1996). This research has started
from the premise that there is potential for describing human preferences through
symbols and model inputs, so that it may be used in simulation models as behavioral
functions. Psychometric analysis comparing formal surveys with informal elicitation
methods lends support for using conversational narrative to determine values (Willis et.
al, 2005).

Work completed by Satterfield (2001) demonstrates that open-ended
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elicitation techniques allow stakeholders to articulate non-monetary value-based
narratives in a conversational tone that accurately reflect the range of values in a
problem. In fact similar work shows that stakeholders tend to “be more aware of” and
“make better use of” value information when presented in narrative form (Satterfield et
al., 2000).
Elicitive interviews were conducted with 10 stakeholders from both the Regional
Water Quality Planning (RWQP) group and the Barton Springs/Edwards Aqufier
Conservation District (the District) management and assessment staff, followed by a
series of group work meetings to convene the group, define the problem, define a goal
hierarchy with measurable attributes, develop the GWDSS conceptual model, and a set of
performance measures. Face-to-face elicitive interviews were conducted using informal
verbal dialogues using open-ended, indirect questions about the test case, recorded on
video tapes. Table 5-1 lists a general outline of interview topics and questions from
stakeholder interviews. A colleague, Marcel Dulay, led the interview process. Elicitation
was selected due to the small group size and in light of Satterfield’s (2000) results
indicating that elicitation methods can define stakeholder values as effectively as formal
surveys.
The purpose of elicitation was two-fold, to identify key motivation and stance of
the individual prior to negotiation (ie. pre-negotiation position) and to define relevant
value attributes, scenario conditions, and key model inputs to link with a groundwater
simulation model. Early stage elicitation provides disaggregate information with regard
to the dependent variables of the problem, which may subsequently be aggregated into an
overall ranking hierarchy for decision support (Willis et. al, 2005).

Stakeholder

responses during elicitation were used to identify measurable attributes for modeling with
key metrics as discussed below.
The elicitation was loosely guided using open-ended questions that were
sequenced in a traditional narrative style. Narrative analysis, or narrative valuation, is an
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approach to elicitation that is sensitive to the 6 elements of narrative context and temporal
sequences (Elliot, 2005; Satterfield et al., 2000).

The goal of the narrative-based

questions was to encourage stakeholders to respond in a conversational and relaxed
manner, identifying their interpretation of key events and variables relevant to the test
case at hand. Table 5-1 outlines the interview format used in stakeholder informal
narrative elicitation for the Barton Springs test case, and presents the set of questions and
sequences used during the elicitive interviews (Dulay, unpublished). Photos presented in
Figure 5-1a and 5-1b, show examples of pre-modeling interview sessions in progress.
The intent of completing narrative assessments with individual participants was to
achieve a second-order narrative (Elliot, 2005) that can reflect the social category of the
stakeholder.

In other words, the stakeholder representing environmental interests

provides insight and value attributes that are expected to be consistent for individuals
with similar perceptions and beliefs.
Narrative analysis is an approach to elicitation that is sensitive to the contextual
perceptions of an interviewee at a particular point in time, as well as, the temporal
sequence of events. The 6 elements that comprise a narrative (Elliot, 2005) include:
• Abstract (summary);
• Orientation (time, place, situation, participants);
• Complicating action (what actually happened);
• Evaluation (the meaning and significance of an action);
• Resolution (what finally happened); and
• Coda (return perspective to the present).
A narrative can shed light on how a particular individual, or category of
individuals, makes sense of events. The plot reflects the causal relationships by linking
prior choices to subsequent events.

The results of this research can be considered

representative of current stakeholder views for the test case community, although these
are temporary and changing texts. Decisions made at any given time reflect a perception
of a situation at a given time; an the outcome depends upon how we judge or value
various elements of the “story” up to that point.
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Groundwater Valuation
Value is created by cultural and social perceptions defining what objects or
actions are meaningful and in what way they attain importance. For the purposes of this
study, value is generally defined as those “elements that humans place priority upon,
these may be related to avoiding a specific consequence or the principles that guide
human judgment” (Keeney, 1992). This definition allows for consideration within the
format of objectives and attributes leaving the option of measuring attainment of various
objectives open for the most appropriate attribute, which may or may not be measured
with monetary units.
The value of groundwater is not fully captured by traditional economic
techniques, because its value to users is not measured through a market price. The
economic value of a material is not an intrinsic character of that material; it is dependent
upon conditions of preference and external influences that change with time. Water
valuation has traditionally been based on a utility concept for the cost of providing it to a
user. This approach neglects non-market values, such as environmental services.
Two great men of past times recognized the paradoxical nature of water valuation.
Benjamin Franklin said, “We will only know the true worth of water when the well is
dry”(Franklin, 1898). Economist Adam Smith recognized that,“Water is a curious thing,
although it is vital to life, it costs almost nothing, whereas diamonds, which are useless
for survival, cost a fortune” (Smith, 1937). Arrow et al. (1996) have sought to place the
value of groundwater within a framework that defines the relationships between the
physical system and social parameters.

Value-focused thinking attributes assignment
Decision analysis is a field of study that is concerned with helping people make
better decisions through the development of tools to define and structure problems, as
well as, analytical techniques to evaluate a decision problem. There are several steps in
structuring a value, or decision, model. In this study, the methods and recommendations
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for problem formulation as proposed by Keeney (1992) for value focused thinking
(VFT), Clemen and Reilly (2001), and Merrick (2004) are generally followed. These
steps include defining the decision context, identifying values, specifying the elements of
a decision problem, and defining stakeholder interests and metrics. Figure 5-2, presents a
flowchart showing the steps followed in this research to structure an overall decision
model for the available yield problem.
The decision context defines the scope of the problem at hand, what end user
group or authority level the decision support will be aimed, and whether or not the
decision can be made within an appropriate time frame (Clemen and Reilly, 2001). It is
the distinction between objective values and subjective values that is critical in a
systematic evaluation of a decision problem.

Certainly decision problems contain

subjective components, but the process of systematically evaluating the problem is
scientific in nature (Keeney, 1992). Therefore, an early step in any decision analysis
requires the definition of stakeholder concerns, values, objectives, and metrics. This is an
important mechanism for separating the influential components that are either factual
from those that may not be based in observable fact, but rather human judgment.
Evaluation of content gathered during stakeholder interviews, together with
inclusion of relevant sections from the RWQP final report (Naismith Engineering, 2005)
resulted in development of a set of stakeholder values, together with identification of
decision elements, and metrics. One way to represent the decision, or value model, is to
depict it as an objectives hierarchy and an influence diagram. Objectives hierarchies and
influence diagrams are two graphical tools for displaying the basic structure of a decision
problem. An objective hierarchy can represent multiple objectives and the attributes used
to assess whether alternatives achieve the objectives for a wide range of evaluation
methods for alternative ranking and comparison (Clemen and Reilly, 2001; Keeney,
1992).

An influence diagram depicts the relationship of decision components to

uncertainty.

141

An initial list of fundamental objectives was developed using the Regional Water
Quality Protection Plan for the Barton Springs Segment of the Edwards Aquifer and its
Contributing Zone (Naismith Engineering, 2005).

Attributes are the measurable

components within a value model that measure how well an objective is achieved.
Attribute selection, as recommended by Keeney (1992), considers how well strategic
objectives achieve performance levels of an individual alternative (Figure 5-3). Results
from stakeholder interviews, and the narratives developed through that process, were
used to focus and delimit fundamental and means objectives with measurable attributes
that are both controllable and essential. Stakeholders aided development of a set of
attributes linking social concerns (fundamental objectives) and aquifer elements (meansends objectives) together with an initial influence diagram to form the available yield
decision model.
Fundamental objectives should reflect why a stakeholder is interested in the
decision (why do they care?). Objectives give an indication of how alternative decision
options can be evaluated because value judgments are necessary to assess their
achievement. Means-ends objectives networks, on the other hand, are constructed using
factual information or scientifically assessed data. Figure 5-4 shows a goals hierarchy
with fundamental and means-ends objectives (prepared using version 5.1 of the Logical
Decisions for Windows software, Smith, 2002). By linking the fundamental and meansends objectives via goals hierarchy allows a user to weigh by subjective values and
factors determined by objective information as a link to community values and sciencebased analysis.

This step in analysis of the decision problem effectively separates

subjective values and observable facts in the problem of available yield.
Stakeholder interviews and focus sessions were used to define attributes for the
preliminary decision model or value model. The identification of potential parameters
focuses on those which may be a natural, proxy or constructed attributes (Keeney and
Gregory, 2005) for recharge or extraction rates. In VFT analysis, there are three types of
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attributes or measurable metrics.

These include those attributes that are obvious

indicators of system performance, or those that are unambiguous and directly measurable,
such as a spring discharge rate. There are 3 types of constructed attributes; these are
indicators that may define levels or a scale (usually an ordinal rank); dichotomous
(yes/no), or visual (maps and photos). A decision problem defines attributes so the
attainment of objectives among a set of alternatives can be determined or measured.
The model elements are represented through the use of a goals hierarchy and
influence diagrams. Goals hierarchies are a useful way to structure a multi-objective
decision model. Goals hierarchies can help distill the list of important objectives for a
problem, assuring that only those sub-objectives that are key to the final outcome are
included. Influence diagrams are simple graphical representations of the elements that
affect a decision (Clemen and Reilly, 2001). Development of the influence diagram
follows methods and recommendations from Skinner (2001), Clemen and Reilly (2001),
and Regan and Holtzman (1995) this study used Precision Tree 1.0 (Palisade, 2004) for
actual diagramming. Elements, or nodes, of a decision problem are represented in an
influence diagram with rectangles for decisions, ovals for chance or uncertain events,
rounded retangles for computed values. The final outcome is shown as Available Yield
gray rectangle. Arrows, or arcs, indicate relevance or influence over the probability of an
event occurring if connected to a chance node. If an arrow is connected to a decision
node, then it represents information available prior to making that decision. Influence
diagrams can complement goals hierarchies as they can be useful for evaluating the
relative influence that each component of the problem, such as parameter uncertainty,
may have on the ultimate selection of an alternative.
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Group participation in model development
The results of pre-modeling interviews are presented to stakeholders in order to
facilitate the emergence of a common understanding of the problem and to aid with the
formulation of a representative value model for the system.
Group work sessions were scheduled throughout the project to address various
needs of research development. The main purpose for these meetings was to gain advice
from stakeholders about model development and outcomes.

Recommendations and

requests from each meeting were used to modify GWDSS development and design.

RESULTS
Group selection
It is not unusual for groundwater systems to span an area that is regional in nature,
so a representative stakeholder group is likely to be diverse. In the case of Barton
Springs an ongoing Regional Water Quality Planning Group (RWQP) offered the
opportunity to engage with active stakeholders for collaboration in the GWDSS research.
An important aspect of the RWQP process is the consideration of land use planning along
with water quality issues specifically for the Barton Springs segment. While the primary
goal of the RWQP group was water quality protection, a lower level objective within
their process included assuring adequate water availability for the region (Naismith
Engineering, 2005).

Pre-modeling interview sessions
Stakeholder participants volunteered from an ongoing RWQP effort for the
Barton Springs segment. The original RWQP process was convened in June 2002 with
the goal of identifying measures for protecting water quality within the region affecting
the Barton Springs segment of the Edwards aquifer. The original process was organized
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via open community participation with 27 voting stakeholder members selected through a
public process to represent various interest groups, these interests included:
•
•
•
•
•
•
•
•

Concerned citizens
Governmental entities
Neighborhood interests
Local environmental preservation/Good governance
Development interests
Economic interests
Property owners/Agricultural interests
Public interest organizations

Of the original 27 voting members a total of 17 indicated an interest in
participating in the GWDSS design and research process. Approximately 10 stakeholders
have participated in the GWDSS process from June 2005 to November 2006. Actual
participants in the GWDSS process include members from 7 of the original 8 interest
groups, with public interest organizations being the only group without a representative
in the smaller process. All stakeholders participated in the original RWQP process, with
the exception of a development interests representative who is a recognized member of
the Austin community, acting as the president of the real estate council in 2005/06; he
joined the GWDSS process to assure adequate representation in this key stakeholder
category.
Three members of the management and assessment staff for the BSEACD
represent governing entities. Considering the modified goal of this research is aiding the
calculation of available yield, the District staff are appropriate representatives because the
District maintains jurisdictional control over groundwater allocation. A letter indicating
the District’s willingness to collaborate is included in Appendix B of this document,
along with a letter of exemption from the Institutional Review Board (IRB) of The
University of Texas at Austin for human subject research and the signed consent forms
for some of the stakeholder participants (note that consent forms are unnecessary due to
IRB exemption status).
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Problem formulation is one of the most difficult aspects of a decision analytic
process and can significantly affect the subsequent stages of a process.

Problem

formulation, identifying the symptoms, causes, and opportunities can require almost half
the total time of modeling, (Volkema, 1995). The formulation of a problem statement
will determine what alternative solutions can be generated; therefore it is worthwhile to
identify multiple problem statements to help lead to creative solutions. The following
sections describe the iterative process of formulating a problem statement with
measurable components and within a structured format that would allow for interactive
model sessions at a later date.

Selecting measurable attributes
Clemen and Reilly (2001) state that, “a person’s values are the reason for making
decisions in the first place! If we did not care about anything, there would not be a reason
to make decisions at all . . .” and “without objectives we would not be able to choose
from among different alternatives.” In structuring objectives for the Barton Springs test
case, a scientific objective was established early in the process. Problem statements were
generated from each stakeholder’s interview results. Figure 5-4 shows the hierarchal
goals/objective diagram with “Calculating Available Yield” as the dominant objective.
This reflects the investigator’s choice of identifying “optimal aquifer yields” as the
purpose of the research; stakeholder values are complementary indicators of the social
feasibility for any management realization or alternative. A goals hierarchy is a visual
method for displaying the relationship between the measurable values, criteria or
attributes, and the related concern placed upon that metric by a user. This graphic (Figure
5-4) shows the links between what matters to stakeholders and how the model can
measure it.
On June 8th, 2005 two kick-off meetings were held with the technical team and
the stakeholder group. During these meetings an overview of the project goals and
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participation requirements were laid out. At that time, stakeholders acknowledged the
scientific aspirations for this research and commited to participate in elicitive interviews.
Figures 5-1a and 5-1b are photos showing stakeholder interviews in progress.
Individual interviews were conducted from July through August of 2005 and video taped
for subsequent content analysis. Interview elements revealed by each individual, such as
decision variables, scenarios, consequences, possible outcomes, key controls, measurable
attributes, were recorded and incorporated into the overall decision model.
Results of the Regional Water Quality Plan (Naismith Engineering, 2005) and
narratives developed from the stakeholder interviews were evaluated for potential
attributes and metrics that provide a link between the social concerns and the aquifer
system.

Table 5-2 shows the list of attributes and decision variables identified for

stakeholders. From this initial list a total of 9 basic attributes were selected as criteria for
the alpha version of GWDSS. The source for measuring the majority of these attributes
is via a numerical groundwater availability model (GAM), with the exception of variables
that are determined by land use. For two parameters, impervious cover and infrastructure
leakage, a set of historic data, spatial analyses and simple process model are used to
estimate the attribute level. An example of how to complete the spatial analysis and
leakage estimate is described by Pierce et al. (2004) using a simple model that relates
“impervious area”, “pipeline density”, and “loss rates” in a prototype recharge estimation
for GWDSS. This model accounts for the opposing interactions of reduced recharge at
the land surface due to impervious cover versus the increased recharge caused in the
near-surface by the related infrastructure leaks under impervious cover structures.
Table 5-3 indicates the list of attributes selected for implementation to represent
hydrogeologic variables that can be modeled with some certainty using the GAM. These
measures reflect quantities typically used in previous hydrogeologic research for
quantifying safe or sustainable yield, and are relevant to concerns expressed by
stakeholders.
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System design and model development
Upon completion of pre-interviews and value-focused thinking attribute
assignment, development of a proto-type build out of the GWDSS began. This phase of
the work included the completion of a datawarehouse and design of a database structure
to house historic data and simulation results in an accessible format. It is possible to
populate the database with pre-processed datasets. Appropriate off-the-shelf software
was identified and collaborative work was completed to link a metaheuristic search
engine, developed by Michael Ciarleglio (Ciarleglio and Barnes, in prep) through the use
of application program interfaces (API) coded by William Cain.
An intense series of technical team meetings and work sessions, as shown in (see
Figures 5-5a and 5-5b), resulted in an initial prototype GWDSS. A kick-off meeting held
on June 8, 2005 resulted in the GWDSS-RDP diagram (see Chapter 4, Figure 4-3) that
delineates the various research tracks and conceptual system architecture for the GWDSS
and stakeholder processes which are handled external to the model.
A technical team, composed of approximately 15 core members, held weekly
conference calls to provide updates on progress, discuss problems, and coordinate
research efforts. Small group work sessions were held throughout the research project
with multiple meetings being held during a single day on different project topics, ranging
from stakeholder metrics to system design, and optimization algorithms.
On October 12, 2005 a stakeholder work session was held to review video clips of
the stakeholder interview sessions as edited by my co-researcher, Marcel Dulay, to
highlight the attribute selection. Figure 5-6 presents a photo of the stakeholder work
session. During the meeting stakeholders reviewed the results as summarized in the
video clips, giving each stakeholder an opportunity to present their concerns to the group
and provide an explanation of the value attributes defined to represent their input. At that
time concerns, attributes, and decision variables for each stakeholder were presented (see
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Table 5-4). Participants agreed that their views had been captured on the relationship
between measurable attributes and primary concerns. Discussion after the presentations
for each attribute was directed to assure that individual interviewees agreed with the
representation of their position.

Conceptual model review
Another stakeholder session to review and discuss the conceptual model was
completed on November 9, 2005. One purpose of the meeting was to present preliminary
value attributes and the lumped components represented the model. The session was
used to discuss the model and see whether it represented a “requisite model”, or a version
of a value model that includes all of the necessary components of a decision problem
necessary for stakeholders to take the decision at hand (Clemen and Reilly, 2001). This
process was completed in two stages; first with both community and District
representatives and later in a work session including District participants only. The result
of these meetings included construction of a conceptual model, shown in Figure 5-7, and
identification of priority objective functions for implementation in subsequent
optimization exercises.
Elements of the conceptual model that were defined included the model
components, relational links, and proposed scenario options, as shown in Figure 5-7.
Model components consider inputs from rain, lawn watering, leakage from both water
mains and sewage lines, and impervious cover acting as an intermediary function for
runoff, infiltration from Best Management Practic structures (ie. BMP’s), and natural
infiltration through pervious surfaces. Outputs from the system include
evapotranspiration, natural spring discharge, and pumping as a function of projected
demands, the location of wells, and saturated thickness of the aquifer. Aquifer storage
acts as the central portion of this conceptual diagram. Attribute selection and model
components were compared to assure that physical and preference components of the two
models were compatible. The key components included: natural recharge or infiltration,
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impervious cover, land use distribution, water mains, wastewater pipelines, aquifer
storage, spring discharge, pumping, and saturated thickness. Each of these variables
provides a measurable component of the groundwater system that has demonstrable
preferences associated with it from the stakeholder inputs. Three scenario options that
were identified included climate or drought settings for wet, drought, or seasonal
conditions. The transient GAM simulation provides wet conditions and dry conditions at
various timesteps. Inputs to the model should evaluate the performance of seasonal
enforcement of drought cutbacks versus the current policies.
Land use change and urban growth are modeled for the 2003 extent for the City of
Austin. The alpha version of GWDSS uses shapefiles provided by the City of Austin for
the current representation of buildings, impervious cover, and land use distributions to
evaluate the related influences on recharge to the aquifer system. Subsequent iterations
and versions of the model should implement comparative growth scenarios that include
options to evaluate historic, continued trajectory, aggressive, and conservative growth
patterns.

A first approximation of the relationship between impervious cover and

recharge was developed using historic land use maps from 1930 to the present. Decadal
increments were used to develop a linear description of the process (see Chapter 3).
Projections for future water demand scenarios are wide-ranging. The present
implementation of pumping rates considers current use, with options for changed based
on spatial reallocation of pumping and drought cutbacks. Future implementations should
address alternative demand scenarios, such as projected use rates as defined by the Texas
State Water Plan (TWDB, in preparation), using population growth rates to drive per
capita demand rates, standard demand expectations as defined by the District, evaluate
eliminating use by junior users, and the addition of alternative water supplies (Smith et
al., 2006).
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The alpha version of GWDSS implements rudimentary of scenario components;
future work should strengthen the model by incorporating increasing complexity that
represents realistic policy choices. The purpose of the alpha version is to confirm the
successful sequencing of methods to create the decision support system and identify
crucial components as presented here.

Structuring the decision model
The overall objectives hierarchy and placement of individual metrics within that
hierarchy is a complicated process (Keeney, 1992; Gregory et al., 2001; Volkema, 1995).
Problem formulation is in fact one of the more difficult aspects of decision analysis (Dyer
and Lasdon, 2006; Keeney 1992; Volkema, 1995).
Figure 5-4 shows the final fundamental objectives, means-ends objectives, and
measurable attributes defined through this study. Figure 5-4 was developed through
active stakeholder participation and subsequent review of interview videos. Effective
yield may be calculated by applying the objectives hierarchy as a means for ranking
alternatives and using stakeholder preferences to provide a constraint structure for
defining the range of alternatives.
The GWDSS problem can be defined by an objective of maximizing available
yield, subject to 6 fundamental objectives that reflect an aspect of community concerns;
1) maximize total storage, 2) minimize the number of dry wells, 3) minimize impervious
cover, 4) minimize recharge from infrastructure leakage, 5) minimize drought, and 6)
maximize spring flow. The objectives serve as the transfer functions between community
preferences and physical system behavior.

The relative performance of attributes

describes the physical system response to various management plans, while each
fundamental objective is the mechanism for assigning a preference weighting such that
sets of alternatives may be ordinally ranked. Figure 5-7 provides a graphic presentation
of these relationships. Table 5-4 defines each objective and it’s associated community
counterpart. The following sections describe in greater detail the fundamental objectives,
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an overarching science objective, and a process oriented objective to assure equity as
defined for the Barton Springs test case.

Maximize Available Yield
Quantifying the water availability within the Barton Springs segment of the
Edwards aquifer is the overarching policy and scientific goal for this research. The
effects of drought, land use, and pumping on spring flow and water quality are
sustaomab;e growth concerns within the central Texas region. The development of a
method for calculating aquifer yields that considers both hydrogeologic and
socioeconomic aspects and yet can be quantified to meet concerns for the District and the
scientific research team is a major challenge.

The objective measurement will be

calculated into a volume of water per year. In principle such quantity could then be
converted into a monetary value using results from willingness to pay studies (Bowlin,
1999; McCray, 2006).

Meet Community Needs
Economic growth will be limited without assurance that water will be available to
meet current and future water demands. This objective is concerned with the equity of
the community by balancing the right to use a resource for economic development and
assure that aquifer yields continue to perform up to the demands of a community. This
objective reflects concerns of development interests. To evaluate the overall availability
of the resource for community, this objective computes the average total aquifer storage
is calculated for each simulation run. This metric reflects the buffer capacity of the
aquifer for community growth and development.

Maximize Reliability
To an individual property owner, dependent upon well water as a primary supply,
protecting water availability within their wells is an important concern.

Saturated

thickness values can be mapped to the consequences of withdrawals as impacts to
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individual cells. This is reflected as a measurement relating saturated thickness to the
number of individual cells that fall below a target saturated thickness level during the
course of a simulation run. Individual cells represent a surrogate measure for the number
of wells that would be unable to yield adequately under operating conditions in the
scenario. This metric reflects the long-term and spatial components of reliability for
individuals, such as property owners and agricultural stakeholders.

Make Informed Choices
Central Texas is a rapidly growing regions and it is not easy to identify the
consequences of urbanization and land use changes. Sprawling growth patterns result in
modified recharge rates and patterns, as well as possible water quality degradation to the
aquifer. Stakeholder expressed concern with regard to the lack of information with
regard to the actual outcomes that might be expected in relation to various land use
management settings.

To address these concerns, impervious cover is used as a

performance indicator. Some analysts report that impervious cover rates greater than 10
percent result in damaging effects to riparian habitats (Naismith Engineering, 2005). The
objective measurement is calculated as an aggregate impervious cover level for the
region. Aggregate impervious cover levels were calculated for the spatial extent of the
City of Austin in 2003, by applying an average percent impervious cover for each land
use type over the recharge zone of the aquifer as reported by the City of Austin
(Cornelius et al., 2005) and then the total area of impervious land surface for the recharge
zone was estimated. For the alpha version of GWDSS, the total area of impervious cover
is applied homogeneously across all active simulation cells. Changes in impervious
cover are also scaled up homogeneously for all active cells. Future implementations
should allow users to change impervious cover by both land use type and spatial location.
Stakeholder preferences can be applied to rank model results relative to hyothetical
impervious cover policies over the recharge zone.
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Reduce unseen threats
The uncertainty is introduced into the model from a wide-array of influences on
any urban aquifer. Aside from climatic fluctuations responsible for a significant amount
of uncertainty, the influence of urbanization on both the volume and quality of
groundwater are important stakeholder concerns. To represent this general concern with
a measured attribute, the impacts of infrastructure losses was identified as a possible
metric to represent threats that are not readily visible to an average stakeholder. Losses
due to urban return flows are commonly unaccounted in overall water budget analyses
and may have a significant role in the overall water quality for an aquifer. In the alpha
version of the GWDSS therefore, infrastructure losses are included as one measure of
threats that are not readily visible. Many unseen threats are related to environmental
performance, such as water quality loading and urban return flows.
operational measure for this concern is difficult.

Creating an

At the request of a stakeholder

representative for economic interests the objective is included in the alpha version goals
hierarchy. The infrastructure measure is introduced but held constant for all simulation
runs using the alpha version of GWDSS. Future versions should consider incorporating a
detailed sub-process model for calculating the added volume of water recharging the
aquifer due to infrastructure leakage and various water quality loading functions. This
category may be viewed as a placeholder for additional information and metrics as future
work provides insight into other unrecognized aspects that influence the decision
problem.

Minimize Economic Impacts
Drought induced shortages may limit pumping. Therefore the establishment of a
reasonable drought policy can help allocate groundwater effectively. Inclusion of this
objective addresses issues of economic performance, meeting concerns for both the
economic interest and governmental entity stakeholder groups. Two policy settings are
currently used by the District, including alarm and critical stages. These settings are
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measured as percent reductions in pumping during periods of drought as identified by the
District through the use of indicator wells (ie. Lovelady, etc.). The ultimate pumping cap
for the aquifer may be influenced by both the level and timing of enforcing these policy
settings.

Maintain Barton-centricity
The importance of Barton Springs has reached almost mythic proportions for the
community residing within the aquifer’s artesian, recharge, and contributing zones
(Backus, 2006). Congregating at the pool and recreational activities in the vicinity of the
springs outlet are viewed by many residents in the area as defining aspect for community
connection. Additionally, spring flows support an endangered species of salamander,
Eurycea sosorum, resulting in the need to protect this feature as the primary habitat for
that species. A primary concern for neighborhood interest and concerned citizen groups
includes protection of the cultural heritage represented by the existence of Barton
Springs.

Preservation of the Springs is considered to represent attainment of

environmental objectives while potentially creating tradeoffs with economic objectives.

Assure Equitable Process
It is common in natural resource conflicts for the voice of individuals to be lost
for a wide variety of reasons. While “equity” was not included as a goal, it is an
important result from the interview process for concerned citizen stakeholders and the
scientific research team.

Therefore, the team considered how to maintain “equity”

throughout GWDSS development. For example, at focus sessions the perspectives of
every stakeholder group were considered via the presentation of a narrative video clips.
Graphical tools that aid the disaggregate display of results, such as bar graph ranking that
show scores for each criterion and implementation of individual objective functions for
stakeholder concerns, were incorporated to show how results perform in terms of each
stakeholder group’s performance measures.
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Influence and uncertainty modeling for alternatives
An influence diagram, Figure 5-8, was constructed as a follow-on exercise to the
goals hierarchy development. Components included in the influence diagram reflect the
physical system attributes from both the lumped parameter model and stakeholder
generated objectives. Using this diagram, some sources of uncertainty for any model
analysis can be identified. The primary areas of uncertainty within the modeled scenarios
are incurred through the impervious cover estimates, spring flow response, pumping
estimates for exempt (or non-recorded) wells, and rainfall events.

Implementing objectives for effective yield
Based on the objectives hierarchy the GWDSS links simulation-optimization
models for evaluating effective yield. The GWDSS system architecture is linked with a
combinatorial search process to produce a set of alternatives for consideration. The
search objectives are those generated through the stakeholder involvement with measured
stakeholder attributes serving as the basis for comparison and ranking. To transition from
a stakeholder process to an operational evaluation, input from the District with regard to
implementation priorities was collected during 3 separate work sessions.
One separate conceptual model review session was conducted with District staff
alone in January 2006. This work session focused on identifying operational objective
functions, decision variables, and scenarios of specific interest to the District. The goal
of the work session was to better define the elements of effective yield that were to be
tested first using the alpha version of GWDSS.
Two model work sessions were conducted with District personnel in June and
August 2006 to debut a preliminary working model and present a working version for
use. Presentation during the June meeting reported early results from GWDSS model
tests. The September meeting focused on providing a working version of GWDSS to the
District for them to begin testing efforts for drought conservation policy development.
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Finally, a stakeholder update and presentation of preliminary model results was
conducted with stakeholders on August 27, 2006. The purpose of this meeting was to
present the outcomes and functional alpha version of the GWDSS to stakeholders. There
will be future steps, which are beyond the scope of this report, such as a work session
with stakeholders to identify priority preferences, initial alternative ranking, and a
working model debut.

DISCUSSION
Information gleaned from stakeholder interviews aided the structuring phase of
the available yield problem resulting in representations of the decision model in both an
objectives hierarchy and influence diagram that help evaluate alternatives. The next steps
in the research involve the generation of alternatives through the use of a combinatorial
search algorithm and finally an evaluation phase, for which preliminary results are
presented in chapter 6 of this dissertation.
Analysis of interviews provided detailed information about the complexities of
the ongoing land use conflict in the Barton Springs region as it relates to water allocation.
The interviews revealed that stakeholders are concerned with a wide-range of issues, six
fundamental objectives or areas of concern can be reflected and linked with the
groundwater system model.
In general, stakeholders perceived urban growth and population expansion as a
primary cause of risks posed to the aquifer. The perception in the region of rapid urban
sprawl is supported by a GIS analysis of historic land use distribution over the recharge
zone of the Barton Springs segment (see Chapter 2).
The fundamental objectives identified through stakeholder elicitation meet the
requirements for defining sustainable yield and fall into the three broad categories of
sustainability. Thus objectives can be divided into components for equity, environment,
and economics.

While the scientific objective of quantifying available yield was
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designated as an overarching goal, alternative goals hierarchies could be equally valid for
the same test case.
This stage of the research has resulted in structuring of the decision model and
identification of value categories. Assessment of alternatives cannot be completed until a
set of options is generated using a combinatorial search algorithm discussed in Chapter 6.
As a recommendation for further work (beyond the scope of this dissertation), single
dimension value functions can be defined for attributes to allow for ordinal ranking of
alternatives (Gregory, 2000). This could be done initially with a fixed point scale or
through a series of pair-wise comparisons for a full ranking implementation (Hajkowicz
et al., 2000).
An interesting insight gained from stakeholder participation was the general lack
of concern for the preservation of the endangered species of salamander. This issue was
mentioned as a secondary concern, if at all, in stakeholder interviews. If the salamander
species was mentioned at all by stakeholders, it was in relation to the use of the species as
an indicator of aquifer health; the value of preserving a species, in and of itself, was not
at issue. All of the stakeholders shared a concern for policies regarding impervious
cover.
The process of presenting media clips during group meetings received positive
feedback and provided an opportunity for non-confrontational discussion of specific
attributes or components of the decision problem. This aspect of the study will be
described more thoroughly by Marcel Dulay (Dulay, in prep.). Presenting attributes and
concerns separately provided an opportunity for the group to develop a common
understanding and vocabulary for the decision problem under scrutiny. This process of
aiding dialogue, rather than argument, is one benefit of the decision analysis process and
methodology. The stakeholders noted, both during the interview process and group
sessions, that the combination of narrative and value-based discussion leads to a more
open process for brainstorming and problem-solving together, versus their prior
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experiences with “public comment” stakeholder events that could result in rhetoricridden arguments.

CONCLUSION
Integrating science and stakeholder values is a challenging task. Many of the
concerns stakeholders bring forth are difficult to link with a physical system simulation
or fall within an area of uncertain scientific understanding. In fact, decision making
under uncertain conditions often characterizes water resource allocation and
environmental problems. While a community must be aware of the constraints of a
natural system, operational plans that comply with the desires and preferences of the
human beings most affected are likely to be more sustainble. This chapter dicusses how
participatory research methods can be used to augment traditional scientific inquiry to
evaluate groundwater models from alternative perspectives and gain insights into a
hydrogeological problem.
Results of this research demonstrate that a decision model developed in
conjunction with stakeholder advice can provide a method for linking social value inputs
to groundwater models, contributing new variables in the form of parameters of concern
that may be used to compare modeled outputs for consideration in planning process. In
addition, the use of new inputs highlights the location of current gaps in scientific
knowledge and understanding that are relevant to community concerns. In this case,
uncertainty surrounding the impact and affect of impervious cover on both groundwater
quality and quantity merits further attention.
Continued work with the same group of stakeholders will aim to determine if
models provide better insight and understanding of the physical system to stakeholders.
The combined narrative-VFT methodology explored here can be used to include social,
economic, or political dimensions in a groundwater decision problem.
There are, of course, limitations to the methods applied in this section. For
example, attributes that are implemented for the Barton Springs case are not a
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comprehensive representation of all stakeholder concerns.

In fact, many significant

stakeholder concerns are not represented in the decision model presented above, due to
limitations of time, budget, and the technical difficulties in implementing such a large
number of attributes. The issue of adequate representation of stakeholder concerns in a
small number of attributes becomes relevant with involvement of larger stakeholder
groups, making scaling the process up challenging. Paired with GWDSS (described in
chapter 3), the process may be able to support a Rapid Dispute Prevention (RDP)
procedure to assist communities in the determination of their region’s “desired future
conditions” or another resource allocation problem.
The methods tested here, including informal elicitation, narrative development,
and value-focused thinking, are shown to be tools that scientists, may use to build a
relation-based simulation model to aide with the definition of feasible groundwater
allocation strategies.

This process can be generalized, or applied to other cases,

particularly within Texas where other groundwater management areas are required to
defined desired future conditions in conjunction with the use of groundwater availability
models for allocation. On a broader scale, other aquifer cases can use these methods with
the existence of stakeholder interest and a numerical simulation model. In fact, general
resource allocation problems and environmental conflicts could readily fall into a
category of cases that are appropriate for the application of the combined methods
presented here.
Incorporation of stakeholder and decision maker preferences via the use of
narrative elicitation and decision analysis techniques provides a method for defining the
relative importance of influencing factors and boundaries of acceptability for community
driven allocation plans.
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Table 5-1: Example questions used in Barton Springs stakeholder narrative elicitation.
Questions discussed with stakeholders

General content analysis to define
attributes

History
- Tell me about yourself, what is your stakeholder
Responses aid in defining a decision
group
context and the orientation of each
- How did you come to Austin
stakeholder.
- What is it like to be a ______ (stakeholder category)
- What led to your interest in water resource issues
Knowledge
Please describe your understanding of:
These questions provide an abstract
- Issues . . .
summary from each stakeholder
describing the decision problem.
- Activities . . .
- Elements . . . . . Of the problem as it affects you.
Beliefs about human activities:
- How should things be (best management practices,
regulations, etc.)
- What has greatest impact on the Barton Springs case
and what are key elements controlling those impacts
Perceptions
Can you describe the conditions, problem, and cause for:
Questions in this group help clarify a
- Why Austin is a good place to live
stakeholder’s orientation and view of
- Development, growth, economy, land values, &
the complicating actions for the decision
water
problem.
- Environmental regulations and development
- Water supply and quality: risks to the future and
Some of the questions elicit responses
scarcity
that evaluate the value of an element
- Barton Springs
within the decision problem.
What are your main concerns (factors, variables, etc.):
- What can affect them or is affecting those concerns
These questions help to:
- What does a graph of those components look like
- identify alternatives
- What can we change to affect it (need more of)
- consider problems and
- Where are we today in comparison to the past
shortcomings
- What are the dynamics of the linkages
- predict consequences
Idealized world (place)
- identify goals, constraints,
- What would you like the future to be
guidelines
- Why is that good to you
- determine strategic objectives
- Characteristics and consequences
Anti-world (place)
The final set of questions focus on
- What do you want to avoid in the future
defining a possible path to resolution
- Why is that bad to you
through feasible actions.
- Characteristics and consequences
The challenge
- Sacrifice, transition, heroic change to allow us to go
on the path to the ideal
- What (analog value) puts us on the path to an
idealized world
- What must we achieve or become (the universal)
- Causal link from good to bad
- What must we do to change the situation
Tasks, deeds, work, feats
- Details of how to successfully take on the challenge
- What do we need to do to get there
(modified from Dulay, unpublished)

161

Jon Beall

Environmental
Preservation

Terry
Mitchell1
Terry Tull

Development
Interests

Concerned Citizen

Quality of life
Water quality
Good Design
Meet community needs
Create points of
interaction
Informed choices

•
•
•
•
•
•

•
•
•
•
•

•
•
•
•
•
•

•

Water quality
degradation
Community connection
Barton-centricity
Reliability (long-term)

•
•
•
•

•
•
•

Habitat conservation
Shortages in drought
Urbanization / Sprawl

•

•
•
•

Concern/Criteria
• Pumping limits

(aggregate function)

Flow rate
Pool closure/visits
Total storage
Number dry wells
Open space
Volume of water from
infrastructure leakage
Area developable land
Overall water budget
Developable land
Amenity distance
Overall scorecard

Vulnerability map

Possible Measure
Total extractable
volume
Spring flow rate
Water level key wells
Impervious cover

•

•
•

•
•
•
•
•
•
•
•

•
•
•

•

Acceptable rank for
alternative (facilitator)

Decision variable
Aquifer pumping
limit
Minimum flow
Drought trigger levels
Impervious cover
limits
BMP Policies
Buffer zone limits
Minimum flow
Maximum # closures
Storage depletion
Saturated thickness
Open space
Impervious Cover
Distribution
Suitability criteria
Aquifer pumping
limit

162

1) Mr. Mitchell was not originally in the Regional Water Quality Planning Stakeholder Group, but he is familiar with the process and is the
current President of the Austin Real Estate Council
2) For the purposes of initial implementation not all of the stakeholder concerns could be implemented, Table 5-3 lists implemented variables.

Note:

John Noell

Economic Interest

Neighborhood
Robbie Botto
Interests
Property
J.T. Stewart
Owners/Agricultural

Representative
BSEACD

Stakeholder Group
Governmental
Entities

Table 5-2: Stakeholder interests and performance measures.

Table 5-3: GWDSS decision model attributes for Barton Springs.

Attribute name
Total storage
Water level change
Saturated thickness

Impervious cover

Infrastructure losses

Drought policy –
Alarm

Drought policy –
Critical

Spring flow –
Minimum
Spring flow –
Maximum

Measure
Average annual storage in aquifer
storage for 10 year transient
period in m3 (ft3)
Average water level change
across recharge zone in meters
(feet)
Sum of the number of wells that
fall below a set saturated
thickness (calculated as cells in
model)
Aggregate amount of impervious
cover over recharge zone
(percentage)

Information source for
outcome
GAM transient simulation
GAM transient simulation
GAM transient simulation,
(Saturated thickness setting
= 30.48 or 100 feet)

GIS shapefiles for Current
build-out per City of Austin
(2003), Growth scenario
settings
Annual leakage estimate for water Data, GIS shapefiles,
mains and sewage lines in m3/s
process-based model, Land
(cfs)
use distribution scenario
settings
GAM transient simulation
Total reduction in pumping
volume for alarm stage drought
during 10 year transient period in
m3/s (cfs) and as a count of the
number of months in stage
GAM transient simulation
Total reduction in pumping
volume for critical stage drought
during 10 year transient period in
m3/s (cfs) and as a count of the
number of months in stage
Minimum monthly springflow for GAM transient simulation
10 year transient period in m3/s
(cfs)
Maximum average monthly
GAM transient simulation
springflow for 10 year transient
period in m3/s (cfs)

Note:
The list of implemented attributes is not a comprehensive representation of stakeholder
concerns. These are test case variables that are defined and implemented for the alpha
version of GWDSS.
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Table 5-4: Fundamental objectives in GWDSS for the Barton Springs case.

Fundamental
Objective
Maximize
Available
Yield
(Obj 1)

Description and Measure Definition

Goal: Overarching Science & Policy Objective
Stakeholder Group: Governmental Entity and Research Team
Purpose: Quantify the water availability within an aquifer as a volume
of water per year.
Objective function: Maximize pumping as weighted multi-objective
Meet
Goal: Equity & Aquifer Performance Indicator
Community Stakeholder Group: Development Interests
Needs
Purpose: Reflect the buffer capacity of the aquifer for economic
(Obj 2)
growth and community development.
Objective function: Maximize average storage
Maximize
Goal: Equity & Aquifer Performance Indicator
Reliability
Stakeholder Group: Property Owners/Agricultural
(Obj 3)
Purpose: Evaluate the long-term and spatial components of reliability
for individual wells
Objective function: Minimize number of wells (counted as model
cells) below a saturated thickness trigger level
*Make
Goal: Environmental Performance Indicator
Informed
Stakeholder Group: Environmental Preservation
Choices
Purpose: Represent changes in recharge due to urbanization via
impervious cover
Objective function: Maximize or minimize impervious cover
*Reduce
Goal: Environmental Performance Indicator
unseen threats Stakeholder Group: Economic Interest
Purpose: Include urban influences on overall water budget (symbolic
of uncertainty)
Objective function: Minimize recharge from infrastructure leakage
*Minimize
Goal: Economic Performance Indicator
Economic
Stakeholder Group: Economic Interest & Governmental Entity
Impacts
Purpose: Control the influence of drought induced shortages
Objective function: Minimize drought policy settings (alarm &
critical stage)
Maintain
Goal: Economic and Environmental Performance Indicator
BartonStakeholder Group: Neighborhood Interests
centricity
Purpose: Represent cultural value and species protection through
(Obj 4 and 5) maintenance of a minimum spring flow rate.
Objective function: Maximum spring flow, average or minimum
*Assure
Goal: Equity Performance Indicator
Equitable
Stakeholder Group: Concerned Citizen and Science research team
Process
Purpose: Preserve unbiased voice of individual stakeholders
Graphical representation: Barcharts
Note: * These objectives are represented in the alpha version as decision variables,
scenario settings, and assuring inclusion of a full suite of attributes for stakeholder
concerns rather than active optimization.
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Figure 5-1: Photographs of elicitive interviews with stakeholder participants (A) Property
rights stakeholder, J.T.Stewart, policy researcher, Marcel Dulay, and
cameraman, Scott Perez, (B) Environmental concerns stakeholder, Jon
Beall, and policy researcher, Marcel Dulay.

A

B
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Scenarios

Alternatives

Influence diagram

Uncertain events

Consequences

Evaluate alternatives

Outcomes
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Source: (modified from Keeney and Gregory, 2005; Merrick, 2004; Clemen, 2001; Keeney, 1992).

Structuring
Problem:
Extent of
work
presented

Decisions

Identify elements of decision

Structure objectives
Fundamental / Means

Identify values and
candidate objectives

Define decision
context

Figure 5-2: Flowchart for setting up a decision or value model.

Assign weights
(values to objectives)

Update goals
hierarchy

Identify possible
proxy attributes

Develop constructed
attributes

Either

Identify good natural
attributes
Decompose
into component
objectives

Figure 5-3: Considerations for identifying fundamental objectives.

Need to be essential
broadens

Alternatives

Need to be controllable
narrows

Fundamental Objectives

Strategic Objectives

Examples for Barton Springs
Specific Policy Settings

Broad Management Goals

Pumping regime

Support economic development

Spring flow minimum setting

Preserve Salamander Habitat

Drought trigger levels

Protect users from drought induced
shortage

Source: (modified from Keeney,1992)
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Figure 5-4: Goals and objectives hierarchy for the Barton Springs groundwater availability test case.

Figure 5-5: Photographs of collaborative technical and scientific work meetings: (A)
Designing a graphical user interface for GWDSS, Suzanne Pierce, left, with
Vincent Tidwell, Sandia National Labs, right, (B) Discussion of GWDSS
datamodel structure, (from left to right). Michael Ciarleglio, William Cain,
and Melody Cornelius (photo taken by the author).

A

B
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Figure 5-6: Photographs of group stakeholder meetings for conceptual model design:
(from left to right) Robbie Botto, Marcel Dulay, Jon Beall, Tom Lowry,
Brian Smith, and Kirk Holland.
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Figure 5-7: Conceptual model of Barton Springs for the physical system components.
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Figure 5-8: Influence diagram for Barton Springs available yield decision problem.

Chapter 6: GWDSS inputs, assumptions, formulation of objective
functions, decision variable definition, and verification testing
INTRODUCTION
As demands for water resources increase, the development of methodologies and
tools that may be used to define sound groundwater resource management become
increasingly important. Techniques currently employed in the creation of water resource
management can result in inflexible plans.

For example, current groundwater

management for the Barton Springs test case tends to use single factor analysis (Smith et
al., 2006), such as one-to-one sensitivity analyses among input parameters and output
responses, for implementing available yield policies.
This research project addresses the calculation of available yield for groundwater
aquifers using the “alpha” version of a groundwater decision support system (GWDSS) to
verify and evaluate the expected behavior of an aquifer under different management
settings.

GWDSS provides a modeling platform to conduct aquifer performance

screening and multi-model analysis in the context of science-based evaluation for use in
developing a set of allocation policy options that may be considered by decisionmakers.
The solution approach created for calculating yields using GWDSS combines
simulation-optimization and decision support processes into one framework. Table 6.1
presents a listing of the differences between simulations only, linked simulationoptimization, and a decision support system approach. The following sections describe
the implementation of the alpha GWDSS.
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The alpha version of GWDSS
Results reported in this dissertation are generated from two alpha, or test, versions
of the GWDSS, referred to by their date of completion as (15 March 2006) and (28 June
2006). In software development, the term alpha version means that an application has not
undergone scrutiny for quality, accuracy, or completeness. The phrase “beta” testing
refers to evaluation by potential users. Alpha versions are typically less reliable than
fully functional software programs and may require further development to assure a
quality level that is acceptable for a general user group
The alpha implementations, 15 March 2006 (Alpha 1) and 28 June 2006 (Alpha
2), are the versions designed specifically for the available yield research project
developed for use with a numerical groundwater availability model. A great deal of the
implementation design and work for these two implementations was completed in
conjunction with Michael Ciarleglio and William Cain. Mr. Ciarleglio designed and
completed a tabu search engine that links with GWDSS. Mr. Cain wrote the Java code
and developed the supporting system architecture for GWDSS.

A subsequent

implementation (13 November 2006) is closely related to the first two alpha
implementations but functionality reflects increasing sophistication and is the direct result
of parallel work by co-researchers. The 13 November 2006 implementation incorporates
a land use distribution model by Marcel Dulay and a systems dynamics groundwater
simulation by Tom S. Lowry (Pierce et al., 2006). Table 6-2 presents a summary of the
basic functionality and distinguishing differences between the Alpha 1 implementation,
Alpha 2 implementation, and subsequent modifications through November 13, 2006.
The GWDSS began with Alpha 1 which linked a graphical user interface (GUI)
with features allowing computation: a user could log in with a password, save pumping
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changes for a scenario through a map pane GUI, and run the GAM. Output reporting was
not implemented in Alpha 1. Any results were captured by a user manually through a
command window displayed in the software development environment (Eclipse).
Preliminary results were collected to confirm that the groundwater model was running
correctly. In addition, the tabu search engine was linked to the GWDSS files, so searches
using 5 initial objective functions, could be completed. Results of tabu searches were not
saved to the database in this early version, so all results were manually captured and
saved into a spreadsheet program for data manipulation and evaluation. Metrics recorded
from this early version were limited and used generally to confirm that the system was
functioning properly. No modifications to MODFLOW recharge inputs for MODFLOW
were possible.
Alpha 2 improvements to the GWDSS realized in the 28 June 2006 version
incorporated the sub-process model for modifying recharge as a function of impervious
cover, as discussed in Chapter 3 (p.55 ) of this dissertation. Results could be saved to the
database. A reporting utility was implemented allowing approximately 630 groundwater
attributes to be reported. Users can change inputs manually for pumping rates, spatial
location, drought cutbacks for alarm and critical stages, and set recharge states using a
recharge factor and impervious cover calculated evenly for the recharge area of the
model.

Using the Alpha 2 version of GWDSS, preliminary evaluations of aquifer

performance can be conducted and the iterative search option permits the use of an
optimization algorithm to test simple hypotheses.
Two significant changes to the GWDSS were completed by co-researchers in the
13 November 2006 of the software. These include the addition of a land use distribution
model that allows more detailed calculations of impervious cover influences on recharge,
completed by Marcel Dulay, and the use of a systems dynamics model to simulate a
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parsimonious (or simplified) version of the groundwater model. The 13 November 2006
version enabled the first interactive use of GWDSS by community stakeholders during a
test session. Results of modeling with this version of GWDSS will be reported with coresearchers in future publications and portions will be presented as doctoral research by
Marcel Dulay.

GWDSS MODEL COMPONENTS
The following sections present an overview of model components, decision
variables, and objective function implementation for the Alpha 1 and 13 November 2006
versions of GWDSS.
GROUNDWATER SIMULATION FOR MANAGEMENT

Management can be portrayed as a process of sequential iterative decisions
including the systematic evaluation of a problem, identification of a target goal, planning
an implementable means of achieving that goal, assessing resources available to achieve
the goal, and assignment or deployment in such a manner as to assure achieving the goal.
Models are conceptual representations of an understanding of a problem that reflect
important inputs, influential relationships, and outputs, or outcomes, for evaluating
relevant behavior. In effect, models are a hypothesis about the system under scrutiny that
can be used to gain insight into that system’s response to stresses.

The use of

groundwater models for management evaluation is common and necessary (Bredehoeft,
2002).
The basic understanding for modeling groundwater flow occurred with
publication of Henry Darcy’s monograph (Darcy, 1856) establishing the numerical
representation of flow through porous media and providing one of the earliest steps into
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the modern era of hydrogeological analysis and management. Traditional techniques for
groundwater characterization and budgeting include, drilling, subsurface mapping,
aquifer tests, water-level maps, chemical methods, water level hydrographs, waterbalance methods, geophysics, and isotope methods (Mandel and Shiftan, 1981). Models
of groundwater flow were developed alongside these traditional techniques, with analog
representations ranging from sand box models to the use of electrical currents
(Bredehoeft, 2003). Pinder and Bredehoeft (1968) documented the use of a computer
versus a physical model (sand tanks, etc.) to simulate groundwater flow. A succession of
digital modeling efforts followed (Trescott et al., 1976; Trescott, 1975; Trescot, 1973;
Pinder, 1969) with significant improvements in code, but little change in the basic
principles and theory of groundwater flow (Anderson and Greenwald, 2006). Efforts to
develop a reliable and robust code soon coalesced into the modular-finite difference
groundwater flow model (MODFLOW) that has become a standard code for numerical
groundwater simulation (Harbaugh and McDonald, 1996; McDonald and Harbaugh,
1988; McDonald and Harbough, 1984). MODFLOW code is set up with a modular
structure that includes 3 levels, packages to represent hydrologic functions, procedures to
guide the logical/procedural steps, and modules to act as the fundamental unit or
subroutines (Anderson and Greenwald, 2006). With MODFLOW 1996, the basic flow
codes were established and subsequent code modifications have added functionality to
model transport, saline encroachment, evapotransporation, management, parameter
estimation, and other subroutines (Harbaugh, 2005; Harbaugh et al., 2000), but the basic
architecture and underlying equations have remained largely the same (Anderson and
Greenwald, 2006). MODFLOW is viewed as one of the most robust and best understood
codes for modeling groundwater systems. Therefore, a spatially explicit numerical model
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that uses MODFLOW as the underlying code may be viewed as a good place to begin
building a simulation to support groundwater management.

Simulating groundwater in GWDSS
The State of Texas has developed groundwater availability models (GAMs) as the
standard tools for calculating the available aquifer yields for major and minor aquifers
(Mace et al., 2001). According to legislative mandates, SB-1, SB-2, and HB 1763, a
groundwater conservation district (GCD) is expected to use a groundwater availability
model to define available yield within the constructs of “desired future conditions” for a
given community (Mace et al., 2006).
The GAM model used in this research is a transient MODFLOW-based 2dimensional groundwater flow model for the Barton Springs segment of the Edwards
aquifer that demonstrates a high sensitivity to recharge and limited response to changes in
pumping. The model has two drains that represent Barton and Cold Springs, which are
drought sensitive. The model is an equivalent porous media model simulating a karst
system.

Calibration results suggest adequate performance for use in management

analyses (Scanlon et al., 2001). A detailed report of the numerical model construction
can be found in two reports (Smith and Hunt, 2004) and Scanlon et al. (2001) and a
summary of key model parameters, assumptions, and conditions is presented in Table 3-3
(p. 70)
The GWDSS links the GAM model for the Barton Springs segment with
stakeholder metrics and a tabu search optimization algorithm through a software
architecture that uses a callable database structure. Input data to run the GAM are called
from the database as scenario settings and can be set either manually (by a user) or
iteratively (by the tabu search engine).
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LINKING GROUNDWATER SIMULATION WITH OPTIMIZATION TECHNIQUES
Over the past century, economists and hydrologists have struggled to develop
methods that integrate water values with water flows and determine optimal management
scenarios. Discussion of groundwater management in the hydrologic literature is often
synonymous with the use of mathematical programming techniques and optimization
algorithms to solve problems quantitatively.

An extensive survey of groundwater

management models was completed in the mid-80’s (van der Heijde et al., 1985) and
later, to a lesser extent, by Bredehoeft (1995). Gorelick (1983) gives a precise review of
early computer modeling techniques for groundwater.

Freeze and Gorelick (1999)

present a detailed evaluation of optimization and decision analysis applications to
groundwater problems. Das & Datta (2001) review optimization models, specifically
with the inclusion of multiobjective methods applied to groundwater more recently.
Zheng and Bennett (2002) provide one of the few overviews of global optimization
techniques applied to groundwater problems with a specific focus on contaminant
transport modeling.
The body of work addressing optimization specific to groundwater began with a
series of papers (Bredehoeft and Young, 1970; Young and Bredehoeft, 1972; Brown and
Deacon, 1972; Burt, 1967; Domenico et al., 1968) that approach groundwater use from a
cost-benefit optimization perspective employing constraining decision rules that address
legislative issues and representing hydrologic properties in their simplest, homogenous
form. A series of papers (Gisser and Sánchez, 1980; Allen and Gisser, 1984; Brill and
Burness, 1994; Feinerman and Keith, 1983; Rubio and Casino, 2003) report research
regarding the effectiveness of policy oversight versus allowing competitive use to
determine the distribution of water as a resource and results tend to favor economic
approaches that neglect spatially disparate information. Only recently has Brozovic’ et
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al. (in press) investigated methods of including spatial considerations within an economic
formulation of the problem. The “Gisser-Sánchez result” (1980), comparing competition
applied to groundwater aquifers versus permitting controls, is a significant finding which
shows under intense competition management of aquifers with a sufficient storage
capacity does not benefit from permitting limitations. In other words, market forces may
be the most efficient means of management for larger aquifer systems and regulatory
efforts may provide small marginal improvements. Feinerman and Keith (1983) argue
that users should avoid changes in management strategies away from a laissez-faire
approach unless significant benefits can be demonstrated.

Other studies find that

competition and managed control approach the same level of aquifer performance over
time, showing that the benefits of management may not justify the expense (Peralta,
1985; Bredehoeft, 1995; Burness and Brill, 2001). Other researchers (Provencher, 1993;
Meinhardt,

2002)

report

that

decentralized

management

incorporating

local

considerations appears to be a way for encouraging cooperative behavior among users.
The literature review suggests that optimization of groundwater quantity problems
was prevalent until the early 1980’s with an upsurge in optimization applications to
remediation problems superseding research on availability optimization by the mid1980’s (Zheng and Bennett, 2004; Bredehoeft, 1995; van der Heijde et al., 1985).
Optimization that addresses smaller scale cost-benefit analyses for contaminant plume
management reflects the hydrogeologic discipline’s response to the societal need to
address pollution issues during the 1980’s and 1990’s (Belitz, 2001). With improved
understanding of pollution problems, the call for attention to resource sustainability
seems to be re-emerging (Bredehoeft, 2006; Wood, 2001) with renewed attention to
questions of availability and with the benefit of using the technological knowledge and
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understanding developed in the application of optimization to groundwater from earlier
decades.

Tabu search: Meta-heursitics and modeling for groundwater management
A decision problem looks at a situation and asks for a solution that meets certain
user-defined criteria. An optimization problem takes the same set of initial conditions
and looks for the solution that best achieves desired goals. The GWDSS provides a
software tool for evaluating the decision problem of an optimal effective yield, even
though it is not guaranteed to select the optimal alternative.
Without the use of an optimization technique, a groundwater modeler could check
possible solutions by trial and error. The drawback to using trial and error is the sheer
number of possible alternative solutions in even the most basic of problems. Therefore
an optimization approach can help users find better results more efficiently. There are a
myriad of approaches to optimization problems, such as calculus-based maximization
problems (Domenico, 1972).

In general, solutions for groundwater optimization

problems have been approached using a wide range of solution techniques from
operations research. Once an objective function and constraining functions have been
identified for the physical system, then numerical evaluations can be completed using
linear programming, non-linear programming, mixed–integer programming, dynamic
solution methods (Zheng and Bennett, 2002; Ahlfeld and Mulligan, 2000). In many
cases, a linear approach is a weak way to model aquifer system response, particularly if
the objectives or the constraints are non-linear. Common solution techniques for solving
non-linear formulations of the problem are an improvement over linear techniques but
usually require over-simplification of the groundwater system. One research project
reports using stakeholder preference sets to rank allocation alternatives with a simplified
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Taylor series solution approach to the system of equations, which provide a linear
approximation of groundwater system behavior (McPhee et al., 2004).
GWDSS avoids over-simplification of a groundwater problem through the use of
a global optimization algorithm (GO), or combinatorial optimization. A GO is a set of
algorithms that are metaheuristic in nature, which means that they search a subset of the
total solution space for a problem with the goal of quickly evaluating numerous
alternatives.

As the number of possible solutions for a management groundwater

problem is vast, the time that would be needed to exhaustively search all possible
combinations of input settings makes exhaustive search too time consuming. Therefore,
metaheuristic strategies evaluate a subset of possible solutions attempting to identify
higher performing settings and systematically sample the overall solution space. The
most common GOs include simulated annealing and genetic algorithms which have also
been applied principally to groundwater remediation problems and parameter estimation
by various researchers (McCormick and Powell, 2004; Dougherty and Marryott, 1991;
Rizzo and Dougherty, 1996; Zheng and Wang, 1996; Wang and Zheng, 1997; Wang and
Zheng, 1999). One of the few groundwater resource management applications of a GO is
provided by McKinney and Lin (1994). A summary of GO applications to groundwater
problems and simplified descriptions of the different approaches can be found in Zheng
and Bennett (2002). Combinatorial optimization identifies the possible permutations of a
decision problem and through the implementation of heuristic search algorithms finds
optimal solutions. Tabu search is a metaheuristic optimization algorithm that conducts a
non-exhaustive but efficient search of a combinatorial solution space. Tabu provides a
robust approach to difficult optimization problems, such as those found in groundwater
management. This global optimization technique uses a memory structure to search the
solution space efficiently. The algorithm is deterministic and solutions can be used to
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apply an ordinal ranking to alternatives through the use of a rule-based comparator
(Ciarleglio and Barnes, in prep). Rule-based comparators, or objectives, can be flexible,
based either on cardinal (numbers-based) or ordinal (preference set based) ranking.
Generally attributed to Glover (1986), tabu search algorithms use an organized
framework to evaluate a solution space. They employ memory structures to conduct a
deterministic, or non-random, search procedure. Tabu operates using memory structures
that find the best local solution and then move on to another neighborhood, or area of the
solution space, to search again. A list of all the best solutions found can be maintained
on a tabu tenure list for a number of iterations and returned to later for consideration.
Either adaptive or reactive memory types can be used in tabu, with the latter allowing
adjustments to be made as the algorithm learns about the solution space. Aspiration
criteria may be introduced as rules that override the tabu state of a solution, allowing it to
be included in a searchable set as a method for breaking out of, or escaping, local optima.
In the case of a natural resource problem, an absolute “best” solution may be hard to
identify, given multiple objectives, so as a practical matter a set of feasible, good
solutions to choose from represents a useful starting point for a policy maker.
GWDSS links a tabu search algorithm called MASTs (Ciarleglio and Barnes, in
prep) with the groundwater availability simulation model for the Barton Springs case
through an integrated modular system framework that loosely links database components
with Application Protocol Interfaces (APIs) for both the simulation model and the tabu
search algorithm. The design and development of MASTs is the doctoral research project
of Michael Ciarleglio. A description of the functional basis for the tabu search engine
will be presented upon completion of his research project (Ciarleglio and Barnes, in
prep.).
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ASSUMPTIONS AND STATE CONDITIONS USED FOR THE ALPHA GWDSS
The conceptual structure of the model was described in Chapter 5 of this
dissertation, including parameters and reported outputs from the alpha GWDSS; the goals
hierarchy; the conceptual model; and the influence diagram. To make the modeling
process feasible for the alpha version of GWDSS several simplifying assumptions were
used. The groundwater simulation is completed using the 1996 version of MODFLOW
(Harbaugh and McDonald, 1996) with the transient model files for the 2001 version of
the Barton Springs GAM, (Scanlon et al, 2001).
Initial recharge conditions are equivalent to original GAM model calibration
period from 1989-1998 (Scanlon et al., 2001) which are considered normal to wet
climatic conditions. Changes in recharge are represented as a reductive relationship
between impervious cover and effective recharge, as described in sub-process model 1
(Chapter 3, p. 55) of this dissertation.

Future implementations should consider the

addition of return flows from infrastructure, but for the sake of achieving a functional
first version the urban influences are limited to the surface influences of impervious
cover.
Changes in recharge inputs are calculated using spatial representations of land use
that are calculated as an average impervious cover across the entire recharge area of the
aquifer. Using this approach the range of values for a scaling factor, or recharge factor,
ranged from 0.89 to 5.11. These values are considered representative of impervious
cover averages for the period from 1989 to 1999, but their implementation is influenced
by another assumption which involves the convergence criteria for the groundwater
model.
Sensitivity analyses reported by Scanlon et al.(2001) for the original GAM
remained valid for increases in recharge up to +50 percent and -10 percent. In early tests
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of the GWDSS, model results were only achieved for recharge factors between 4.26 and
5.11, I believe that this is because the model sensitivity to values less than 4.26 results in
recharge beyond the limits of the model, therefore the simulation fails to converge.
Future verification studies should look more closely at this behavior.Pumping discharge
is calculated using extraction data for the aquifer as represented in the original GAM with
an upper limit on the sum of total pumping set to 0.538 m3/s (19 cfs) as used by the
District for long term planning.
The basic scenario dataset involves a 10-year planning horizon with 120 monthly
timesteps and the option of setting one management regime, such as adding new pumping
to a specific spatial zone, at the beginning of the modeled planning horizon. Changes to
the pumping decision variables are limited to a minimum reported to be valid in the
original model release by Scanlon et al. (2001) of 0.130 m3/s (4.59 cfs) and the maximum
value used by the District for planning of 0.538 m3/s (19 cfs) (Smith et al., 2006)
Iterative searches are completed for single objectives with multi-criteria
evaluation of alternatives completed in a post-GWDSS analysis using criteria defined
through stakeholder elicitation. Preference weighting of criterion by stakeholders has
been completed in parallel research by Marcel Dulay (Dulay, in preparation). Results
reported in this dissertation (Chapter 7) reflect ranking with equal weights given to each
measured attribute.
Alpha 1 and Alpha 2 versions of GWDSS from (from 15 March 2006 and 28 June
2006) are presented below, including the first outputs of linked simulation-optimization
capabilities from the decision support system. The model components are also discussed
below.
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DECISION VARIABLES
A decision variable is an element within the decision problem over which a
decision maker is able to exert control. The legislative framework for groundwater
management in the State of Texas is designed to enable local control through
groundwater conservation district (GCD) jurisdiction. It seeks a cooperative context with
communities by defining “desired future conditions” through stakeholder processes
(TWDB, in prep.) to guide policy development.

In Texas, proposed strategies for

managing groundwater include: redevelopment of well fields, desalination, construction
of new or replacement wells/well fields, supplemental wells to maintain current supplies,
pumping increase, conjunctive use, reallocation, aquifer storage and recovery, infiltration
dams to increase recharge, temporary overdrafts, long-distance transport (imports), and
nitrate removal plants (TWDB, in prep.).

Groundwater Conservation Districts have

authority over registering and permitting wells, maintaining drilling and well records,
regulating well spacing and production, permits for water transfers, buying and selling
water, aquifer storage and recovery projects, levying taxes and pumping fees, and,
generally, projects to conserve and protect the aquifer (Kaiser, 2005).
In the Barton Springs case, the District has jurisdiction over allocation policy.
Assessment efforts by the District include defining sustainable yield policies, identifying
target spring flow rates for habitat conservation of an endangered species of salamander,
and delineating pumping restrictions during times of drought.
Considering these control options, a total of 4 decision variables were created,
each in the form of a variable that influences the total quantity of pumping. These 4
variables modify the (1) rate and (2) location of pumping together with selecting drought
policy settings for pumping reductions during (3) alarm and (4) critical-stage drought
conditions. A general description of the process GWDSS implements for each decision
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variable is described below and the Java computer code used in Alpha 1 and Alpha 2
versions of GWDSS is included in Appendix C of this dissertation.

Decision variable 1 – Change in discharge rate [Qa(t)]
The overall rate of pumping is a critically important decision variable in a
groundwater allocation problem.

Therefore, the change in pumping, represented as

discharge rates in a given cell as a function of time [Qa(t)] (Chapter 2, Table 2-2, p. 39) is
available as a decision variable in the GWDSS.

The pumping change variable is

implemented as an overall addition or reduction to the allowed total pumping within the
system. One determined, [Qa(t)] acts as an upper limit to overall pumping in the system,
while still permitting GWDSS to assign a lower pumping value for any given scenario.
One way to modify the pumping change variable [Qa(t)] is for a user toI increase
or decrease pumping by spatial zones. The spatial zones are a simplified means of
applying this decision variable by grouping sections of the aquifer into 11 distinct zones
(see Figure 6-1). Pumping changes in the GAM are applied to individual cells, but the
results are reported as groups of cells, shown as pumping rates by zone. Alternately, tabu
search can determine the value of [Qa(t)], using the user defined value as an upper limit
and searching for optimized scenarios from with it. To implement this decision variable
GWDSS adds the pumping change in the initial timestep evenly across all active model
cells. As an alternate method, a user can elect to apply initial changes by zone as an
initial condition, and the reallocation decision variable [Qa(i,j)], as described in the next
section, can be used by the search algorithm to move the pumping spatially within the
model. Figure 6-2 shows the pumping settings for original GAM by spatial zone. Figure
6-3a shows a conceptual diagram for the application of the pumping change decision
variable. In Figure 6-3a, initial, or original pumping rates are shown by zone in blue.
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Pumping changes add new pumping, as shown in red, in equal increments among all
zones.

Decision variable 2 - Spatial reallocation of pumping [Qa(i,j)]
The GWDSS spatial reallocation decision variable, [Qa(i,j)], is implemented to
redistribute and assign pumping rates for individual cells in the active portions of the
groundwater simulation model. The final pumping distribution is reported using 11
spatial zoning categories (see Figure 6-1 for map of spatial zones). [Qa(i,j)] is a spatial
reallocation variable that can be assigned a range of pumping levels up to an upper limit
(U). A volume of water (listed in Chapter 2, Table 2-2, p. 39) is removed from the
pumping levels as part of the initial conditions for a given scenario and divided among
the active cells in equal increments. Figure 6-3b shows a conceptual diagram for the
application of the spatial reallocation decision variable. The variable may be assigned
manually by the user or the tabu search may determine the best reallocation of pumping
in user defined increments for each zone.
The original GAM includes a model grid with 7036 cells that represent an area of
46,451.5 m2 (500,000 ft2) each. In order to evaluate pumping within a context that makes
sense for management, 11 zones that roughly correspond to actual hydraulic conductivity
values in the groundwater model were assigned.

While pumping changes and

reallocation are applied to the original 7036 cell grid, the results are reported according to
which of the 11 zones. Figure 6-1 shows a plan view of the zones used for assigning
pumping levels to decision variables. As GWDSS generates alternatives, the levels of
pumping decision variables are reported by zone. Trend analysis may be conducted by
evaluating the relative probability that certain zones are preferable for redistributing
current and/or new pumping. The original extraction rate settings for the GAM are
shown in Figure 6-2.
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Decision variables 3 and 4 – Drought reduction in alarm [β] and critical [γ] stages
Two alternate decision variables are defined that influence the overall pumping
volume via drought stage reductions. The implementation of these decision variables
requires one additional groundwater simulation run per scenario to detect the drought
conditions in each time step throughout a stress period. A period of below-average
rainfall from 1950 to 1957 caused drought of record conditions. The GAM model ,
drought-like conditions are considered to be simulated monthly mean flow conditions at
or below minimum rates estimated for the Barton Springs segment at that time of
3.11*10-1 m3/s ( 11 cfs) (Smiith and Hunt, 2004). Table 6-3 lists the steps used in the
GWDSS drought determination sequence.
Pumping reductions for alarm and critical stage droughts are applied as a percent
reduction to the pumping rate for each monthly timestep. These decision variables reflect
the actual policy mechanism in use by the District in 2006, which applies conservation
measures of 20 percent for alarm stage reductions and 30 percent for critical stage to
pumping permittees. The use of these two decision variables is important relative to the
quantification of available yield because, if permittees accept higher drought reduction
levels, then the overall cap on total pumping for the region could potentially be increased
for non-drought periods.

IMPLEMENTED OBJECTIVES
Objectives were identified during stakeholder interviews and in the early problem
formulation stages of the research to address the goal of calculating available yield and
effective yield quantities.

Objectives directly related to effective yield were given

priority in the initial implementation. Of the fundamental objectives listed in Table 5-3
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(p.163), five have been successfully implemented as of the Alpha 2 version of GWDSS. A
general description of the process GWDSS invokes for each objective function is
described below. Appendix C of this dissertation lists the Java computer code used in
Alpha 1 and Alpha 2 versions of GWDSS.

Objective 1 – Maximize total pumping
The first objective function reflects the overarching science and policy goal of this
dissertation, which is to quantify the maximum water availability within an aquifer as a
rate of extraction. The objective function is represented as the sum of all pumping rates
throughout the entire 120 monthly timesteps for the modeled period. The formulas are:
p

Max∑ Qa (t )it −1

6.1

t =1

Such that:
p

∑ Q (t ) ≤ U
a

6.2

t =1

The functional use of the objective given in Equation 6.1 determines a maximum
pumping rate, [Qa(t)] which represents artificial discharge, or pumping, as a function of
time (Chapter 2, Table 2-2, p. 39), which reflects the goal of calculating available yield.
To assure that the model remains within validity ranges for the base numerical
simulation, a constraint that sets a global upper limit to pumping also has been
implemented. This secondary constraint has important implications for calculating a
maximum pumping rate, because ultimately the limits of the model take the over-riding
precedence. To assure that the modeled results are correct within the District’s expected
validity range for the model, the actual maximization problem is limited. The model
computes functional effective yields, alternatives with similar pumping performance, but
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different management rules allowing for a selection among management strategies to
achieve the best of all possible extraction rates.
The Alpha 2 implementation in GWDSS for this objective provides a relative
ranking of pumping rates throughout the 120 timesteps by summing an instance of
pumping rate over the 10-year stress period (p). The functional calculation of the total
pumping objective, or the level for each alternative, is set as the volume of water pumped
for the length of the stress period (10 years). To assure that a user may constrain overall
pumping to rates that are valid for a given simulation model this objective function is
subject to an upper limit (U) that may be any specified value, shown in Equation 6.2. In
other words, a user has the option of allowing tabu to find an overall pumping rate or may
limit the global rate to a valid range for a simulation model, as in the alpha version
presented here. The algorithm optimizes the volume pumped for a model period and
adjusts the maximum rate across pumping zones. Alternatives show the major variation
in overall pumping through conservation volumes which results from pairing the
pumping objective with drought policy decision variables.

Objective 2 – Maximize Average Storage
Aquifer performance within a regional context is important for understanding
whether or not the needs of a population can be met by the resource. Using the sum of
the average total storage in the aquifer provides a measure of the buffer capacity of the
aquifer for economic growth and community development. In other words, looking at the
overall storage for a given planning horizon across all active cell within the model
provides a measure of the total capacity of the aquifer to withstand pumping. The
maximum average storage is calculated using the product of saturated thickness and the
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area of each cell multiplied by a specific yield to calculate the volume of water stored in
the aquifer (See equation 6.3 and 6.4).
c

c

Max ∑∑ b * Ac * SY

6.3

i =1 j =1

Such that:
b = ( mij − nij ) − ( mij − hij )

6.4

The average total storage for the 10-year stress period (p) is calculated using an
average monthly saturated thickness for each cell (c) with spatial index (i,j) for the
modeled period. The storage volume is calculated as the product of average monthly
saturated thickness (b) with the area of each cell (Ac), which is 152.4 m (500 feet) by
304.8 m (1,000 feet) to represent anisotropy in the model across the 7036 cells (c) total,
and a specific yield (Sy) of 0.005 (Chapter 2, Table 2-2, p. 39). The value for b is
calculated as the absolute of the difference between the the land surface elevation (mij)
minus the bottom of the aquifer (nij) and the water table elevation (hij) and the elevation
of the bottom of the aquifer (nij) for a given cell. Specific yield accounts for the matrix
portion of the aquifer, which for the purposes of this implementation has been assumed to
behave as an unconfined system with a rigid and incompressible aquifer structure. The
specific yield value is assigned as a homogeneous scalar for all cells and timesteps for the
model.
This formulation treats the aquifer as an “unconfined” system, which is a
simplification of the Barton Springs segment, which actually is a mixed
confined/unconfined aquifer. Using the unconfined aquifer simplification here preserves
the relative magnitude of storage values across alternatives and allowed for a rapid
implementation for the Alpha 2 GWDSS. Future versions of GWDSS should either
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calculate storage using both confined and unconfined representations for cells or read the
output file directly from MODFLOW to report storage.

Objective 3 –Mminimize cells that fall below a saturate thickness target level
Aquifer performance is related to the saturated thickness for any given cell within
the model. The number of cells that fall below a saturated thickness target level acts as a
balancing objective for the average storage objective, because it represents the localized
effects of water table fluctuations.

The calculation adds the number of cells with

saturated thickness levels falling below a target value, in this case 30.48 m (100 feet).
The purpose is to evaluate a proxy indicator for the long-term and spatial components of
reliability for individual wells. This measure of aquifer performance is more localized,
and thus important to an individual, versus the storage calculation which represents a
broader and more regional representation of the system.

c

M in ∑
i =1

Such that

Qa(i,j) =

c

∑Q

ai, j

6.5

j =1

0 if b > 30.48 m
1 if b ≤ 30.48 m

6.6

Where
b = ( mij − nij ) − ( mij − hij )

6.7

In this instance the objective is stated as a minimization of the overall count, or
sum of the number of wells [Qa(i,j)], represented by cells (i,j) for the entire extent of the
7036 cell model grid, such that a target saturated thickness (b) minimum is met (Chapter
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2, Table 2-2, p. 39). Saturated thickness is calculated as the absolute value of the
difference between the land surface elevation (mij) minus the bottom of the aquifer (nij)
for a given cell and the water table elevation (hij) and the elevation of the bottom of the
aquifer (nij). This formulation accounts for the conditions where the elevation of the
water table is either above or below the land surface elevation in a given cell. The
current rule of thumb used by the District sets a minimum acceptable saturated thickness
level at greater than 30.48 m (100 feet) for the Barton Springs segment.

Objectives 4 and 5 – Maximize minimum spring flow
In the case of the Barton Springs segment, flow rates at the primary discharge
point are a focal point for economic and environmental performance indications. Two
objective functions maximizing spring flow rates are implemented to compare aquifer
behavior for this important metric. The underlying real-world goal is to represent cultural
value and species protection through maintenance of a minimum spring flow rates. The
objective functions either maximizes the minimum monthly spring flow occurrence (6.8)
or maximizes the average minimum flow for the entire 120 monthly timesteps. These
two objective functions are useful as criterion for comparing various management
alternatives.
Max  Min 1g Qn 

6.8

Max  Min 1g Q n 



6.9

This objective is implemented in two formats to find the maximum-minimum
springflow rate, where [Qn] represents natural discharge from the system (Chapter 2,
Table 2-2, p. 39), or maximin, under a given set of operating conditions. Equation 6.8
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shows the implementation that finds the minimum springflow event (or minimum
monthly spring flow rate in MODFLOW) that occurs throughout the entire 10-year stress
period (p), for 120 monthly time steps within the planning horizon (g). Equation 6.9
maximizes the overall average springflow rate [ Qn ] for the planning horizon (g).

GWDSS VERIFICATION AND TESTING
Verification tests of GWDSS use single factor comparisons to assess reproducibility of
the basic MODFLOW simulation model. Statistical multi-factorial experiments can be
used to develop “rules of thumb” for management strategies.

Optimized pumping

alternatives are generated using a combinatorial heuristic search engine for iterative
simulation-optimization.

System reliability testing for GWDSS
With preliminary functionality established, two simple tests were completed to
confirm that the GWDSS was functioning correctly. First, a baseline run was completed
using GWDSS. Results were compared to the original GAM model outputs. Results
demonstrated an indistinguishable match between springflow rates generated with the
original GAM files running MODFLOW via command line versus the GWDSS output
for the same input. These results were interpreted to indicate that the GWDSS was
running MODFLOW simulation models as expected.
A secondary test was conducted to confirm that linked simulation-optimization
components resulted in expected behavior and values for changes in the pumping variable
relative to springflow. This was addressed through a set of tabu-supported runs for each
of the 5 objective functions to evaluate the general behavior of the simulation model.
Figure 6-4 presents results for the second test which shows a comparison of spring flow
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versus pumping rates as generated through the linked simulation-optimization system
across the range of possible objective functions for 40 tabu-generated alternatives. This
test of the system confirms that GWDSS responds appropriately with expected increases
in pumping resulting in a concomitant decrease in spring flows. Objective values tend to
reflect levels that match the stated goal, showing that maximizing for pumping results in
high pumping levels with lower springflow rates and maximizing spring flow rates
presents alternatives with lower pumping and high flow rates. While these tests are
simple, they demonstrate that the GWDSS performs as expected.

Confirming Simulation-Optimization validity
In early versions of GWDSS (pre-15 March 2006) the spatial reallocation of
original pumping was implemented using a non-partitioned variable. The possible values
that a variable may take on can be divided into independent sets. If the range of values is
not partitioned or divided, into logical segments, then the search algorithm may select
one range of values preferentially over others. The earliest implementation of the tabu
search algorithm failed to incorporate a partitioned decision variable, so the search could
prefer allocating to low numbered zones over higher numbered zones. In the initial
version, the tabu search would attempt to relocate pumping beginning with the lowest
numbered zone and add or subtract pumping from additional zones in a sequential
numerical order (ie. pumping would be added to zone 1 first, then zone 2, . . . . ending
with zone 11). This led to a pre-disposition for lower numbered zones to receive a higher
volume of pumping providing results that reflected the behavior of the search algorithm
rather than the aquifer system. To prevent this bias in optimization of the dataset, a
partitioning strategy can be implemented; the next section presents a comparison between
partitioned and non-partitioned tests. Preliminary optimization runs were completed and
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evaluations of the spatial assignment of pumping rates revealed a tendency for increased
mean allocation in lower numbered zones by the combinatorial algorithm.
After partitioning, the tabu algorithm was re-implemented and re-tested. The
partition strategy implemented for the test sets an initial condition dividing all new
pumping additions equally among the zones in 2 percent increments. The partition
defines an adjacency relationship between zones limiting transfers among zones to occur
only with a zone that is defined as being connected to or adjacent to another zone.
Adjacency relationships in this case are set by the user. In this case relationships were
selected randomly to avoid skewing the results due to either spatial or sequential
relationships.

The GWDSSProblemLoader.java file presents the specific partition

relationships used for the alpha GWDSS simulation runs reported in this dissertation
(Appendix C)
Both versions of the partitioning test were completed with various objective
functions. GWDSS solved 100 iterative runs for the non-partitioned and partitioned
versions each.

In the future additional partition strategies may be implemented to

evaluate the influence on outcomes, or searches may be allowed longer runtimes to avoid
a bias due to the partition strategy.
Comparison of results for the non-partitioned,and partitioned variables
demonstrated a difference in the reallocation amongst zones. The zones with increased
mean allocation rates are 10, 4, and 1 for the partitioned results indicating a range of
allocations across zones. Figure 6-5 presents the distribution of pumping among zones
for both the non-partitioned (Figure 6-5A) and the partitioned variables (Figure 6-5B).
The non-partitioned version of GWDSS resulted in more frequent allocations to lower
numbered spatial zones. Partitioning resulted in a higher likelihood of allocation among
the zones, implying that the optimization runs select a pumping zone based on
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performance metrics rather than an underlying artifact of the code used to implement the
decision variable..
Results of the tests cannot be compared on a one-to-one basis because they were
conducted on two different versions of the GWDSS. A change in the allocation method
was made to prevent unlimited extraction from a model cell and enforce the continuity
condition. In effect the early version of GWDSS permitted the model to “create” influx
and prevent cells from going dry in the model.

It is possible to compare the relative

allocation patterns, .as the general spatial reallocation improved to include higher value
zones together with the lower numbered zones.

CONCLUSIONS
Using the scientific objective of calculating effective yield and expressed
stakeholder concerns, management strategies related to well performance, location, and
drought cutbacks on pumping can be evaluated for the Barton Springs test case with the
Alpha 1 and Alpha 2 versions of GWDSS.
The discussion presented in this chapter has two purposes; 1) to describe the
formulation and implementation of decision variables and objective functions and 2)
to.run basic functionality and verification tests for the alpha version of GWDSS that
demonstrate stability of the system and reproduce the original GAM results.

The

methods presented are geared to demonstrate the usability of an alpha version of the
GWDSS., Chapter 7 describes illustrative examples of applications by combining
statistical screening, optimization algorithms, and decision analysis for ranking GWDSS
simulated management alternatives.
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Table 6-1: Common Inputs and Outputs of Simulation, Simulation-Optimization, and
GWDSS models.

Model/System
Type
Simulation

SimulationOptimization

GW Decision
Support System

Input Values
Physical system parameters
(as shown in Table 2-2)
Initial conditions
Boundary conditions
Recharge rates/locations
Extraction rates/locations
Candidate decision variables
Pumping locations and/or
rates
Concentrations
Constraining bounds, targets,
limits
Objective function (equation)
Alternative objective
functions
Sub-process models
(optional – alternate science
methods)

Computed Values

Potentiometric surfaces
Flows (discharge points)

Optimal pumping, heads,
flows, concentrations

Objective function level
(value)
Values for all objective
functions
Tendencies among models
Automatically generated
scenarios (ranges of
management alternatives)
Detailed input files for
Simulation model (for each
scenario)
Multi-model comparisons
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Table 6-2: Comparison of GWDSS versions.

*15 March 2006
(Alpha 1)

*28 June 2006
(Alpha 2)

13 November
2006

Groundwater
simulation
capability
Input format

Basic MODFLOW

MODFLOW
(sub-process model 1)

MODFLOW &
Powersim

Simple input

Iterative input

Iterative input

Output format

No reporting
(manual)

Basic reporting
(xml)

Improved
reporting (>255)

Output variables

Basic metrics
(~15 factors)

Aquifer metrics
(~630)

Search interface

Standard searches

Model purpose

Used to confirm
functionality

Version

Mixed metrics
(land use &
aquifer)
Some search changes Same as 28June06
with code
Preliminary test case
results

*Results of modeling with this version presented in this dissertation
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Team driven
stakeholder work

Table 6-3: Steps for calculating a drought sequence in GWDSS.

Sequence
1
2
3
4
5
6
7
8

Description
GWDSS creates the scenario settings for a
simulation run,
A first pass simulation run is completed,
GWDSS identifies all monthly timesteps that meet
drought criteria,
Each timestep is assigned a drought condition, for
no drought, alarm stage, or critical stage,
GWDSS retrieves drought policy settings for a
scenario, from either manual user input or tabu
search generated levels,
The appropriate policy settings are applied as a
percent reduction in pumping computed for each
timestep,
A modified set of pumping input files are generated
The groundwater simulation model is run again with
the applied drought reduction decision variable
settings.
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Figure 6-1: Pumping zones used to assign reallocation [Qa(i,j)]and pumping rate [Qa(t)] decision variables.
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Figure 6-2: Initial pumping distribution for Barton Springs GAM as distributed within 11 zones.

A
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B

Figure 6-3: Conceptual implementation for pumping decision variable (A) pumping change and (B) spatial reallocation.
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Figure 6-4: Consistent model performance for spring flow and pumping in the Alpha 1 version of GWDSS.

Figure 6-5: Pumping distribution by zone (A) non-partitioned and (B) partitioned
decision variable.
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Chapter 7: Effective yield: Planning tools for evaluating allocation
strategies
ABSTRACT
Effective yield is the amount of water that can be extracted from an aquifer under
a given set of operating conditions while also meeting community defined performance
metrics (or consensus yield constraints) throughout a planning horizon. The calculation
of effective yields is generally completed manually generating a small set of alternatives
that consider hydrogeologic parameters; such calculations may fail to incorporate
community.
Using early versions of a groundwater decision support system (GWDSS) that
couples spatial simulation modeling with a combinatorial search technique, a set of
objective functions are evaluated to aid the determination of effective yield for the Barton
Springs segment of the Edwards aquifer.

Each objective was defined through a

stakeholder elicitation process that allows for a preliminary ranking of preferred
management alternatives.
Results for the Barton Springs test case demonstrate the influence of recharge on
the aquifer system and emphasize the value in quantifying scientific uncertainty for
recharge.Interactions between pumping in the southwestern sections of the aquifer and
spring discharge are shown to be significant factors in aquifer behavior. Preliminary
model results show that the karstic system is not expected to experience more frequent
drought conditions with increased pumping regimes. It is beyond the scope of this study
to determine whether this may be due to underlying assumptions and implementation of
the simulation model or a reflection of real aquifer conditions. An initial ranking, or
ordered listing, of a set of alternatives is generated using an objective hierarchy with
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stakeholder metrics for consideration in a dialogue process with community participants
and groundwater district personnel.

The ranking reflects the performance levels of

simulated aquifer outputs for comparing management strategies.

GWDSS MODERATED EXPERIMENTS: SINGLE FACTOR, MULTI-FACTOR, AND
COMBINATORIAL ITERATION RESULTS
The following sections provide a brief description of complementary techniques for
evaluating groundwater behavior to illustrate how the alpha GWDSS may be used.
Analyses examine the spatial effects of pumping, the influence of drought conservation
policies, and aquifer response to increased pumping rates. The techniques include: trend
analysis using one input factor and a modeled response; simultaneous consideration of
multiple (15) factors; responses with the use of statistical screening; and evaluation of
simulation-optimization results with combinatorial optimization for the aquifer.

Single factor analysis

Experiment 1 - Spring flow response to pumping
Experiment 1 looks at the response of spring flow to pumping using a partitioned
decision variable in 15 March 2006 GWDSS version (Alpha 1). Prior to the experiment,
I hypothesized that zonal allocations could be expected in the most distant (southernmost)
portions, of the aquifer because they are less likely to have an influence on springflow.
Simulation-optimization runs were generated using the Alpha 1 version of GWDSS for
all 5 objective functions discussed in Chapter 6 of this dissertation. The spatial relocation
of pumping was then evaluated for the 100 alternatives with the best spring flow
performance.
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Partitioned results reflect the following statistical distributions for spatial
reallocation, [Qa(i,j)]. Zones are listed in the order of descending pumping rates from left
to right.
GWDSS PARTITIONED RESULTS
Mean - 10,4,1,11,6,3,7,5,9,2,8
Median - all equivalent
Max - 4, 1, 2, 3, 6, 8,9,10,11,5,7
Min - 4,6,10,11,9,5,2,3,7,1,8

The mean pumping re-allocation showed increased allocation to Zones 10, 1, and
4, respectively. As shown in Figure 7-1, Zone 4 is directly adjacent to the primary outlet,
Barton Springs. The results directly contradict the hypothesized expectation for reallocation in zones most distant from the discharge point. Zone 1 fits with the most
distant point allocation hypothesis, because it is one of the southernmost zones. Zone 10,
also fits the most distant point allocation hypothesis because it is a portion of the aquifer
both distant from the spring and within the confined portion of the system. As little
pumping is currently registered within this zone, it is not surprising that tabu would select
the zone for increased pumping rates.
Reallocations to Zone 4 are in direct contradiction to the anticipated results. One
possible explanation for this preliminary result may be the extreme compartmentalization
of the system. The Barton Springs segment is characterized by a complex series of fault
blocks (Feiseler and Rauschuber, 2001) (see Figure 7-1). These fault blocks are
responsible for significant compartmentalization of the aquifer system, as reflected by the
specific yields of various pumping tests for wells installed in the aquifer. Gisser and
Sanchez (1983) noted that specific yield can be expected to act as a key indicator of
management related performance. In the case of Barton Springs, the highest reported
specific yields are located within Zone 4, as shown in Figure 7-2.
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At the same time, zone 4 is the secondary drain for the modeled system, reflecting
the existence of a second minor spring in the area, Cold Springs. Flow rates from the
second drain are not considered in the objective implementation as a constraining factor.
Modifying the constraint set for the spring flow objectives to maintain minimum flow for
the Zone 4 drain may have significant influence on the solution to the reallocation
problem. As this dissertation focused on implementing the overall system, the additional
constraint was not incorporated to the model results presented herein; it should be
incorporated for future studies of this system.
Zone 1 is located directly on a modeled representation for a major flow path, the
Manchaca flow route, and Zone 4 is located on the Cold Springs flow route (Hawert et
al.,2004; Fieseler and Rauschuber, 2001). The simulation reflects flow paths with
increased hydraulic conductivities within the adjacent zones. If similar results continue
to be reported after further tests and field verification, it may be that the compartmental
nature of this karstic aquifer provides some added protection for spring flow, against
increased pumping.

Experiment 2 - drought response to pumping
Experiment 2 uses single factor analysis to look at whether spatial reallocation
and pumping volumes drive the potentiometric surface within localized regions of an
aquifer. In aquifer systems with longer recharge return periods and low diffusivity (T/S),
it can be expected that drought conditions are a function of both climatic conditions and
pumping rates.

I hypothesized that the Barton Springs system, which has a high

diffusivity and short recharge return periods could be expected to exhibit resistance to
drought conditions.

As a karst aquifer, Barton Springs exhibits high hydraulic

conductivities resulting in rapid transport times through the aquifer (Scanlon et al., 2001).
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This means that aquifer response to pumping and relative rejuvenation after recharge
events is rapid. Propagation of drawdown throughout the aquifer is limited by the
compartmental nature of the hydrostratigraphy and the regional climate. This means that
seasonal rainfall can replenish storage throughout the system regularly. Therefore, at
current pumping rates and without a significant shift in climatic conditions, drought may
be induced quickly, but the relative duration of drought is more likely to be determined
by climate fluctuations than pumping.
A series of tests were completed for approximately 585 realizations generated by
GWDSS (15 March 2006) using all 5 objective function implementations (as described in
Chapter 6 of this dissertation) at pumping rates of 0.14m3/s (5.1 cfs) or near the original
GAM levels under average recharge conditions (using the transient recharge period from
1989-1998 as reported by Scanlon et. al, 2001). Results of relocating pumping show that
drought policy settings under average conditions and original model pumping rates do not
change the overall spring flow response for the aquifer significantly. Figure 7-3 presents
pumping volumes paired with the volume of water conserved through drought policy
settings and the relative spring flow response rates for each scenario from 1 to 585.
Figure 7-4 shows the related policy settings for alarm stage cutbacks by scenario. These
results indicate that recharge (the estimated rate of infiltration in relation to impervious
cover as described in Chapter 3.0) affects spring flow response more than conservation
policies.
Although simulated results from experiment 2 show that aquifer recharge is more
influential on response than pumping rates, there is significant uncertainty associated
with the recharge factor. Therefore, understanding the aquifer’s response to changes in
climatic conditions and urban influences on recharge are important for setting appropriate
drought policies for this aquifer. All of the analyses conclude that drought conditions are
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not induced when pumping is limited to values that are considered by the District using
the Barton Springs GAM for long-term planning (ie. a maximum of 0.538m3/s). The
results of this experiment also indicate that greater scientific certainty with regard to
recharge behavior (2.34 m3/s or 82.7 cfs for the GAM, as in Scanlon et al., 2001)
compared to a much smaller pumping rate of 0.14m3/s (5.1 cfs), affect simulation results.
A related aspect of this result is to note that the original GAM model considers a
total pumping rate of 1.44*10-1 m3/s (5.1cfs). Therefore a +50 percent pumping rate only
accounts for a 2.17*10-1 m3/s (7.65cfs), which is less than the 2004 actual reported rate of
3.06*10-1 m3/s (10.8cfs) (Smith and Hunt, 2004). This issue has been addressed by the
District through the creation of a recalibrated GAM that is being tested under higher rates
that could potentially indicate a greater influence of pumping on the occurrence and
duration of drought conditions. For the purposes of the case built for Barton Springs
within the alpha GWDSS, the original GAM was considered sufficient as a preliminary
test. It is advisable to include the modified GAM in future analyses.
To address specific trends and determine recommended actions, a more
systematic assessment of input factors and aquifer responses is needed.

Therefore,

preliminary statistical screening tests were conducted to evaluate the aquifer response to
management actions.

Multi-factor screening with non-iterative GWDSS
Evaluating the responses of output variables to changes in the overall input
settings can be useful in determining the basic behavior of an aquifer system.
Simultaneous changes in input settings result in multi-factor responses making it difficult
to determine the causal nature of aquifer responses. To provide a more robust approach
for scenario evaluation, the use of statistical screening and linearization of model
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responses over a set of model runs can be completed. A statistical design of experiments
(DoE) is a rigorous testing method that provides a standard procedure for analyzing a
range of responses and their interactions with input parameters. This improves on the
single factor analyses presented in experiments 1 and 2 because it is possible to identify
confounding relationships and non-linear interactions among inputs and responses.
Using a DoE approach results in a simplified version of the larger GWDSS,
providing a means of assessing management settings that result in improved aquifer
responses. The statistical screening can be used to identify general rules of thumb for
management and devise policy targets (or preferred responses). In addition, a DoE
screen can provide a preliminary understanding of system response to input factors that
can serve to delimit a search space for the tabu search algorithm to consider, this
approach could reduce search times.

Experiment 3a and 3b – Multi-factor responses to pumping
Experiments 3a and 3b revisit the question of spring flow response to the spatial
reallocation of pumping. A preliminary multi-factorial analysis was designed. Figure 75 shows the basic fifteen factor screening design used to identify interactions among
variables. A factor is an input variable that can either represent a decision variable, such
as pumping rate by zone, or a scenario condition or state of the system, such as
impervious cover levels.
The factors include pumping zones (X1 to X11) along with the influence of
changes in recharge due to impervious cover (from 5 to 25 percent as a decimal setting).
Other factors are recharge uncertainty (recharge factor settings for which the GAM
converges from 4.26 to 5.11) and possible policy settings for alarm and critical stage
drought conservation levels (as a percent reduction in pumping).
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Key responses include variables to assess water table levels, saturated thickness,
and spring flow rates. These responses were identified as attributes that are important to
stakeholder concerns and reflect the criteria with objective functions implemented in the
alpha GWDSS.
The design was created using the JMP statistical software program (SAS, 2006).
Simulation runs were created using the non-iterative interface (shown in Figure 7-6) of
Alpha 2 GWDSS (28 June 2006). Results of two versions of a 33-run simulation suite
were analyzed in the JMP package for minimum and average spring flow response to
spatial pumping variations. While JMP is external to the GWDSS, files were easily
transferred between the software packages through import and export capabilities. As
shown in Table 7-1, the design of experiments (DoE) procedure used the decision
variables related to pumping rate by zone (factor X1 to X11), impervious cover settings
between 5 percent and 25 percent, a recharge factor ranging between 4.26 and 5.11 (the
GAM model failed to converge for recharge factors below 4.26), and drought reduction
policies for alarm and critical stages that ranged from 0 percent conservation to 50
percent. Screening experiments were run in identical formats with the exception of the
overall pumping rates.
Experiment 3a considered increased pumping at rate between 0 and 6.51*10-3
m3/s (2.3*10-1 cfs or 20,000 cfd to remain within 1.5 times the original GAM validity
range as reported by Scanlon et. al, 2001). Experiment 3b used the same parameters, but
varied pumping from 0 to 0.538 m3/s (19cfs), which is the maximum range of pumping
used by the District for a 50-year planning horizon (ie. through the year 2060) and
approaches the estimated long-term recharge rate for the aquifer as reported by Brune and
Duffin (1983). Using results from Experiment 3b model runs, two least squares models
for aquifer response were developed to evaluate minimum spring flow and average spring
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flow. Responses for Experiment 3b are shown in Table 7-2. Rechargerate continues to
affect aquifer performance values more than pumping. This may be because climatic
conditions for the transient model are average (or wet) resulting in values that are
significantly larger than the pumping rates. Model response under drought conditions
may demonstrate much greater sensitivity to pumping.
The low pumping level screening experiment (3a) demonstrates a non-linear
relationship between pumping in zone 1 (X1) and zone 7 (X7) relative to spring flow.
Results indicate that minimum spring flow rates reach highest levels when pumping is
restricted to either zone 1 or zone 7, with reduced rates occurring when pumping is
allocated to both zones simultaneously.

This analysis indicates that zone 1 (X1)

influences minimum spring flow rates slightly more. Changes in zone (X7) are related to
average spring flow levels. These interactions are minimal at the lower pumping rates.
Therefore, higher pumping rates were used in experiment 3b to verify the interaction.
Figures 7-7, 7-8a and 7-8b show scaled estimates of factor interactions for both
the low pumping experiment (6.51*10-3 m3/s) and the high pumping experiment (0.538
m3/s). Scaled estimates present a normalized bar chart graph that shows the relative
influence a factor has on the overall response. In this case the response is modeled across
the 33 suite of simulation runs using a least squares fit for minimum spring flow. The
length of a bar indicates the importance of its influence. For both experiments spring
flow responses are dominated by the recharge factor and impervious cover influences, but
a slight influence of pumping is indicated at low pumping rates (experiment 3a) for zones
1 and 7 as previously described. Pumping influences become more notable at high
extraction rates for a larger number of zones (experiment 3b).
To evaluate the influence of pumping on both minimum spring flow and average
spring flow rates, the high pumping experiment 3b was completed. Table 7-2 shows the
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responses generated for all 33 simulation runs using the high pumping rate (0.538 m3/s or
~19cfs for the maximum rate). Figures 7-9 and 7-10 depict response relationships for
least-squares fitted models for maximizing minimum and average spring flow
respectively.
The rates of minimum spring flow response (experiment 3a) do exhibit sensitivity
to pumping across the various zones. In the case of the higher pumping rates, screening
results indicate that zones 5 and 10 (X5 and X10) may be best for locating new pumping
to protect minimum spring flows (shown in Figure 7-8b). Minimum spring flow rates are
most sensitive to pumping in Zones 1, 3, 4, and 11 (X1, X3, X4, and X11) with model
indications showing that lower pumping rates in these zones is preferable. Non-intuitive
relationships are demonstrated between pumping in Zones 8 and 2 (X8 and X2) with
increased pumping shown to have a positive influence on spring flow rates. In fact, the
model shows spring flow increasing with increased pumping in these zones. It is beyond
the scope of this dissertation to explain this.

It may represent an artifact of the

simulation model construction or true aquifer behavior; further investigation of this
interaction is needed to determine its causal nature.
Average spring flow rates generally respond to pumping as minimum rates. Key
differences in the average flow response shows that preferred pumping zones are Zones 6
and 7 (X6 and X7), with the addition of sensitivity to Zone 9 (X9) along with zones 1,3,4,
and 11. Non-intuitive responses, or increasing spring flow with increasing pumping,
occurs in Zones 2, 8, and 10 (X2, X8, and X10); this merits further investigation.
For both minimum and average spring flow rates, the policy decision regarding
alarm stage drought cutbacks tends to be far more influential than the critical stage
policy. In addition, results indicate an important relationship between drought cutback
policies and pumping rates in Zone 1, for both minimum and average spring flow
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response. This relationship shows a confounding influence between the two factors,
when both alarm and critical stage policies are set to their minimum values spring flow
response increases with increased pumping in Zone 1. This is another non-intuitive
response that merits further investigation and consideration by policy-makers.

Combinatorial optimization: Iterative search with GWDSS using a tabu search
algorithm
The final evaluation using the Alpha 2 version of GWDSS includes a series of
tabu searches conducted for maximizing total pumping with the goal of developing a
preliminary range of effective yield values for the Barton Springs segment. Experiment 4
combines historical data and simulated scenarios to evaluate effective yield for the Barton
Springs segment. Criterion for total aquifer storage, pumping, minimum spring flow,
average spring flow and recharge were used to plot positions on the available yield
continuum for Barton Springs. Figure 7-11 presents the GWDSS GUI for setting up
iterative searches that use the tabu search engine.

Results generated from various

iterative runs are shown on an available yield plot for comparison in Figure 7-12.
Key points on the plot (Figure 7-12) include drought of record conditions, the
baseline transient GAM model results, GAM performance under drought of record
conditions as reported by Scanlon et al. in 2001 (TGAM), and GWDSS alternatives for
low 0.185 m3/s (2.5 cfs) to high 0.538 m3/s (19 cfs) pumping conditions. Estimated
levels for the permissive sustained yield, 0.27 m3/s (~9.54 cfs), and safe yield, 15.65 m3/s
(~ 4.43cfs) (Brune and Duffin, 1983; Smith and Hunt, 2004) are used for relative
comparison amongst scenarios.
Scenarios plotted in the available yield diagram in Figure 7-12 present a range of
simulation runs under various pumping rates (low DOE7.6cfs and high DOE19cfs) with
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average recharge conditions, as well as high pumping rates and drought conditions
(TGAM). Drought of record conditions are plotted (1956) on the figure for comparison,
along with safe yield estimates using the modified Hill method presented in this
dissertation (average mHill). Evaluating the results along the continuum plot, the range
of current pumping rates presented in the GAM model are below the expected permissive
sustained yield values during average flow conditions. In fact, extreme pumping that
uses pumping rates projected for the year 2060 (Smith and Hunt, 2003) are below an
expected safe yield value as determined Brune and Duffin (1983) and reported by various
authors (Smith and Hunt, 2004; Scanlon et al., 2001; Slade, 1985). Extreme pumping
rates during the drought of record conditions (as reported by Scanlon et al., 2001) also
remain below the safe yield estimates; (this pumping rate was probably selected based
upon the long term recharge value). Figure 7-12 illustrates how current pumping for the
Barton Springs segment is within the context of permissive sustained yield, rather than
safe or mining yield; this situation fits well with the community values expressed in
stakeholder interviews.

MANAGEMENT ALTERNATIVES: RANKING GWDSS GENERATED RESULTS
Multiple criteria developed through stakeholder interviews can be used to
compare the relative performance of a set alternatives generated by Alpha 2 version of
GWDSS. Ranked bar charts, with both stacked and single values, show the levels of
performance across criteria. Outputs from the GWDSS can be used to aid dialogues
regarding management options in a stakeholder event. Bar charts and rankings were
generated using a normalized linear scale for each set of metrics, then sorted in ascending
order by the level of one objective, either maximum pumping, maximin spring flow, or
maximin average spring flow.
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Figures 7-13 and 7-14 show results of a comparison completed with 63 top
performing alternatives.

The highest performing alternatives, when using a multi-

criterion ranking as shown in Figure 7-13, do not include pumping reductions during
drought. Alternatives 4, 24, 29, and 31 are the highest ranked alternatives using the set of
metrics identified by stakeholders in Chapter 5, Figure 5-3, p 167.
For the best performing scenarios the decision variables related to zonal pumping
do not show any consistent pattern. Each of these scenarios has no implemented alarm
stage cutbacks. Two scenarios implement extreme cutbacks (50 percent) at critical-stage
drought conditions. Evaluating the same set of alternatives with single metrics, as shown
in Figure 7-14, shows that increased pumping and higher spring flow rates are not
mutually exclusive. At this time no definitive pattern in the management and policy
settings can be discerned among the high ranking alternatives. Completing the ranking
exercise does demonstrate that the sequence of methods presented in this research,
provides one means of developing a set of groundwater management scenarios that can
be ranked and compared for the consideration of available yield policies.

DISCUSSION AND CONCLUSIONS FOR MODELING RESULTS
GWDSS enables the use of physical system process models to calculate ranges of
effective yields for an aquifer. Statistical hypothesis experiments provide a means of
evaluating the management settings used to attain the best set of yields. A combinatorial
search algorithm generates a broad set of management alternatives for consideration. The
use of GWDSS provides an additional set of methodologies to augment traditional
groundwater modeling and budgeting techniques.
Using single factor analysis of pumping reallocation and springflow presented in
experiment 2, no significant relationship between the two factors could be demonstrated.
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By using GWDSS to generate a suite of alternatives for statistical screening, or DoE
analysis, such as those presented in experiments 3a and 3b interactions between spring
flow and pumping in zones are revealed.
The results of the DoE demonstrate that a multi-factorial analysis provides added
insight into the decision problem of available yield and merits further evaluation. The
existence of pumping interactions with spring flow in the southern most sections of the
aquifer should be considered in the available yield management planning process.
The GWDSS combinatorial search feature allows a user to plot alternatives on an
available yield diagram and evaluate pumping and growth scenarios for future conditions.
Such methods can be helpful in planning for extreme drought, so that managers and
stakeholders can visualize where various management alternatives would reside within
the broader available yield continuum.

The decision support system provides an

operational setting that can be used to implement a preferred alternative as the effective
yield for the aquifer.
These results demonstrate the complexity of the decision problem. Behavior of
the aquifer is non-linear and difficult to predict when considering multiple factors.
Further evaluation and combinatorial searches may provide added insight into preferred
settings. The results presented here are valuable for discussion purposes and can aid
stakeholders in evaluating their personal preferences. Continued analysis is warranted in
follow-on research.
By combining quantitative modeling methods within the context of real-world concerns a
decision support system, such as GWDSS, may provide added flexibility for conducting
and reporting experimental comparisons among scientific methods, policies, and
realizations of the groundwater problem under examination. The results can be used to
evaluate and perturb model factors in order to measure the effects of decisions before
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they actually occur.

One important caveat with regard to the specific modeled

alternatives is that these results indicate a relative system response rather than a
predictive output. GWDSS results are a representation of the general direction and
expected response of the aquifer system to different stress settings, there remains
uncertainty with regard to the absolute behavior of the aquifer, so results should be
considered in proper context. Insight gained from the Barton Springs case analysis using
GWDSS includes identification of the relative sensitivity to modeled factors, recognition
of possible interactions between spring flow response and pumping interactions, and a
first approximation of effective yield for this aquifer under average recharge conditions.
Model verification tests demonstrate that single factor relationships can provide
an early stage indication of aquifer behavior, but they are of limited value for use in the
design of a management strategy. Low degree multi-factorial designs help characterize
aquifer performance, but fall short in the actual quantification of effective yields due to
the required linearization of model responses. Considering the often non-linear behavior
of aquifer systems, influences of heterogeneity, and other uncertain factors, results of
linearized statistical screening may be best used for developing general management
guidelines. To attain a deterministic result for effective yield, the use of a combinatorial
search engine with a vetted distributed aquifer model, such as that completed with the
tabu-enabled GWDSS, provides an innovative means of calculating effective yields.
Combining the GWDSS modeling platform with the analysis methodologies of statistical
screening and combinatorial search allows a user to develop and evaluate management
options systematically.
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INDICATIONS FOR MANAGING THE BARTON SPRINGS SEGMENT FROM GWDSS
ANALYSIS
Having completed an initial analysis of the Barton Springs segment using the
GWDSS system, some preliminary conclusions may be drawn.
Stakeholder concerns can be successfully represented using the GAMr model.
Several possible improvements would be the inclusion of water quality and economic
functions. In most cases, protection of the salamander provides the legal mechanism for
preserving spring flow within the aquifer system, even if species protection does not
reflect real-world stakeholder concerns.
The spatial allocation of pumping, even at low rates, does influence overall spring
flow behavior. Because spring flow response appears to be indifferent to pumping in
Zones 10, 6, and 7, further testing may show that management policies to preserve flows
may benefit by encouraging pumping in those areas. At the same time, the non-intuitive
results of screening analyses demonstrate the importance of further evaluation of the
Barton Springs system using a GWDSS approach prior to implementing policy based on
the illustrative results presented in this dissertation. Initial indications show that more
aggressive (ie. higher pumping reduction policies) for alarm stage drought policies tend
to increase the available yield during times of reduced recharge by increasing the overall
spring flow rates for the aquifer. A reliable value for pumping policies cannot be attained
without improved understanding the recharge processes for this aquifer.

Therefore,

research on the topic of recharge is critical for sound management.
Discussions with stakeholders with regard to management within the aquifer
should be placed within the context of a permissive sustained yield rate, rather than a safe
yield policy. In some cases, stakeholder groups do not recognize that the pumping
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policies for this aquifer are on the conservative end of an overall available yield
continuum.
Pumping reallocation results support consideration of a mitigation strategy for
salamander protection under acute drought conditions that includes response pumping in
zone 4 of the aquifer. Optimization reallocation tests and specific capacities for actual
wells in zone 4 show compartmentalized behavior of the aquifer system favoring
localized drawdown with little influence on flows at Barton Springs. These results do not
address possible impacts to Cold Springs.

Regardless, these preliminary results

demonstrate that consideration of a localized pump and recirculation policy for extreme
conditions

merits

evaluation.

This

approach

may take

advantage

of

the

compartmentalization of the aquifer system, staving off any acute impacts to the
salamander population.

The results may not provide a satisfactory long-term

management option alone because of the high operational and maintenance costs
associated with maintaining the mitigation pumping over a long period of time.
These results should be viewed as a first approximation of aquifer behavior,
indicating possible tendencies within the system.

These results provide a proof of

concept for the sequence of methods and tools combined throughout this research and
merit more in depth application. In broad terms, the GWDSS affords a software platform
and a new suite of methodologies that can be implemented and repeated for analysis of
aquifer systems.
This chapter presents a sequence of analyses that range from simple, single factor
comparisons, a preliminary multi-factor screening of responses, to a final quantification
of aquifer yield as generated by the alpha version of GWDSS. Results support the
conclusion that multi-factorial analysis can aid decision makers by providing first
approximations

about

behavior

to

define
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rules

to

govern

the

design

of

pumping/management regimes. The actual quantification of credible yields are best
generated using the tabu search to identify a set of alternatives that maintain any nonlinear behavior of the system by preserving the core deterministic, physical model
simulations.
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1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.05
0.05
0.05
0.05
0.05
0.05

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

0
0
0
0
0
0
0
0
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0
0
0
0
0
0

2

0
0
0
0
0.05
0.05
0.05
0.05
0
0
0
0
0.05
0.05
0.05
0.05
0
0
0
0
0.05
0.05

3

0
0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0
0

4

0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05

5

7

0
0.05
0.05
0
0.05
0
0
0.05
0
0.05
0.05
0
0.05
0
0
0.05
0
0.05
0.05
0
0.05
0

Zones
6
(m3/s)
0
0.05
0.05
0
0.05
0
0
0.05
0.05
0
0
0.05
0
0.05
0.05
0
0.05
0
0
0.05
0
0.05
0
0.05
0.05
0
0
0.05
0.05
0
0.05
0
0
0.05
0.05
0
0
0.05
0
0.05
0.05
0
0
0.05

8
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0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0
0.05
0
0
0.05
0.05
0

9

0
0.05
0
0.05
0.05
0
0.05
0
0.05
0
0.05
0
0
0.05
0
0.05
0
0.05
0
0.05
0.05
0

10

0
0.05
0
0.05
0.05
0
0.05
0
0
0.05
0
0.05
0.05
0
0.05
0
0.05
0
0.05
0
0
0.05

11

Recharge
Factor
(-)
4.26
5.11
4.26
5.11
4.26
5.11
4.26
5.11
5.11
4.26
5.11
4.26
5.11
4.26
5.11
4.26
5.11
4.26
5.11
4.26
5.11
4.26

Impervious
Cover
(-)
0.05
0.05
0.25
0.25
0.25
0.25
0.05
0.05
0.25
0.25
0.05
0.05
0.05
0.05
0.25
0.25
0.05
0.05
0.25
0.25
0.25
0.25

Alarm
Stage
(-)
0
0
0.5
0.5
0.5
0.5
0
0
0
0
0.5
0.5
0.5
0.5
0
0
0.5
0.5
0
0
0
0

Critical
Stage
(-)
0
0
0.5
0.5
0
0
0.5
0.5
0.5
0.5
0
0
0.5
0.5
0
0
0.5
0.5
0
0
0.5
0.5

Table 7-1: Fractional factorial setup for designed experiment for 15 factor model analysis at a maximum pumping rate of 0.538
m3/s (19cfs).

1

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.02

ID

23
24
25
26
27
28
29
30
31
32
33

0
0
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.02

2

0.05
0.05
0
0
0
0
0.05
0.05
0.05
0.05
0.02

3

0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.05
0.02

4

0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0.02

5

7

0
0.05
0
0.05
0.05
0
0.05
0
0
0.05
0.02

Zones
6
(m3/s)
0.05
0
0
0.05
0.05
0
0.05
0
0
0.05
0.02
0.05
0
0.05
0
0
0.05
0.05
0
0
0.05
0.02

8
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0
0.05
0.05
0
0
0.05
0.05
0
0
0.05
0.02

9

0.05
0
0.05
0
0.05
0
0
0.05
0
0.05
0.02

10

0
0.05
0.05
0
0.05
0
0
0.05
0
0.05
0.02

11

Recharge
Factor
(-)
5.11
4.26
4.26
5.11
4.26
5.11
4.26
5.11
4.26
5.11
4.685

Impervious
Cover
(-)
0.05
0.05
0.25
0.25
0.05
0.05
0.05
0.05
0.25
0.25
0.15

Alarm
Stage
(-)
0.5
0.5
0.5
0.5
0
0
0
0
0.5
0.5
0.25

Critical
Stage
(-)
0
0
0
0
0.5
0.5
0
0
0.5
0.5
0.25

Scenario

18

24

24

25

24

26

24

24

24

24

25

24

24

24

24

24

26

24

Basic GAM

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

(2)

# dry
wells
(1)
(-)

-2.30E-06

-8.19E-07

-8.19E-07

-2.64E-06

-2.14E-06

-2.45E-06

-2.21E-06

-1.08E-06

-2.25E-06

-2.14E-06

-1.29E-06

-1.56E-06

-7.22359E-07

-1.56535E-06

-1.64825E-06

-2.31995E-06

-1.81568E-06

-1.95538E-06

Avg. Head
Change
(meters)

3.22E+10

2.85E+10

2.85E+10

3.11E+10

3.18E+10

3.09E+10

3.22E+10

2.90E+10

3.23E+10

3.23E+10

3.04E+10

3.08E+10

29235370168

30839506013

29689979819

31608542927

31592732716

30025280526

Average Total
Storage
3
(m )
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-1.832142996

-1.009687253

-1.009687253

-1.491837186

-1.803743099

-1.474794544

-1.798503006

-1.142948608

-1.820605666

-1.772996997

-1.400045657

-1.471634418

-1.210980496

-1.459014764

-1.254213431

-1.683880138

-1.671369837

-1.721331556

Average
Springflow
3
(m /s)

-1.355239084

-0.771534929

-0.771534929

-1.216728232

-1.351162452

-1.208183479

-1.330590922

-0.944823334

-1.320252513

-1.287790546

-1.055899307

-1.209958043

-0.904867605

-1.197968219

-1.007041174

-1.208226577

-1.294024383

-1.345482119

Minimum
Springflow
3
(m /s)

3.51E+05

3.14E+05

3.14E+05

3.44E+05

3.47E+05

3.44E+05

3.53E+05

3.25E+05

3.50E+05

3.50E+05

3.32E+05

3.42E+05

318435.8244

342389.5582

328951.2162

343418.283

346511.9448

325746.2058

Minimum Total
Storage
3
(m /s)

0

84

26

16

0

16

0

79

24

0

16

24

81

23

79

0

15

0

Alarm
Drought
Month
Count
(-)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Critical
Drought
Month
Count
(-)

Table 7-2: Design of experiment response table for 15 factor model analysis using maximum of 0.538 m3/s (19 cfs) pumping.

24

24

25

24

26

24

24

26

24

24

24

24

24

25

24

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

-1.77E-06

-1.70E-06

-1.88E-06

-1.93E-06

-2.32E-06

-1.80E-06

-1.48E-06

-2.53128E-06

-2.46643E-06

-2.28E-06

-1.07E-06

-1.85E-06

-1.56E-06

-1.46E-06

-2.52E-06

(meters)

Avg. Head
Change

3.01E+10

2.96E+10

3.17E+10

3.01E+10

3.20E+10

3.02E+10

3.05E+10

30709667641

30637066671

3.20E+10

2.89E+10

3.02E+10

2.91E+10

3.02E+10

3.07E+10

3

(m )

Average Total
Storage

-1.362810919

-1.278939272

-1.740946633

-1.370718543

-1.733548636

-1.367357194

-1.457745988

-1.526669543

-1.480157212

-1.764218393

-1.129560055

-1.374969224

-1.054618021

-1.373156663

-1.521094441

3

(m /s)

Average
Springflow

-1.073664947

-1.044673697

-1.294771801

-1.046168943

-1.257268491

-1.035551461

-1.199527867

-1.230506714

-1.209772131

-1.331246735

-0.942457439

-1.069734242

-0.810910471

-1.059490141

-1.236890657

3

(m /s)

Minimum
Springflow

3.32E+05

3.28E+05

3.45E+05

3.27E+05

3.49E+05

3.29E+05

3.39E+05

340661.7837

340125.8271

3.51E+05

3.22E+05

3.28E+05

3.22E+05

3.28E+05

3.41E+05

3

(m /s)

30

75

0

16

0

16

24

84

16

0

81

24

80

24

16

(-)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

(-)

Critical
Drought
Month
Count
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33
24
-1.59E-06
3.05E+10
-1.445846205
-1.146568112
3.36E+05
16
0
Note:
(1) Units are shown in format needed for GAM model (a listing of conversion factors is shown in the Appendices of this dissertation).
(2) Basic GAM is the unmodified transient groundwater model (Scanlon et.al., 2001) included for comparison only. This alternative was not
included in the statistical model.

(-)

Scenario

(1)

# dry
wells

Alarm
Drought
Minimum
Month
Total Storage Count

Source: (Austin, 2005; Smith et al., 2006)
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Figure 7-1: Geologic map for the Barton Springs segment depicts heterogeneous recharge zone lithologies (per TWDB).

Source: (modified from Smith and Hunt, 2004).
230

Specific capacity
registered in Zone 4

Figure 7-2: Specific capacities in the Barton Springs segment, highlighted area shows measurements in vicinity of Cold
Springs, or Zone 4.

231

Scenario

Figure 7-3: Influence of drought conservation policies and pumping on spring flow for 585 alternatives pumping at 0.145 m3/s
(5.1 cfs).

232

Figure 7-4: Drought pumping policies for 585 alternatives run using the alarm stage count is most influenced by the recharge
factor.

Figure 7-5: Design of Experiment 15 factor setup for fractional factorial evaluation of
spring flow response
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Figure 7-6: Non-iterative interface for GWDSS showing pumping change GUI.

Figure 7-7: Experiment 3a, low pumping, inter-relationship between modeled factors.

Least squares fit for minimum spring flow response
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Figure 7-8: Experiment 3b , high pumping, inter-relationship between modeled factors.

(A) Least squares fit for minimum spring flow response

(B) Least squares fit for average spring flow response
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Note: Units are those used by MODFLOW and GWDSS - spring flow (ft3), pumping zones (ft3/d), recharge factor (-), impervious cover,
alarm, and critical stage (% as decimal)
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Figure 7-9: Minimum spring flow: Experiment 3b fitted prediction profile for response to a 0.538 m3/s pumping rate.
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Note: Units are those used by MODFLOW and GWDSS - spring flow (ft3), pumping zones (ft3/d), recharge factor (-), impervious cover,
alarm, and critical stage (% as decimal)
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Figure 7-10: Average spring flow: Experiment 3b fitted prediction profile response to a 0.538 m3/s pumping rate.

.4

Figure 7-11: GWDSS search setup for iterative effective yield optimization analysis.
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Figure 7-12: Range of modeled and historic effective yields for the Barton Springs segment with GWDSS generated results.

Figure 7-13: Multi-criteria ranking of 63 alternatives using normalized metrics.
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Figure 7-14: Side-by-side comparison of 63 alternative ranks for individual criteria; pumping, minimum spring flow, and
average spring flow.
Average Spring Flow
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Chapter 8: Conclusions
Groundwater allocation involves complex concerns of both a non-scientific and
scientific nature, which are explicitly represented by consensus and effective yield,
respectively. Water resource conflicts arise in society when quantities of a shared water
resource do not meet the expectations of water users, when one use affects another user’s
interests, or the flow requirements for non-consumptive uses and services cannot be met.
Conflict can occur if users presume control over the water they can pump if they use an
allocation to meet their individual social-economic needs without, necessarily,
considering potentially adverse consequences to others.
To define an aquifer’s overall available yield, hydrogeologists turn to the
literature on safe and sustainable yield. The concept of sustainable yield has been present
in the hydrologic literature since the mid-1950’s, with even earlier descriptions of safe
yield appearing in 1915 (Lee, 1915). The definition typically contains caveats for not
exceeding annual average recharge, achieving extraction rates that are economically
feasible, not violating previously existing legal limitations, avoiding water quality
degradation, and meeting the needs for ecosystem flows. In spite of the long-lived
existence of the concept, implementation of allocation rates that adequately consider all
the diverse aspects of the term remains an elusive goal.

At present, groundwater

researchers and management practitioners turn to simulation modeling and optimization
techniques to quantify a managed yield for a specific aquifer, but these methods are often
narrowly focused and tend to limit the consideration of community defined constraints, if
they are addressed at all.
The methods presented in this dissertation provide examples that could be refined
to develop a suite of tools for application to real-world groundwater management
problems. While these methods show promise as techniques to support management
analyses, further testing and careful design of experiments should be developed prior to
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making policy recommendations based on model results for the Barton Springs segment
of the Edwards aquifer or other aquifers.

CHALLENGES TO CONDUCTING MULTI-DISCIPLINARY RESEARCH IN WATER
RESOURCES

It is not easy to conduct multi-disciplinary research on real resource allocation
problems. Integrating science with an application that occurs simultaneously requires the
development of new frameworks and techniques that can be created or modified at any
phase of research (Kates et al., 2002). Significant amounts of energy, time, and funding
must be dedicated toward maintaining communication among team members, with
clients, and administering a project. Appendix D includes a brief description of
collaborative work completed for this dissertation. Time spent on management and
communication reduces time for individual reflection, data analysis, and research (true of
both multi-disciplinary work and human subject research). Research conducted with
active human participants presents added pressure on research outcomes. There is a real
risk of public failure should research findings be inconclusive or go against the intent of
the persons involved. The overall research effort must be conducted within the context of
the decision problem with the researcher being considered part of the research problem
(Herda, 1999).

FUTURE PROSPECTS FOR DECISION SUPPORT IN GROUNDWATER SCIENCES
While the idea of interactive, knowledge-based decision support for groundwater
allocation is straightforward, the combination of technical challenges, multi-disciplinary
complexity, and model uncertainty make the probability for successful implementation
indeterminate. Early attempts in urban planning from the 1960’s and early 1970’s were
similar in vision to the current attempts at decision support for natural resources, but
sometimes collapsed due to implementation challenges or failure to meet user
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expectations for results (Power, 2003). In 1981, J.W. Lloyd noted in his textbook on
groundwater resource allocation (p.1),
“As a result of the varied requirements of the differing groundwater
resources environments around the world the scientific breadth of
hydrogeological studies has widened enormously.” The subject has
benefited greatly from allied disciplines . . . Unfortunately, in groundwater
resource assessments . . . there is still a real reluctance or lack of
awareness of the need to incorporate a multidisciplinary approach into
plans of operation. . . Much of the difficulty in the development of
multidisciplinary hydrogeological approaches is the inbred result of
specialized education which is probably unavoidable, and indeed probably
essential in purely scientific terms. . . but cross discipline education is
equally important.”

Today, decision support is experiencing a revival, particularly in land use
planning and other physical science disciplines. Whether or not the field begins to take
form in groundwater sciences will depend in large measure upon the ability of the
theoretical techniques to live up to conceptual expectations of users and the ability of
researchers to link theoretical advances to practice.
Decision support in the groundwater sciences may do well to follow the
movement toward multi-model assessment appearing in the literature related to physical
hydrogeologic system modeling (Poeter and Anderson, 2005) paired with the integrated
modeling approaches that are becoming more prevalent in environmental systems
modeling (Jakeman and Letcher, 2003; Rotmans and Van Asselt, 2001). In the short
term, the path to critical success will include overcoming some of the following
obstacles:
•

the issue of uncertainty and prediction confidence when using
groundwater models;

•

difficulty in integrating groundwater models with sophisticated search
algorithms to rapidly identify plausible scenarios/realizations;

•

computational barriers to efficient numerical modeling;
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•

a need for mathematically sound approaches to the non-linearity and
spatial heterogeneity of real-world decision problems; and

•

embracing hybridized approaches to problems that include both qualitative
and quantitative approaches simultaneously.

The test case and methods presented in this document provide a base for further
investigation. Future research on the case of Barton Springs could use the GWDSS as a
platform to analyze the spatial zoning of hydraulic conductivities for the groundwater
model, such as parameterization studies.

Modifying the decision variable for

hydrogeologic parameters could be used on any MODFLOW model. In the case of the
Barton Springs segment, GWDSS could be used to generate drought specific versions of
the karst aquifer model versus average flow conditions.
Barton Springs stakeholder preferences should be added to the assessment and
ranking procedures using a multi-criteria and/or multi-objective framework. Uncertainty
in the modeled outcomes should be further investigated with quantitative statistical
screening analyses, such as those recently completed for the Yucca Mountain site
(Tiedeman and Hill, 2006). Research on influences of urban processes on both the
quantity and quality of recharge could improve the ability to make policy relevant
analyses.
Decision support research on groundwater management should include
investigations of other aquifers, particularly those systems that fall within the Texas
groundwater availability program. The GWDSS has been custom built and meets the
needs of groundwater management using a GAM model, per standards in the State of
Texas.Evaluation of possible aquifer metrics, methods for defining and identifying useful
metrics would aid in creating a set of decision-relevant measures for aquifer
management. Comparisons of multiple model behavior for the same system, in the case
of the Barton Springs segment an evaluation of various recharge interpretations for the
system may provide a more robust interpretation of management alternatives. Scaling the
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GWDSS up to apply to larger management problems, such as multiple aquifers or
multiple policy jurisdictions, could be conducted. An opportunity to do so is provided by
the Groundwater Management Areas in the State of Texas. The GWDSS could be linked
with other metaheuristic searches, such as genetic algorithms and simulated annealing.
These approaches could provide a means for comparing the management alternatives
generated using different global optimization algorithms.
This research has been an application-based project that seeks to support
groundwater management planning. This research has refined a method for calculating
available yield that is inclusive of stakeholders. It and provides a computerized software
application to aid the generation and evaluation of management alternatives.
Understanding human-induced change and the influences on natural systems is an
important challenge for the natural sciences. In the case of groundwater, evaluating the
interplay between nature and man is critical to understanding aquifer behavior within the
context of sound policy-making.
The GWDSS addresses the issue of groundwater sustainability by merging
existing spatially-variant hydrogeological, urbanization, and GIS models into a
framework that includes social parameters.

This approach can provide support for

management decisions through a vetted scientific groundwater model and the direct
integration of community concerns with allocation policy. Groundwater availability and
operational limitations on pumping are also addressed in this research for the Barton
Springs test case.

With GWDSS, community concerns may be used to evaluate

simulation runs of numerical groundwater models to determine feasible extraction
policies and optimal pumping.

Using social preference inputs together with the

representative hydrogeologic model can provide additional insight to stakeholders and
groundwater conservation district representatives allowing for improved scenario testing.
GWDSS provides groundwater conservation districts, responsible for setting permit
limits for extraction, with a mechanism for including community concerns within their
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policy development procedures in a manner consistent with the legal framework
governing groundwater planning in Texas.
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Appendix A: Acronyms, unit conversions, notation, definitions
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ACRONYMS
District: Barton Springs / Edwards Aquifer Conservation District
API: Application Programming Interface
CoA: City of Austin
DDM or DDE: Dynamic data manager / GWDSS engine
DoE: Design of Experiments
DSS: Decision Support System
DDM: Dynamic Data Manager
EPA: Environmental Protection Agency
GA: Genetic Algorithms
GAM: Groundwater Availability Model
GCD: Groundwater Conservation District
GIS: Geographic Information System
GOs: Global Optimization algorithms
GUI: Graphical User Interface
HB-1763: House Bill 1763
IA: Integrated Assessment
MODFLOW: Modular Finite Difference Groundwater Flow Model
MSL: Mean Sea Level
RDP: Rapid Dispute Prevention
SA: Simulated Annealing
SB-1: Senate Bill 1
SB-2: Senate Bill 2
SDE: Software Development Environment
TIDDD: Tool to Inform Debates, Dialogues and Deliberations
TWDB: Texas Water Development Board
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VFT: Value Focused Thinking
Xml: Extensible Markup Language

NOTATION
Aquifer matrix type (m)
Areal extent of aquifer (A)
Artificial recharge spatial component [Ra(x,y)]
Artificial recharge rate [Ra(t)]
Boundary conditions
Hydraulic conductivity (k)
Hydraulic head [h(x,y,z)]
Natural recharge spatial component [Rn(x,y)]
Natural recharge rate [Rn(t)]
Natural discharge spatial component [Qn(x,y)]
Natural discharge rate [Qn(t)]
Planning horizons (t)
Porosity (ø)
Pumping well spatial component [Qa(i,j)]
Pumping well discharge rate [Qa(t)]
Return flow (α)
Saturated thickness (b)
Specific yield (φeff or Sy)
Specific storage(Ss)
Storativity
Transmissivity (T)
Total Storage (ST)
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UNITS
(-): Dimensionless
ft3: Cubic feet
cfd: Cubic feet per day
cfs: Cubic feet per second
m3: Cubic meters
m3/d: Cubic meters per day
m3/s: Cubic meters per second
ft: Feet
m: Meters
.

CONVERSION TABLE
To convert from

To

Multiply by

ft

m

0.3048

m

ft

3.281

ft3

m3

0.028317

m3

ft3

35.315

cfs

m3/s

0.028317

m3/s

cfs

35.315
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DEFINITIONS
Aquifer: A subsurface set of geologic formations that transmits usable quantities of water.
Alternative: One option among a set of similar objects from which only one may be
selected. In a management context, this may be the selection of one management strategy
over another strategy.
Attribute: a descriptive value, either numeric or qualitative, that can be assigned to an
object.
Available Yield: The volume of water that is considered acceptable for permitted
extraction from an aquifer because it is both scientifically feasible, within the bounds of
effective yield quantification, and acceptable to the community of stakeholders who are
appropriate to define the consensus yield for the aquifer.
Consensus: 1) Involved parties accept the information presented about the status of a
situation and agree, consent, or are comfortable with the election of a a decision; 2) any
outcome that reduces conflict between stakeholders and agency proponents and results in
a legitimate and lasting decision; 3) a normative consensus or agreement focused on the
greater social good rather than individual stakes (English, 1993) (See Gregory et al.,
2001)
Consensus Yield: The set of limitations placed on a resource management problem by
community preferences
Decision: 1) A specific commitment to action, usually a commitment of resources; 2) a
conscious, irrevocable allocation of resources with the purpose of achieving a desired
objective. (Skinner, 2001)
Decision Analysis: A methodology for facilitating high quality, logical discussions, it is
not limited to any one tool and it is usually an iterative process of gaining insight.
(Skinner, 2001)
Decision support system: Interactive computer models that incorporate data relative to a
problem and, through programmed analyses, aid the formulation and selection of an
appropriate management strategy.
Drought: A drought is a period of below average precipitation. The period from 1950 to
1957 is considered to be the “drought of record” for the Barton Springs segment and
provides the lower boundary for minimum monthly spring flow conditions.
Distributed parameter model: a simulation model that represents the system being
modeled with numerous components for added detail.
Effective Yield:1) The amount of water that can be extracted from an aquifer under a
given set of operating conditions while meeting community defined performance metrics,
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or consensus yield constraints, throughout a planning horizon or 2) an implementable
and quantifiable volume of water that may be allocated from an aquifer for use.
Epistemology: The philosophical study of the nature of knowledge and, more
importantly, epistemology is concerned with the scope of knowledge that encompasses
and defines a specific discipline of study.
Human induced recharge: Sources of recharge that are caused or created by human
activities, such as return flows from leaking water lines or imported irrigation supplies
that infiltrate into groundwater systems.
Knowledge: An understanding of segmented information that combines the objects or
elements within a relational context providing meaning that is relevant to a generalized
process or situational problem.
Lumped parameter model: a simplified version of a simulation model, representing the
system being modeled with the minimum number of components.
Management: an iterative process that includes identifying a target goal, planning an
implementable means of achieving that goal, assessing the resources available, and
assigning their use and/or deployment in such a manner as to assure achieving the goal.
In this usage, resources may be physical or human in nature.
Maximum mining yield: allows the use of non-renewable (low recharge rate) stores to
exhaustion or to the point that it is not economically viable to continue pumping
Maximum sustained yield: limits use to average natural recharge
Metric: A measure that helps with the quantification of a particular objects behavior or
condition.
Modeling: The process of abstracting a real world problem into a representation of
essential components. Typically, modeling moves through steps of defining a general
problem, observing system data and behavior, developing a model of the system, model
calibration, verification, and re-evaluating the conceptual
Model: A specific representation of a system or group of systems with behavior that can
be simulated
Narrative: A story that conveys a sequence of events from the perspective of a narrator
(or story teller) with sense of the context and importance of events in the story, such as
with a perspective gained after the fact. A traditional narrative is comprised of an 1)
abstract (summary), 2) orientation (time, place, situation, participants), 3) complicating
action (what actually happened), 4) evaluation (the meaning and significance of the
action), 5) resolution (what finally happened), and 6) coda (return perspective to the
present).
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Narrative analysis or valuation: Using contextual stories, or narratives, to facilitate the
process of defining the component parts of a decision problem that are believed to be
important to a particular stakeholder.
Natural attribute: a measurable quantity, or criterion, that has a common interpretation
and can indicate the level of achievement of goals or objectives.
Outcome – what actually happens, the result, after a decision is made and an action
implemented. (Skinner, 2001)
Permissive mining yield: limits use of non-renewable (low recharge rate) stores to the
volumes that may be extracted without causing an undesired/negative result
Permissive sustained yield: 1) limits use to some volume less than natural recharge; 2) the
maximum rate at which water can economically and legally be withdrawn perennially
from a particular source for beneficial purposes, without bringing about some undesired
result” (Domenico, 1968).
Ranking: The relative position of an object on a scale in relation to other similar objects,
such as the relative listing of alternatives in order of preference.
Safe yield: 1) the limit to the quantity of water which can be withdrawn regularly and
permanently without dangerous depletion of the storage reserve (Lee, 1915);
2) An extraction rate equal to the long-term average annual recharge for an aquifer.
Scenario: A postulated setting or sequence of events.
Stakeholder: an individual with a vested interest in the outcome of a specific resource
decision. For the purposes of this research a stakeholder can also be an entity that is not
typically represented in a policy debate, such as an environmental system, aquifer,
endangered species, or member of a future generation.
Sustainability: The rates of use for a resource that are considered appropriate for the
current generation’s benefit and offset by preserving the viability of that same resource
for future generations (WCED, 1987).
Sustainable Yield: The volume of water that can be removed from an aquifer without
exceeding natural recharge rates, avoiding negative water quality impacts, preserve
economic viability, comply with existing legal constraints, maintain environmental flows,
and protect intergenerational equity.
Uncertainty: Something that is either not known or imperfectly known. (Skinner, 2001)
Value: Value is created by cultural and social perceptions, defining what objects or
actions are meaningful and in what way they attain importance. For the purposes of this
study value is generally defined as those “elements that humans place priority upon, these
may be related to avoiding a specific consequence or the principles that guide human
judgment (Keeney, 1992).
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Value Model: A value model is a type of decision model with qualitative and quantitative
relationships, such as a goals hierarchy or influence diagram (Keeney, 1992). Assessment
using a value model can be thought of as an aggregate measure of performance for a set
of multi-objective decision problems.
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Appendix B: Chapter 5 Supplement

Letter of intent to collaborate from the BSEACD
Letter of exemption for human subject research (IRB exemption)
Examples of stakeholder meeting invitations and communication
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Letter of intent to collaborate from the BSEACD
This research project was completed in collaboration with the Barton Springs/Edwards
Aquifer Groundwater Conservation located in Austin, Texas, with the goal of designing a
flexible DSS to evaluate methods for calculating the amount of groundwater available
within the aquifer. The GWDSS will aid District personnel with water permitting
practices that allow for reasonable use policies while protecting valuable ecosystem and
community resources.
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Letter of exemption for human subject research (IRB exemption)
This research project received exemption notification from The University of Texas at
Austin for human subject research. Stakeholder involvement provided technical and nonpersonal information in support of building a decision model and groundwater decision
support system
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Examples of stakeholder meeting invitations and general communication documents.
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Appendix C: Chapter 6 Supplement

Java code implementation for objective functions, decision variables, and reporting
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//Excerpt for recharge factor algorithm (sub-process model 1)
//File: ScenarioOperator.java
package edu.utexas.gwdss.server.oper;
...
/**
* A scenario is the basic document model for GWDSS. Users can
* create multiple scenarios and compare them. Every scenario
* is part of a single case.
* Java code implemented by Will Cain
*
*/
public class ScenarioOperator {
/**
* Executes the Scenario's model (based on model type).
* Currently this method is preferred.
*
* FIXME: Later we will probably store several default model
types
* with each scenario.
* @throws ModelExecutionException
*/
public ISimulatorResults execute(boolean isTransient, boolean
persistResultsSummary) throws ModelExecutionException
{
RechargePrecalcDAO factorDAO =
DAOFactory.getRechargePrecalcDAO();
CellGrid cells = fCase.getCellGrid();
boolean simpleRecharge = fScenario.isSimpleRecharge();

//
//

RechargeGrid[] newRecharge = null;
if (simpleRecharge) {
newRecharge = fCase.getInitialRecharge();
}
else {
// NOTE 3/8/2006 changed recharge computation:
newRecharge = computeNewRecharge(
cells,
fCase.getInitialRecharge(),

//
factorDAO.find(fScenario));
newRecharge = this.createRecharge(
cells,
120,
new double[] {
fScenario.getSearchSettings().get("imperviousCover"),
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fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover"),
fScenario.getSearchSettings().get("imperviousCover")},
// FIXME YUCK!!!
// HARD-CODED!!!
//
new double[] {0.657, 0.722, 1.326, 1.17,
0.673, 1.045, 0.863, 0.751, 1.195, 0.993}, // meters
new double[] {2.155, 2.369, 4.350, 3.839,
2.208, 3.428, 2.831, 2.464, 3.921, 3.258}, // feet

fScenario.getSearchSettings().get("icRechargeConstantC"));
// NOTE First C is 0.86
// NOTE Second C is 5.11
}
...
}
...
/* NOTE:
* rechargeTotal[month] = (1 - imperviousCover[month/12]) *
rainfall[month/12] * c
*/
private RechargeGrid[] createRecharge(
CellGrid cells,
int
months,
double[] imperviousCover,
double[] rainfall,
double c) {
RechargeGrid[] recharge = new RechargeGrid[months];
if (imperviousCover.length != months / 12) {
System.out.println("Warning: imperviousCover length
should be " + months/12 + " but is " + imperviousCover.length);
}
if (rainfall.length != months / 12) {
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System.out.println("Warning: rainfall length should
be " + months/12 + " but is " + rainfall.length);
}
for (int month = 0; month < months; month++) {
recharge[month] = new RechargeGrid();
recharge[month].setLayers(cells.getLayers());
recharge[month].setRows(cells.getRows());
recharge[month].setColumns(cells.getColumns());
double rechargeTotal = (1 imperviousCover[month/12]) * rainfall[month/12] * c;
for (int row = 0; row < cells.getRows(); row++)
{
for (int col = 0; col < cells.getColumns();
col++)
{
if (cells.isActive(1, row + 1, col + 1))
{
int streamType = cells.getStream(1,
row + 1, col + 1);
if (streamType == 0) {

recharge[month].setRecharge(1, row + 1, col + 1, 0);
}
else if (streamType == 1) {
recharge[month].setRecharge(1, row + 1, col + 1,
rechargeTotal *
// FIXME 0.15,
0.85 hard-coded!!!
0.15/cells.getCountInStream(streamType));
}
else if (streamType == 2) {
recharge[month].setRecharge(1, row + 1, col + 1,
rechargeTotal *
// FIXME 0.15,
0.85 hard-coded!!!
0.85/cells.getCountInStream(streamType));
}
else {
throw new
RuntimeException("Invalid stream type!!!: " + streamType);
}
}
else {
recharge[month].setRecharge(1, row
+ 1, col + 1, 0);
}
}
}
}
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return recharge;
}
...
}
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//Excerpt for decision variables
//File: GWDSSScenarioBuilder.java
package edu.utexas.gwdss.server.optimizer;
...
/**
* Java code implemented by Will Cain
*/
public class GWDSSScenarioBuilder {
public static Scenario build(Case theCase, /*SearchSettings
settings,*/ DvConfiguration dvConfig) {
return build(theCase, /*settings,*/ dvConfig, -16);
}
public static Scenario build(Case theCase, /*SearchSettings
settings,*/ DvConfiguration dvConfig, int ambientQ) {
return build(/*DAOFactory.getScenarioDAO().find(1)*/new
Scenario(), theCase, /*settings,*/ dvConfig, ambientQ);
}
public static Scenario build(Scenario scenario, Case theCase,
/*SearchSettings settings,*/ DvConfiguration dvConfig, int ambientQ) {
scenario.setName("TABU Scenario " +
System.currentTimeMillis());
scenario.setDescription("TABU Scenario " +
System.currentTimeMillis());
scenario.setOwner("myuser");
scenario.setAmbientQ(ambientQ);
scenario.setPublic(true);
scenario.setUsingOriginalPumping(true);
scenario.setBaseline(DAOFactory.getScenarioDAO().find(1));
Iterator iter = dvConfig.iterator();
// extract first decision variable (alarm stage drought
deduction)
double alarm =
((DiscreteDv)iter.next()).getValue().doubleValue();
// extract second decision variable (critical stage
*additional* drought deduction,
// where additional means it is the amout *beyond* the
alarm stage deduction)
double criticalAddition =
((DiscreteDv)iter.next()).getValue().doubleValue();
// here is where we set the deductions into the scenario:
scenario.setPumpingDeductions(new double[] {0, alarm, alarm
+ criticalAddition});
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DroughtDefinitions defs =
DAOFactory.getDroughtDefinitionsDAO().find(1);
scenario.setDroughtDefinitions(defs);
/*
NOTE: Java code implemented by Will Cain 2/15/2006
Barton Springs wants to be able to adjust the pumping (as a
search
decision variable or perhaps manually). Pumping
adjustments can be allowed as:
1) Pumping change: Change total pumping (allocates evenly
between KZones)
2) Pumping reallocation: Reallocate pumping between KZones
Here's how they would work together:
<b>Definitions:</b>
Current zone:

k

<b>Inputs:</b>
# Zones:
Zone k's initial pumping:
Pumping change:
Pumping reallocation:

Z
W[k]
C
R

<b>Decision Variable:</b>
Zone k's portion of total reallocation:

P[k]

<b>Outputs:</b>
Zone k's new pumping after change and reallocation are
applied: N[k]
<b>Some truisms:</b>
Sum (for all k) of P[k]*R =
N[k] =

R
W[k] + C/Z - R/Z

+ P[k]*R
(Example N[k] =
+ 0.090909*3000)

500 + 1000/11 - 3000/11

In the example, the zone initially has 500 units of pumping
(Q =
-500).

The user decides to add 1000 units of pumping (Q =

-1000)
across the entire aquifer, spread evenly across the 11
zones (hence
1000/11). The user also decides to reallocate 3000 units
of pumping
(Q = -3000) across the entire aquifer, which will
effectively
reallocate all 1000 new units as well as 2000 existing
units. Keep in
mind that C could be negative instead (decrease total
pumping
capacity).
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P[k] is zone k's portion of the total change.

P[k] will be

a decision
variable for the TABU Search. That is, the search will
choose P[k].
The default (or no-change) setting for P[k] would be 1/Z,
which for
the example is 1/11 or roughly 0.090909. So in this
example, the
decision variable has not been moved from its default
value. But it
would potentially have a range as large as between 0 and 1.
Translation to Java code:
k
= kzone
Z
= 11
W[k] = (sum of pumping for all wells in zone k in
scenario)
C
= totalChange
R
= totalReallocation
P[k] = portion
C/Z - R/Z + P[k]*R =
totalChange/11.0 - totalReallocation/11.0 +
portion*remainingReallocation
*/
// BEGIN ***** NEW

***** way of doing pumping zone DV:

PercentagePartition partition =
((PercentageDv)iter.next()).getValue();
double portionOfTotal[] = new double[11];
for (int kzone = 0; kzone < 11; kzone++) {
portionOfTotal[kzone] =
partition.getPercentForBin(kzone);
}
// END ***** NEW ***** way of doing pumping zone DV
// These are the manual inputs from the iterative search
GUI.
// As such, they are decided in advance (or set by the
user) rather than by TABU.
SearchSettings settings = new SearchSettings("Barton
Springs");
while (iter.hasNext()) {
DiscreteDv dv = (DiscreteDv)iter.next();
double value = dv.getValue();
settings.put(dv.getName(), value);
}
scenario.setSearchSettings(settings);
// BEGIN ***** NEW

***** way of doing pumping zone DV:

final double totalChange = settings.get("pumpingChange");
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final double totalReallocation =
settings.get("pumpingReallocation");
double changes[] = new double[11 + 1]; // FIXME harcoded 11
KZones (0 is inactive)
// change for given zone is sum of:
// a) total manually defined change AND
// b) TABU-decided reallocation
for (int kzone = 0; kzone < 11; kzone++) {
changes[kzone + 1] = totalChange/11.0 totalReallocation/11.0 + portionOfTotal[kzone]*totalReallocation;
System.out.println("Set kzone " + (kzone + 1) + "
change to " + changes[kzone + 1]);
}
// END ***** NEW ***** way of doing pumping zone DV
// putting the calculated pumping changes into the
scenario,
// which will be used as simulation model input
scenario.setPumpingAdditions(changes);
System.out.flush();
// this scenario will be used (without further changes) by
simulation model
return scenario;
}
}
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//code for retrieving simulation results
//File: ModflowResults.java
package edu.utexas.gwdss.shared.transfer.sim;
import java.util.Iterator;
import java.util.List;
import java.util.Vector;
import
import
import
import
import

edu.utexas.gwdss.shared.transfer.CellGrid;
edu.utexas.gwdss.shared.transfer.Heads;
edu.utexas.gwdss.shared.transfer.Well;
edu.utexas.gwdss.shared.transfer.Wells;
edu.utexas.gwdss.shared.util.MathUtils;

/**
* Java code implemented by Will Cain
*/
public class ModflowResults implements ISimulatorResults,
IGroundwaterResults {
private
private
private
private
private
private
private

Heads[] fHeads = null;
double fTotalPumping = 0;
int[] fDroughts = null;
double[] fSprings = null;
CellGrid fCells = null;
Wells fWells = null;
double fAvgImperviousCover = 0;

public ModflowResults() { }
// FIXME Consider making this whole class immutable!!!
public void setHeads(Heads[] heads)
{
fHeads = heads;
}
public Heads[] getHeads()
{
return fHeads;
}
public void setCells(CellGrid cells)
{
fCells = cells;
}
public CellGrid getCells()
{
return fCells;
}
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private double getSaturatedThickness(CellGrid cells, int time,
int row, int column) {
double head = this.fHeads[time].getHead(1, row, column);
double groundElevation = cells.getGroundElev(1, row,
column);
double bottomElevation = cells.getBottomElev(1, row,
column);
double value = (head <= groundElevation ? head :
groundElevation) - bottomElevation;
if (value >= 0) {
return value;
}
return 0;
}
public double[] getTotalStorages(CellGrid cells) {
double[] totalStorage = new double[this.fHeads.length];
for (int i = 0; i < this.fHeads.length; i++) {
totalStorage[i] = 0;
for (int row = 1; row <= cells.getRows(); row++) {
for (int col = 1; col <= cells.getColumns();
col++) {
if (cells.isActive(1, row, col)) {
// FIXME
hard-coded!!!
totalStorage[i] +=
this.getSaturatedThickness(cells, i, row, col) * 1000.0 * 500.0;
}
}
}
}
return totalStorage;
}
private double getAvgTotalStorage(CellGrid cells) {
return MathUtils.average(getTotalStorages(cells));
}
public double getAvgTotalStorage() {
return getAvgTotalStorage(this.fCells);
}
public double[] getAvgHeadChanges(CellGrid cells) {
int length = this.fHeads.length;
double[] avgChanges = new double[length - 1];
for (int i = 0; i < length - 1; i++) {
double sumChanges = 0;
for (int layer = 1; layer <= cells.getLayers();
layer++) {
for (int row = 1; row <= cells.getRows();
row++) {
for (int column = 1; column <
cells.getColumns(); column++) {
// FIXME verify whether isActive()
is the correct test here
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if (cells.isActive(layer, row,
column)) {
sumChanges += this.fHeads[i +
1].getHead(layer, row, column) this.fHeads[i].getHead(layer,
row, column);
}
}
}
}
avgChanges[i] =
sumChanges/this.fCells.getActiveCount();
}
return avgChanges;
}
private boolean wellIsBelowSaturatedThickness(CellGrid cells, int
time, Well well, double threshold) {
return getSaturatedThickness(cells, time, well.getRow(),
well.getColumn()) < threshold;
}
private boolean wellFellBelowSaturatedThickness(CellGrid cells,
Well well, double threshold) {
for (int time = 0; time < fHeads.length; time++) {
if (wellIsBelowSaturatedThickness(cells, time, well,
threshold)) {
return true;
}
}
return false;
}
/**
* Lists wells that fell below given threshold of saturated
thickness at some point
* in the simulation.
* @param wells All wells in case
* @param threshold Saturated thickness threshold
* @return List of wells that fell below given threshold of
saturated thickness
*/
public List getWellsThatFellBelowSaturatedThickness(Wells wells,
double threshold) {
Vector wellList = new Vector();
Iterator iter = wells.iterator();
while (iter.hasNext()) {
Well well = (Well)iter.next();
if (wellFellBelowSaturatedThickness(wells.getCells(),
well, threshold)) {
wellList.add(well);
}
}
return wellList;
}
/**
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* Convenience method. Uses
wellsThatFellBelowSaturatedThickness().
* @param wells All wells in case
* @param threshold Saturated thickness threshold
* @return Number of wells that fell below given threshold of
saturated thickness
*/
private int getNumberOfWellsThatFellBelowSaturatedThickness(Wells
wells, double threshold) {
return getWellsThatFellBelowSaturatedThickness(wells,
threshold).size();
}
public void setTotalPumping(double totalPumping) {
fTotalPumping = totalPumping;
}
public double getTotalPumping() {
return fTotalPumping;
}
public void setDroughts(int[] droughts)
{
fDroughts = droughts;
}
public int[] getDroughts() {
return fDroughts;
}
public void setSprings(double[] springs) {
fSprings = springs;
}
public double[] getSprings() {
return fSprings;
}
public double getMinSpringFlow() {
// Note: it's max because spring flow is negative
return MathUtils.max(getSprings());
}
public double getAvgSpringFlow() {
return MathUtils.average(getSprings());
}
public int getNumberOfWellsThatFellBelowSaturatedThickness(double
threshold) {
return
this.getNumberOfWellsThatFellBelowSaturatedThickness(this.fWells,
threshold);
}
public void setWells(Wells wells) {
fWells = wells;
}
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public double getAvgImperviousCover() {
return this.fAvgImperviousCover;
}
public void setAvgImperviousCover(double d) {
this.fAvgImperviousCover = d;
}
}
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//Code implementation for objective function
//File:GWDSSMaximizeTotalPumpingObjectiveFormula.java

package edu.utexas.gwdss.server.optimizer;
import
import
import
import
import
import

ts.dv.manager.DvConfiguration;
ts.objective.BlankPlugIn;
ts.objective.ObjectiveException;
ts.objective.ObjectiveFormula;
ts.problem.ProblemData;
ts.soln.results.Results;

/**
* Java code implemented by Will Cain
*/
public class GWDSSMaximizeTotalPumpingObjectiveFormula implements
ObjectiveFormula<BlankPlugIn> {
private float totalPumping;
public float evaluate(
Results results,
DvConfiguration dvConfig,
ProblemData problemData,
BlankPlugIn plugIn) throws ObjectiveException {
this.totalPumping =
(float)((GWDSSResults)results).getTotalPumping();
return totalPumping;
}
public int compareTo(ObjectiveFormula formula, BlankPlugIn
plugIn) {
Float f =
((GWDSSMaximizeTotalPumpingObjectiveFormula)formula).totalPumping;
// return negative because pumping is represented as
negative; we want most negative
return -f.compareTo(this.totalPumping); // positive means
that is worse than this
}
public String toString() {
return Float.toString(totalPumping);
}
public ObjectiveFormula<BlankPlugIn> getNewInstance() {
return new GWDSSMaximizeTotalPumpingObjectiveFormula();
}
}
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//Code implementation for objective function
//File:GWDSSMaximizeTotalStorageObjectiveFormula.java
package edu.utexas.gwdss.server.optimizer;
import
import
import
import
import
import

ts.dv.manager.DvConfiguration;
ts.objective.BlankPlugIn;
ts.objective.ObjectiveException;
ts.objective.ObjectiveFormula;
ts.problem.ProblemData;
ts.soln.results.Results;

/**
* Java code implemented by Will Cain
*/
public class GWDSSMaximizeAvgTotalStorageObjectiveFormula implements
ObjectiveFormula<BlankPlugIn> {
private float avgTotalStorage;
public float evaluate(
Results results,
DvConfiguration dvConfig,
ProblemData problemData,
BlankPlugIn plugIn) throws ObjectiveException {
this.avgTotalStorage =
(float)((GWDSSResults)results).getAvgTotalStorage();
return avgTotalStorage;
}
public int compareTo(ObjectiveFormula formula, BlankPlugIn
plugIn) {
Float f =
((GWDSSMaximizeAvgTotalStorageObjectiveFormula)formula).avgTotalStorage
;
// return positive because storage is represented as
positive; we want most positive
return f.compareTo(this.avgTotalStorage); // positive means
that is worse than this
}
public String toString() {
return Float.toString(avgTotalStorage);
}
public ObjectiveFormula<BlankPlugIn> getNewInstance() {
return new GWDSSMaximizeAvgTotalStorageObjectiveFormula();
}
}
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//Code implementation for objective function
//File:GWDSSMaximizeMinSpringFlowObjectiveFormula.java
package edu.utexas.gwdss.server.optimizer;
import
import
import
import
import
import

ts.dv.manager.DvConfiguration;
ts.objective.BlankPlugIn;
ts.objective.ObjectiveException;
ts.objective.ObjectiveFormula;
ts.problem.ProblemData;
ts.soln.results.Results;

/**
* Java code implemented by Will Cain
*/
public class GWDSSMaximizeMinSpringFlowObjectiveFormula implements
ObjectiveFormula<BlankPlugIn> {
private float minSpringFlow;
public float evaluate(
Results results,
DvConfiguration dvConfig,
ProblemData problemData,
BlankPlugIn plugIn) throws ObjectiveException {
this.minSpringFlow =
(float)((GWDSSResults)results).getMinSpringFlow();
return minSpringFlow;
}
public int compareTo(ObjectiveFormula formula, BlankPlugIn
plugIn) {
Float f =
((GWDSSMaximizeMinSpringFlowObjectiveFormula)formula).minSpringFlow;
// return negative because spring flow is represented as
negative; we want most negative
return -f.compareTo(this.minSpringFlow); // positive means
that is worse than this
}
public String toString() {
return Float.toString(minSpringFlow);
}
public ObjectiveFormula<BlankPlugIn> getNewInstance() {
return new GWDSSMaximizeMinSpringFlowObjectiveFormula();
}
}

280

//Code implementation for objective function
//File:GWDSSMaximizeAvgSpringFlowObjectiveFormula.java
package edu.utexas.gwdss.server.optimizer;
import
import
import
import
import
import

ts.dv.manager.DvConfiguration;
ts.objective.BlankPlugIn;
ts.objective.ObjectiveException;
ts.objective.ObjectiveFormula;
ts.problem.ProblemData;
ts.soln.results.Results;

/**
* Java code implemented by Will Cain
*/
public class GWDSSMaximizeAvgSpringFlowObjectiveFormula implements
ObjectiveFormula<BlankPlugIn> {
private float avgSpringFlow;
public float evaluate(
Results results,
DvConfiguration dvConfig,
ProblemData problemData,
BlankPlugIn plugIn) throws ObjectiveException {
this.avgSpringFlow =
(float)((GWDSSResults)results).getAvgSpringFlow();
return avgSpringFlow;
}
public int compareTo(ObjectiveFormula formula, BlankPlugIn
plugIn) {
Float f =
((GWDSSMaximizeAvgSpringFlowObjectiveFormula)formula).avgSpringFlow;
// return negative because spring flow is represented as
negative; we want most negative
return -f.compareTo(this.avgSpringFlow); // positive means
that is worse than this
}
public String toString() {
return Float.toString(avgSpringFlow);
}
public ObjectiveFormula<BlankPlugIn> getNewInstance() {
return new GWDSSMaximizeAvgSpringFlowObjectiveFormula();
}
}

281

//Code implementation for objective function
//File:GWDSSMinimizeNumberOfWellsInDroughtObjectiveFormula.java
package edu.utexas.gwdss.server.optimizer;
import
import
import
import
import
import

ts.dv.manager.DvConfiguration;
ts.objective.BlankPlugIn;
ts.objective.ObjectiveException;
ts.objective.ObjectiveFormula;
ts.problem.ProblemData;
ts.soln.results.Results;

/**
* Java code implemented by Will Cain
*/
public class GWDSSMinimizeNumberOfWellsInDroughtObjectiveFormula
implements ObjectiveFormula<BlankPlugIn> {
private float number;
public float evaluate(
Results results,
DvConfiguration dvConfig,
ProblemData problemData,
BlankPlugIn plugIn) throws ObjectiveException {
this.number =
(float)((GWDSSResults)results).getNumberOfWellsThatFellBelowSaturatedTh
icknessOf100();
return number;
}
public int compareTo(ObjectiveFormula formula, BlankPlugIn
plugIn) {
Float f =
((GWDSSMinimizeNumberOfWellsInDroughtObjectiveFormula)formula).number;
// return negative because we want least number of wells in
drought
return -f.compareTo(this.number); // positive means that is
worse than this
}
public String toString() {
return Float.toString(number);
}
public ObjectiveFormula<BlankPlugIn> getNewInstance() {
return new
GWDSSMinimizeNumberOfWellsInDroughtObjectiveFormula();
}
}
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// Excerpt for implementing decision variables in tabu search
//File: GWDSSProblemLoader
package edu.utexas.gwdss.server.optimizer;
...
/**
* Java code implemented by Will Cain
*/
public class GWDSSProblemLoader implements ProblemLoader, ProblemData {
...
public DvSetup getDvSetup()
throws DvException,
NbhdException,
TabuListException,
DvException {
DvSetup dvManager = new DvSetup();
DiscreteDv discreteDv = null;
DiscreteNbhdStructure discreteNbhd = null;
TabuList discreteTabuList = null;
// initialize the decision variable
discreteDv = new DiscreteDv(
"Alarm Stage Pumping Deduction",
true, 0.0, 0.3, 101);
dvManager.addDv(discreteDv);
// create a neighborhood for that decision variable
discreteNbhd = new DiscreteNbhdStructure(discreteDv);
dvManager.addNbhdStructure(discreteNbhd);
// create a tabu list for that decision variable
discreteTabuList = new DiscreteTabu(discreteDv);
dvManager.addTabuList(discreteTabuList);
// initialize the decision variable
discreteDv = new DiscreteDv(
"Critical Stage Additional Deduction",
0.001,
true, 0.0, 0.2, 101);
dvManager.addDv(discreteDv);
// create a neighborhood for that decision variable
discreteNbhd = new DiscreteNbhdStructure(discreteDv);
dvManager.addNbhdStructure(discreteNbhd);
// create a tabu list for that decision variable
discreteTabuList = new DiscreteTabu(discreteDv);
dvManager.addTabuList(discreteTabuList);
// BEGIN ***** NEW ***** way of doing pumping zone DV:
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0.2,

// FIXME improve this:
TopologicalConnectivityMatrix topMatrix = new
TopologicalConnectivityMatrix(11);
topMatrix.setNeighbors( 0, new int[]{10,1});
topMatrix.setNeighbors( 1, new int[]{0,2});
topMatrix.setNeighbors( 2, new int[]{1,3});
topMatrix.setNeighbors( 3, new int[]{2,4});
topMatrix.setNeighbors( 4, new int[]{3,5});
topMatrix.setNeighbors( 5, new int[]{4,6});
topMatrix.setNeighbors( 6, new int[]{5,7});
topMatrix.setNeighbors( 7, new int[]{6,8});
topMatrix.setNeighbors( 8, new int[]{7,9});
topMatrix.setNeighbors( 9, new int[]{8,10});
topMatrix.setNeighbors(10, new int[]{9,0});
String[] names = new String[11];
for (int i = 0; i <= 10; i++) {
names[i] = "Zone " + (i + 1);
}
// setup the percentage partition
// names are names of partitions (in this case, the zones)
// param 2 is list of initial allocation (of reallocation)
// param 3 is list of partition IDs
PercentagePartition partition = new
PercentagePartition(names,
new int[]{2,2,2,2,2,2,2,2,2,2,2},
new int[]{0,1,2,3,4,5,6,7,8,9,10});
// setup the decision variable
PercentageDv percentageDv = new PercentageDv("Zone
reallocation", partition, true);
// add the dv
dvManager.addDv(percentageDv);
// setup the nbhd structure
PercentageNbhdStructure nbhdStructure = new
PercentageNbhdStructure(
percentageDv,
null, // candidate list
topMatrix,
2);
// number of neighbors to evaluate each
iteration;
// use 2 for debug, 10 for real (for
now);
// be sure to use matching array
initializers above
// add the nbhd structure
dvManager.addNbhdStructure(nbhdStructure);
dvManager.addTabuList(new PercentageTabu(percentageDv));
// END ***** NEW ***** way of doing pumping zone DV
Iterator paramNames =
this.searchParams.keySet().iterator();
while (paramNames.hasNext()) {
String paramName = (String) paramNames.next();
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SearchParam param =
(SearchParam)this.searchParams.get(paramName);
// initialize the decision variable
discreteDv = new DiscreteDv(
paramName,
(float)param.getRange()[0],
true,
/* FIXME use real ranges passed in
loadproblem */
MathUtils.toFloatArray(param.getRange()));
dvManager.addDv(discreteDv);
}
return dvManager;
}
...
}
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//code for reporting attributes and objective results from tabu search
//File: GWDSSResults.java
package edu.utexas.gwdss.server.optimizer;
import ts.soln.results.Results;
import edu.utexas.gwdss.shared.transfer.sim.ModflowResults;
import edu.utexas.gwdss.shared.transfer.sim.PowersimResults;
/**
* Java code implemented by Will Cain
*/
public class GWDSSResults implements Results {
private
private
private
private
private
private

double minSpringFlow;
double avgSpringFlow;
double totalPumping;
double avgTotalStorage;
int numberOfWellsThatFellBelowSaturatedThickness;
double avgImperviousCover;

public GWDSSResults(
PowersimResults powersim,
ModflowResults modflow) {
if (modflow != null) {
System.out.println("getMinSpringFlow - begin");
this.minSpringFlow = modflow.getMinSpringFlow();
System.out.println("getMinSpringFlow - end");
System.out.println("getAvgSpringFlow");
this.avgSpringFlow = modflow.getAvgSpringFlow();
System.out.println("getTotalPumping");
this.totalPumping = modflow.getTotalPumping();
System.out.println("getAvgTotalStorage");
this.avgTotalStorage = modflow.getAvgTotalStorage();

System.out.println("getNumberOfWellsThatFellBelowSaturatedThickne
ss");
this.numberOfWellsThatFellBelowSaturatedThickness =
modflow.getNumberOfWellsThatFellBelowSaturatedThickness(100); // FIXME
hard-coded
System.out.println("getAvgImperviousCover");
this.avgImperviousCover =
modflow.getAvgImperviousCover();
}
else if (powersim != null) {

286

System.out.println("getMinSpringFlow - begin");
this.minSpringFlow = powersim.getMinSpringFlow();
System.out.println("getMinSpringFlow - end");
System.out.println("getAvgSpringFlow");
this.avgSpringFlow = powersim.getAvgSpringFlow();
System.out.println("getTotalPumping");
this.totalPumping = powersim.getTotalPumping();
System.out.println("getAvgTotalStorage");
this.avgTotalStorage = powersim.getAvgTotalStorage();

System.out.println("getNumberOfWellsThatFellBelowSaturatedThickne
ss");
this.numberOfWellsThatFellBelowSaturatedThickness =
powersim.getNumberOfWellsThatFellBelowSaturatedThickness(100); // FIXME
hard-coded
System.out.println("getAvgImperviousCover");
this.avgImperviousCover =
powersim.getAvgImperviousCover();
}
else {
throw new RuntimeException("Unknown model; modflow
and powersim both null.");
}
}
//
public float getTotalWaterVolume() {
//
System.out.println("this.modflow.getHeads().length = " +
this.modflow.getHeads().length);
//
Heads heads = this.modflow.getHeads()[1];
//
double total = heads.sumHeads();
//
return new Double(total).floatValue();
//
}
//
//
public float getHeadAt(int row, int col) {
//
System.out.println("this.modflow.getHeads().length = " +
this.modflow.getHeads().length);
//
Heads heads = this.modflow.getHeads()[1];
//
return (float)heads.getHead(1, row, col);
//
}
public double getMinSpringFlow() {
return this.minSpringFlow;
}
public double getAvgSpringFlow() {
return this.avgSpringFlow;
}
public double getTotalPumping() {
return this.totalPumping;
}
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public double getAvgTotalStorage() {
return this.avgTotalStorage;
}
public int getNumberOfWellsThatFellBelowSaturatedThicknessOf100()
{
return this.numberOfWellsThatFellBelowSaturatedThickness;
}
public double getAvgImperviousCover() {
return this.avgImperviousCover;
}
}
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Appendix D: Chapter 8 Supplement

Summary of collaborative work by chapter.
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COLLABORATIVE INPUT FOR THIS DISSERTATION PROJECT
The multi-disciplinary nature of this research project resulted in several very close
collaborative efforts.
The basic database for the test case, groundwater model incorporation,
optimization scenario development and primary system clients are the staff and
management of the Barton Springs Edwards Aquifer Conservation District, Dr. Brian
Smith, Mr. Brian Hunt, and Mr. Kirk Holland. Their guidance throughout the research
project has been critical to assuring the ultimate usability of the system and real-world
applicability.
The preliminary sub-models for presented for recharge and well level calculations
presented in Chapter 3 were aided through discussions with Jack Sharp and Lindsey
Gulden. These discussions lead to both the simple recharge calculations and proposed
methods for implementing a more sophisticated recharge calculation model. Spatial
analylsis of urban coverage in the Barton Springs test case area would not have been
possible without assistance from Melody Cornelius.
Elicitation and stakeholder interaction presented in Chapter 5 was conducted
together with Marcel Dulay, a doctoral graduate student in the Lyndon B. Johnson School
of Public Affairs. Mr. Dulay’s interest in the use of media-based methods for capturing
stakeholder positions as part of a pre-negotiation process resulted in the use of video
during face-to-face interviews with participants. The concept of presentating video clips
to the stakeholder group during subsequent model development was also introduced by
Mr. Dulay. He completed editing of the interviews with the goal of highlighting attribute,
or model metrics, for each stakeholder The use of informal elicitation in the early stages
of the research was a significant influence on the decision support system development.
Discussions with regard to the framing of the decision problem and model inputs were
benefited by input from Tom Lowry, Vincent Tidwell, and Leon Lasdon throughout the
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research process. Additionally, the stakeholders themselves provided guidance on the
actual value attributes and metrics via their elicitive interviews and participation in design
meetings.
The final implementation of the GWDSS was heavily influenced by insight and
guidance provided by Mr. William Cain and Mr. Michael Ciarleglio. The actual coding
and final selection of system related software was completed by Mr. Cain. While Mr.
Cain joined the research team in a work for hire arrangement, his dedication and
innovation throughout the process has assured the final quality and stability of the
GWDSS.
Dr. Daene McKinney first introduced me to the idea of using optimization
algorithms. The final use of tabu search resulted from guidance and aid from J.W.
Barnes. The implementation and details of using the algorithm would not have been
possible

without

Michael

Ciarleglio’s

insightful,

implementation of a robust tabu search engine (MAST’s).
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innovative,

and

effective
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