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CHAPTER |

Introduction

Overview

The terms resilience and adaptive capacity are gaining traction across disciplinary
boundaries as a means of potentially realizing a community’s capability, based on assessment of
its performance, to survive and remain viable under changing and uncertain conditions. As
complex systems, communities are subject to a variety of hazards in the form of acute shock and
chronic stress. Hazards can result in immediate harm, as well as longer-term harm due to disruption
of critical community functions that can threaten survival, well-being, and long-term viability.
While it is expected that disruption of some kind will inevitably occur, there is increasing
uncertainty regarding the frequency, severity, and duration of future hazards, as well as uncertainty
regarding where, when, how, and to whom harm will occur. Changes in population, urbanization,
climate, and potential interactions exacerbate uncertainties, making it difficult for communities to
effectively operationalize assessment practices that can lead to sound planning and prioritization
of actions required to safeguard a community’s future. This dissertation seeks to address gaps in
current knowledge regarding key concepts that affect community performance (vulnerability,
resilience, sustainability, and adaptive capacity), determine how they may be combined to better
assess current community states and future trajectories, and provide an example by which this
process can be operationalized for use by a community.

In general terms, a community is a complex, social-environmental system, consisting of
groups of people and necessary life-supporting systems, sub-systems, and networks in a place often
defined by boundaries, where common interests are linked to collective action. Life-supporting
systems can be seen as the set of critical resources (social, economic, and environmental capital)
that makeup and maintain societal function and integrity over space and time. As there is no single
definition of a community, there is also no formally accepted definition of what constitutes a
resilient, sustainable, or adequately adaptive community. However, literature provides evidence
that the concepts of vulnerability, resilience, sustainability, and adaptive capacity are firmly linked.

Each concept can be generalized as follows:



e vulnerability - the likelihood of experiencing loss due to hazard as a function of
exposure, sensitivity, and adaptive capacity;

e resilience — ability to resist disruption, recover, adapt, and/or transform given a
hazardous event in order to maintain desired system performance;

e sustainability - long-term ability to operate without failure through balanced
management of critical social, economic, and environmental capital; and

e adaptive capacity - the ability to cope with, recover from, and adapt/transform in

response to hazardous events.

While it is clear that the concepts are related (e.g., resilience can be constrained by adaptive
capacity, which in turn, can be restrained by lack of sustainability capital), there is general
confusion and lack of consensus on the nature of causal relationships between concepts and how
they collectively respond to change over time to determine performance. Both natural hazard and
climate adaptation literature appear to recognize adaptive capacity as a common and critical factor
in achieving resilience and sustainability, yet, there is no dominant framework that links all of the
constituents together in a dynamic setting. This is an apparent gap in the collective ability to
understand and measure what it means to achieve desired community performance outcomes
implied by each concept, making the act of planning for and achieving outcomes an increasingly
uncertain task with many unknowns for communities already encumbered by prioritization of
limited resources needed to address known challenges. Gaps in resilience and adaptive capacity
research continue to frustrate efforts to bring greater understanding of assessment processes into
mainstream practice. The most predominate of these gaps include: i) continued confusion about
the conceptual relationships between vulnerability, resilience, sustainability, and adaptive
capacity; ii) lack of an assessment framework that can account for multi-scalar and dynamic
processes related to all of these interdependent concepts, iii) lack of consolidation and
classification of existing indicators and metrics for measuring performance related to resilience
and adaptive capacity of communities, and iv) lack of validation of community-based case studies
to operationalize concepts and practices.

It is important for communities to understand how interactions between vulnerability,
resilience, sustainability, and adaptive capacity can create possible trajectories for states of

performance over time. Analysis of how these concepts can be combined to better assess and make



decisions regarding current and possible future community states is needed. Additionally,
communities need an integrated framework that allows for dynamic monitoring of significant
shifts in critical components to help inform decision making processes such as policy, planning,
and resource allocation efforts. The use of such a framework should not be limited to researchers,
but should be operationalized for use by practitioners within any community jurisdiction. In order
to operationalize the assessment process, means of measurement need to be made more
understandable and accessible to the public. This requires review, consolidation and structuring of
indicators and metrics, definition of relationship to an assessment framework, and access to
information to aid indicator selection and application. Finally, the concepts and framework should
be applied within an appropriate context to a community (or community system) to determine
impacts to sustainable resilience under risk scenarios and thresholds. In this research, the context
of flooding under extreme precipitation conditions shall be applied to flood protection
infrastructure (subject system) within the City of Nashville, and local thresholds will be used to
determine possible impacts to the sustainable resilience of the subject system within this
community.

This dissertation contributes to the state-of-the-art by addressing the four gaps mentioned
above. The primary goal of this research is to develop and demonstrate methods that enable the
assessment and validation of qualities that influence the survivability, well-being, and long-term
preparedness of communities subject to climate hazards in order to provide communities with
strategic tools to improve adaptive capacity and resilience. As a secondary benefit, this research
will build theory on adaptive capacity and resilience, providing information relevant to evaluation
of current and future states of community performance through a robust policy lens in order to
gain comfort in dealing with uncertainties associated with possible climate futures and potential
hazards. The methods employed to develop worst-case scenarios for evaluating future sustainable
resilience are not meant to predict or to represent the probability of extreme events, but to
demonstrate the plausibility of such events in future planning horizons. While this research focuses
on a single community (Nashville, TN) and a specific hazard (hydrologic events and impacts on
flood protection infrastructure), the methods developed can be generalized and applied to any type
of system, hazard, or risk-based environment to better understand performance over time.

The tools and methods provided herein are a starting point intended to increase

understanding and access to needed definitions, an assessment framework, a set of indicators and



metrics, a new way of looking at data to elicit plausible risk scenarios, and illustration of how each
of these items may be employed. The intended audience for tools and methods provided is one that
has sufficient information and understanding regarding how to employ and constructively use
information and processes, or an audience that can be educated sufficiently to employ them.
Ideally, it is hoped that any audience desiring to understand the concepts provided can have access

to both the tools and the training needed to operationalize resilience assessment.

Outline of Dissertation

The format of the dissertation is a compilation of peer-reviewed papers that build upon one
another to achieve a full set of objectives. Chapters 2-5 are individual papers as submitted in
manuscript form. Each paper contains its own literature review and set of conclusions. For this
reason, the review of literature appears sequentially in the progression of papers with a final set of
references at the end of the document. Each paper builds from the prior paper as follows: chapter
2 creates the conceptual foundation for sustainable resilience (a new concept developed in this
work) needed to build the novel assessment framework; chapter 3 develops the assessment
framework for sustainable resilience and explains how it can be used; chapter 4 identifies and
organizes indicators and metrics from literature using a novel classification system that is specific
to sustainable resilience, and provides a non-duplicative set of indicators and associated metrics
for use in assessing sustainable resilience for communities; and chapter 5 provides an assessment
of flood protection infrastructure (dams and levees) in the U.S. and implications for future
sustainable resilience, where results are applied to a specific levee in Nashville, TN using both
local data and General Circulation Models (GCMs) via CMIP5 under a worst-case scenario (RCP
8.5) to develop recommendations to increase sustainable resilience and adaptive capacity of the
affected community. Each of these chapters is summarized below.

Chapter 2:

Gillespie-Marthaler, L., Nelson, K. S., Baroud, H., Kosson, D. S., & Abkowitz, M. (2018). An
Integrative Approach to Conceptualizing Sustainable Resilience. Sustainable and Resilient
Infrastructure, DOI: 10.1080/23789689.2018.1497880.

“Vulnerability, resilience, and sustainability are three concepts commonly used in
assessing the quality of a variety of systems. While each can be applied
independently when performing risk analysis, there is growing interest across



multiple disciplines in understanding how these concepts can be integrated when
considering complex adaptive systems, such as communities. In this paper, we
identify issues related to the use of these respective concepts in assessing complex
adaptive systems, and describe how these issues may produce imbalanced results
and maladaptive outcomes. We identify five critical areas where alignment and
integration across concepts can lead to improved system assessment. As a result,
we introduce a new paradigm, sustainable resilience, in which these concepts are
integrated to enable alignment of adaptation and transformation strategies with
desired resilience outcomes. This work provides the foundation for the
development of an integrated assessment framework to help guide informed risk-
based decision making for sustainable and resilient systems.”

Chapter 3:

Nelson, K. S., Gillespie-Marthaler, L., Baroud, H., Abkowitz, M., & Kosson, D. S. (2019). An
Integrated and Dynamic Framework for Assessing Sustainable Resilience in Complex Adaptive
Systems. Sustainable and Resilient Infrastructure, DOI: 10.1080/23789689.2019.1578165.

“Growing awareness of climate change and resulting impacts to communities have
generated increasing interest in understanding relationships between vulnerability,
resilience, sustainability, and adaptive capacity, and how these concepts can be
combined to better assess the quality of complex adaptive systems over time.
Previous work has described interactions between these concepts and the value-
added should they be integrated and applied in a strategic manner, resulting in a
new understanding of system quality defined as sustainable resilience. However, a
framework for explicitly integrating vulnerability, resilience, and sustainability
assessment to develop understanding of system sustainable resilience has yet to be
proposed. This paper presents a high-level, integrated and dynamic framework for
assessing sustainable resilience for complex adaptive systems. We provide a set of
functional definitions, a description of each step in the proposed assessment
process, and walk through an example application of the framework, including a
discussion of preliminary analyses, technical methodologies employed, and
suggested future advances.”

Chapter 4:
Gillespie-Marthaler, L., Nelson, K. S., Baroud, H., Abkowitz, M. (2019a). Selecting Indicators for

Assessing Community Sustainable Resilience. Risk Analysis (Submitted following second review)

“Communities are complex systems subject to a variety of hazards that can result
in significant disruption to critical functions. Community resilience assessment is
rapidly gaining popularity as a means to help communities better prepare for,
respond to, and recover from disruption. Sustainable resilience, a recently
developed concept, requires communities to assess system-wide capability to



maintain desired performance levels while simultaneously evaluating impacts to
resilience due to changes in hazards and vulnerability over extended periods of
time. To enable assessment of community sustainable resilience, we review current
literature, consolidate available indicators and metrics, and develop a classification
scheme and organizational structure to aid in identification, selection, and
application of indicators within a dynamic assessment framework. A non-
duplicative set of community sustainable resilience indicators and metrics are
provided that can be tailored to a community’s needs, thereby enhancing the ability
to operationalize the assessment process.”

Chapter 5:
Gillespie-Marthaler, L., Baroud, H., Abkowitz, M. (2019b). Failure Mode Analysis and
Implications for Sustainable Resilience of Flood Protection Infrastructure in the U.S. (Submitted

to Safety Science)

“Root cause (failure mode) analysis is conducted to identify primary and secondary
modes of failure for 779 dam and 1,160 levee failures. Overtopping and breach due
to an extreme hydrologic event is determined to be the most significant cause for
flood protection infrastructure failure (dams and levees) in the U.S., presenting a
threat to sustainable resilience for both infrastructure and communities. High risk
scenarios based on most significant failure modes are developed and examined to
aid in understanding implications for future sustainable resilience of flood
protection infrastructure. Use of local data and General Circulation Models
(GCMs) via CMIP5 under a worst-case scenario (RCP 8.5) suggests that extreme
hydrologic events (in the form of precipitation at or greater than the 95" percentile)
are likely to increase in both frequency and magnitude over the remainder of the
century. Results are applied to a local community and compared to a record flood
event to demonstrate potential impacts to sustainable resilience for flood protection
infrastructure and communities under the projected worst case.”

Chapter 6 is the conclusion of the document, providing a summary of contributions resulting from
the collective effort and directions for new research. These contributions include both those from
each of the individual efforts, as well as cumulative contributions to the state of research in fields
of resilience, sustainability science, natural hazard mitigation, and community planning. Future
research ideas to further expand the concept of sustainable resilience and its use are also discussed.



CHAPTER I

An Integrative Approach to Conceptualizing Sustainable Resilience

Introduction

There is increasing focus on understanding individual and combined impacts of
environmental stress, extreme events, and human development on communities and the
environment. As collective understanding of the dynamic nature of human impacts on the
environment and environmental impacts on human society has grown, greater effort has been
placed on engineering systems that are able to maintain quality, withstand change, and minimally
impact the surrounding environment. Vulnerability, resilience, and sustainability are three
concepts that have emerged from ecological, engineering, and social science disciplines as criteria
to meet these goals.

Each of these concepts is suited to assessing different aspects of system quality (e.g.,
exposure to harmful events, ability to resist disruption, expected lifetime of a current system state
based on critical resources), each concept is typically utilized at different points in planning and
decision making processes. Yet, these concepts ambiguously share many terms and attributes
associated with a common foundation in risk assessment, management, and communication.
Identification of gaps and linkages across each concept, and their relationships to the ability of
current and future systems to adapt and/or transform are therefore needed (Adger, 2006; Bahadur
et al., 2010; Upadhyaya et al., 2014; Bocchini et al., 2014; Minsker et al., 2015).

To date, there has been a paucity of literature devoted to how these concepts are used to
assess dynamic system quality (Adger, 2006; Fiksel, 2006; Turner, 2010; Engle, 2011; Ahern,
2011; Miller et al. 2010; and Bocchini et al., 2014; Minsker et al., 2015). Moreover, while
approaches for combining aspects of resilience and vulnerability (Cutter et al., 2008; Cultter et al.,
2014; Frazier et al., 2014; Lam et al., 2015; Mayunga, 2007; Manyena, 2006), or resilience and
sustainability (Ashley and Carney, 1999; Turner et. al., 2003; Wilhelmi and Hayden, 2010;
O’Connell et al., 2015; Minsker et al., 2015) frameworks have been developed, to our knowledge,
a framework explicitly combining all three concepts based on critical evaluation of framework
linkages and interactions has yet to be proposed.

In this paper, we review the individual concepts of vulnerability, resilience, and

sustainability, as well as existing efforts to develop integrative frameworks. We then identify and



illustrate critical linkages among concepts, and provide analysis of value added through strategic
alignment. We then introduce a new concept to achieve this alignment that reflects the desired
end-state for dynamic integrated system assessment, which we term “sustainable resilience.” This
work forms a necessary foundation upon which a framework for dynamic assessment of
sustainable resilience can be formed. Critical concepts and terminology used in the analysis are

italicized within the text and defined in Appendix A.

Background and Literature Review
Risk

Decision making under uncertainty is an inherent part of any complex adaptive system,
where a range of outcomes are possible. In the context of this paper, we define a system as a
collection of components that provide specific and related functions that are combined to serve a
common purpose (Bossel, 2001). Across all lifecycle phases of social, engineered, or coupled
systems, decisions are made that result in impacts across time and space, creating a set of dependent
responses that ultimately affect quality and performance (e.g., the system’s ability to serve
society). The term social-environmental system is used in this paper to describe linkages between
humans, human systems (engineered and/or social), and the surrounding environment (built and/or
natural). This term is intended to include socio-technical systems, a term widely used within the
literature. Our intent is to encompass linkages and interactions between humans, natural systems,
engineered (built) systems, socio-technical (technology & infrastructure) systems, and socio-
economic systems.

Risk differs from uncertainty through inherent association with the concept of harm and
resulting consequences (Kaplan & Garrick, 1981). It can be argued that the concepts of
vulnerability, resilience, and sustainability all fall under the umbrella of risk management as each
involves the identification and characterization of potential performance degradation and
mitigation opportunities to reduce negative consequences. To better understand goals associated
with each concept and how they relate to varying applications of risk, a review of each concept is
provided below.



Vulnerability

Vulnerability is described as the extent to which a system is likely to experience losses

from a hazard (impactful event), and as such, it is a universally negative quality (Turner et al.,
2003). Vulnerability assessment has evolved along two dominant tracks in the natural hazards
community and the social science community. In the natural hazards literature, vulnerability
employs a risk-hazard model, where vulnerability is defined as the combination of a risk factor
and the potential for loss in the system at risk (Turner et al., 2003; Eakin & Luers, 2006). In the
social science community, vulnerability traditionally focuses on inequities in sensitivity and
exposure (social equity), resulting from social-structural characteristics such as socioeconomic
and/or political status; governance; and community cohesion (Adger, 2006; Cutter et al., 2003;
Turner et al., 2003; Eakin & Luers, 2006). Here, less emphasis is placed on physical damage
incurred by a specific hazard while a greater emphasis is placed on identifying who is vulnerable
and why they are vulnerable. Foundational application of the social sciences approach (Adger,
2006; Cutter 2003; Eakin & Luers, 2006) remains widely used in current applications within
literature (Cutter, 2016a; Cutter, 2016b). In both cases (risk-hazard and social science
applications), imbalanced assessment can occur through over-emphasis of either the physical or
social aspects of vulnerability, leading to an incomplete understanding of system vulnerability.
A more recent approach to defining vulnerability attempts to merge both perspectives by defining
vulnerability as the, “state of susceptibility to harm from exposure to stresses associated with
environmental and social change and from the absence of capacity to adapt,” (Adger, 2006). We
defer to this definition, which includes three components: exposure, sensitivity, and adaptive
capacity. Exposure is the magnitude and extent to which a disruption (hazard event) or stress is
experienced, sensitivity is the expected degree of impact from a disruption or stress given
exposure, and adaptive capacity is the ability to prepare for and respond to disturbance and is
dependent upon the ability to effectively access and use necessary resources (Adger & Vincent,
2005; Adger, 2006; Engle, 2011).

Despite the breadth in definition, little consensus exists on the appropriateness of different
methods for measuring or characterizing vulnerability across social-environmental systems. This
is in part due to continuing challenges in the ability to operationalize different components of
vulnerability and how to account for differences between short-term and long-term vulnerability
(Engle, 2011; Gallopin, 2006; Fekete, 2012; Fussel, 2007; Eakin & Luers, 2006; Hinkel, 2011).



For example, it has been noted that overlap exists between sensitivity and adaptive capacity, as an
indicator of sensitivity at one time scale (e.g., poverty may be an indicator of sensitivity during an
active emergency as fewer resources are immediately available to respond to the crisis at hand),
yet may be an equally valid indicator of adaptive capacity at another time scale (e.g., poverty may
also be an indicator of adaptive capacity as fewer resources are available to adequately prepare for
future emergencies) (Frazier et al., 2014). Differences in operationalizing vulnerability are also
obvious when considering the numerous variations in defining adaptive capacity, examples of
which include coping capacity, coping ability, and capacity of response (Gallopin, 2006). In some
cases, these terms refer to characteristics that exist before a harmful event occurs and impact
outcomes in the short-term, while in others they refer to processes such as social learning that
produces impacts in the long-term (Adger et al., 2004; Fussel, 2007; Gallopin, 2006; Keck and
Sakdapolrak, 2013; Turner, 2003).

Vulnerability assessments are often used as a pre-event planning tool or for post-event
analysis, and are typically conducted using indices that represent various attributes and properties
of sub-systems or system components in order to evaluate exposure to harm and possible
distribution of impacts. There are few examples of vulnerability assessment that adequately
balance all aspects of social-environmental system components (e.g., human, engineered systems,
social systems, natural systems) and consider their cross-scalar interactions (Engle, 2011; Adger,
2006; Fussel, 2007). Difficulties in addressing multi-scalar interactions may reflect the typical
micro-scale lens employed in vulnerability assessments. While analysis at this scale can be a
strength when identification of critical sub-systems/components or social justice issues within a
system is needed, emphasis on the micro-scale can provide an incomplete picture of impacts at the
system level (Miller et al., 2010). Current frameworks for vulnerability assessment do not
adequately address dynamic temporal changes in vulnerability, critical thresholds, and/or multi-
scalar interactions (Engle, 2011; Hinkel, 2011; Fekete, 2012; Miller et al., 2010; Frazier et al.,
2014). As a result, imbalanced vulnerability assessment can provide discrepant and/or
contradictory conclusions which may lead to adoption of inefficient and/or ineffective strategies

to improve system quality and performance.
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Resilience

The concept of resilience originates from ecological science, where it was defined as a
system’s ability to, “absorb changes of state variables, driving variables, and parameters, and still
persist” (Holling, 1973). Resilience in this sense is a property that results in a system’s level of
persistence. A commonly accepted definition of resilience is the, “capacity of a system to absorb
disturbance and re-organize while undergoing change so as to still retain essentially the same
function, structure, identity and feedbacks” (Folke, 2006). This definition considers both system
persistence and adaptability within the context of complex system interactions such as cross-
scale dynamics, dependency, multiple equilibria, and feedback loops (Folke, 2006; Turner et al.,
2003).

Recent definitions of resilience associated with social and economic systems incorporate
the concepts of coping, adaptive, and transformative capacities (Engle, 2011; Keck & Sakdapolrak,
2013), and the ability to adapt or reconfigure to achieve strategic goals (Martin, 2012). For
example, a community that is able to minimize physical flooding, has proactive emergency
communication systems and sufficient emergency response infrastructure, and that is able to learn
from flood events and take action to improve the outcomes of future flood events could be
considered to be resilient. Doorn et al. (2018) go a step further and combine resilience with a
capability approach that links social justice and well-being to infrastructure damage and recovery,
highlighting interactions between social and physical coping and recovery processes. Resilience
can also be viewed as a process that includes planning, preparation, monitoring, and learning to
respond to change in order to achieve desired long-term goals (Godschalk, 2003; Ahern, 2011;
Davoudi et al., 2012; Wilkinson, 2012; Desouza & Flanery, 2013; Sharifi & Yamagata, 2014; Arup
and The Rockefeller Foundation, 2014) that are often associated with urban planning.

Among these resilience definitions are a number of common attributes: i) most refer to the
ability of a system to absorb and adapt to disruptive events, ii) recovery from disturbance is
considered a critical component, iii) some require a return to a steady or pre-disturbance state,
while others allow for system degradation or the possibility of an enhanced or transformed state,
iv) many include emphasis on preparedness and recovery activities (Hosseini et al., 2016; Koliou
etal., 2018), and v) the attainment of resilience is often linked to achieving desired levels of system
performance (Bruneau et al., 2003). In the case of social, engineered, or coupled system