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There is a continuing need for disaster risk reduction strategies to shift emphasis from assessing hazard events toward reducing vulnerabilities within social systems. Conceptualizing and measuring social vulnerability is an important stage along this path. Our current understanding of vulnerability is guided by theories, methodologies, and measurement standards derived from different schools of thought. This chapter provides a summary of core concepts on vulnerability, and its measurement from a social perspective (i.e., social vulnerability). The chapter has three main sections that delve into (1) conceptual frameworks for hazards vulnerability, 2) approaches for measuring social vulnerability, and 3) a case study analysis of social vulnerability in Hurricane Sandy.

Introduction

Extreme climatic and geophysical events exert enormous negative consequences on people around the world. Faced with ever increasing societal impacts from natural hazards, a wealth of research and analysis has focused on understanding causal processes and impacts. Historically, these efforts centered on characterizing hazard dynamics and using physical structures such as levees to mitigate damage. The result has been a proliferation of technocratic approaches, while financial and human losses from natural hazards continued to escalate. Over time, this gave rise to an alternative explanation that mounting losses are related less to natural event dynamics, and more to the vulnerability of exposed human populations. There is a continuing need for disaster risk reduction strategies to shift emphasis from assessing hazard events toward reducing vulnerabilities within social systems [START_REF] Briceño | Looking back and beyond Sendai: 25 years of international policy experience on disaster risk reduction[END_REF]. Conceptualizing and measuring social vulnerability is an important stage along this path.

Broadly defined, vulnerability is the potential to suffer loss or harm. This can include structural vulnerability of buildings and lifelines, biophysical vulnerability (physical exposure) of people and places to natural events, and social vulnerability describing differential susceptibility based on social, economic and political factors [START_REF] O'keefe | Taking the naturalness out of natural disasters[END_REF][START_REF] Cutter | American hazardscapes: the regionalization of hazards and disasters[END_REF]. As applied in social science research, the term vulnerability generally describes a state of people and populations rather than physical structures, economies, or regions of the earth [START_REF] Wisner | At Risk: Natural Hazards, People's Vulnerability and Disasters[END_REF]. Vulnerability can vary significantly across both social and geographic space [START_REF] Liverman | Vulnerability to Global Environmental Change. Understanding Global Environmental Change: The Contributions of Risk Analysis and Management[END_REF]Bohle et al. 1994b;[START_REF] Cutter | Vulnerability to environmental hazards[END_REF]. Social space refers to who is vulnerable, and is defined by the political, economic, and institutional capabilities of people at a specific time and place (Bohle et al. 1994b;[START_REF] Wisner | At Risk: Natural Hazards, People's Vulnerability and Disasters[END_REF].

By contrast, geographic space describes the location and scale at which people and places are vulnerable [START_REF] Cutter | Vulnerability to environmental hazards[END_REF].

Our current understanding of vulnerability is guided by theories, methodologies, and measurement standards derived from different schools of thought. This chapter provides a summary of core concepts on vulnerability, and its measurement from a social perspective (i.e., social vulnerability). The chapter has three main sections that delve into (1) 3 conceptual frameworks for hazards vulnerability, 2) approaches for measuring social vulnerability, and 3) a case study analysis of social vulnerability in Hurricane Sandy.

Conceptual Frameworks

Many definitions of vulnerability to hazards appear in the literature, with most including components of exposure, susceptibility, and adaptive capacity (Table 1). Exposure is the degree to which people and built environment elements intersect the spatial extent of hazard event. Susceptibility (also expressed as sensitivity or fragility) is the predisposition of exposed people and places to suffer adverse effects from a hazard. Adaptive capacity and coping capacity refer to the ability of people, communities, and systems to adjust to adverse hazard impacts.

Table 1. Selected Vulnerability Definitions

Source Definition Tradition [START_REF] Mileti | Disasters by Design: A Reassessment of Natural Hazards in the United States[END_REF] Measure of the capacity to weather, resist, or recover from the impacts of a hazard in the long term as well as the short term.

Riskhazard [START_REF] Alexander | Principles of Emergency Planning and Management[END_REF] Susceptibility of people and things to losses attributable to a given level of danger, a given probability that a hazard will manifest itself at a particular time, in a particular place, in a particular way, and with a particular magnitude.

Riskhazard (Bohle et al. 1994b) Aggregate measure of human welfare that integrates environmental, social, economic, and political exposure to a range of harmful perturbations.

Political economy [START_REF] Wisner | At Risk: Natural Hazards, People's Vulnerability and Disasters[END_REF] Characteristics of a person or group and their situation that influence their capacity to anticipate, cope with, resist, and recover from the impact of a natural hazard.

Political ecology [START_REF] Turner | Framework for Vulnerability Analysis in Sustainability Science[END_REF]) Degree to which a system, subsystem, or system component is likely to experience harm due to exposure or hazard, either a perturbation or stress/stressor.

Socialecological systems [START_REF] Adger | Vulnerability[END_REF] State of susceptibility to harm from exposure to stresses associated with environmental and social change, and from the absence of capacity to adapt.

Socialecological systems

Few definitions have been widely agreed upon, in large part because the study of hazards vulnerability has proceeded under at least three distinct conceptual framings. These 4 include risk-hazard, political ecology, and social-ecological systems frameworks [START_REF] Eakin | Assessing the Vulnerability of Social-Environmental Systems[END_REF], although other typologies have been suggested [START_REF] Liverman | Vulnerability to Global Environmental Change. Understanding Global Environmental Change: The Contributions of Risk Analysis and Management[END_REF][START_REF] Cutter | Vulnerability to environmental hazards[END_REF][START_REF] Turner | Framework for Vulnerability Analysis in Sustainability Science[END_REF][START_REF] Adger | Vulnerability[END_REF]. Each is situated within a larger human-ecological modeling framework in which hazards and disasters stem from complex interactions between environment and society. However, the frameworks differ in their conceptualization of the dominant components, processes, and relationships that define human-environmental interactions. Conceptual framing is important because it drives the types of questions that are posed, the analytical methods used to answer them, and the solutions that are implemented. Over time, conceptual frameworks of vulnerability evolved from an initial focus on physical and managerial aspects to more explicit inclusion of social drivers and differential impacts. The following sections describe the evolution of prominent conceptual frameworks that have shaped social vulnerability analyses.

Risk-Hazard

Vulnerability in risk-hazard is generally defined as the potential for loss or other adverse impacts, or the capacity to suffer harm. Expressed mathematically, risk equals hazard multiplied by vulnerability. Risk is a function of biophysical, social, and economic factors, but in risk-hazard analyses, the hazard assumes the central role. Many studies have highlighted characterization of the spatial distribution of biophysical risk, with the most vulnerable populations considered to coincide with areas of biophysical exposure [START_REF] Liverman | Vulnerability to Global Environmental Change. Understanding Global Environmental Change: The Contributions of Risk Analysis and Management[END_REF]). Due to the assumed dependence on exposure, risk-hazard approaches often favor solutions that seek to modify physical exposure through such actions as monitoring, forecasting, engineering, and land use planning [START_REF] Hewitt | The Idea of Calamity in a Technocratic Age[END_REF].

Within the risk-hazard tradition, geographers Gilbert White, Ian Burton, and Robert Kates pioneered the study of hazards and human adjustments taken in response to them.

Following a series of major floods along the Mississippi River, the US Flood Control Act of 1936 was passed [START_REF] Congress | Flood control act of 1936[END_REF]. The statute granted authority to the US Army Corps of Engineers to build and maintain large-scale flood control structures, such as dams, dikes, floodwalls, and levees. This structural mitigation approach was indicative of the dominant mentality of the day: the root cause of disasters is extreme physical events, and societies 5 can master flooding through technology. For Gilbert White, there was an alternative range of adjustments to flood hazards, including evacuation, building codes, zoning, public relief, and insurance [START_REF] White | Human adjustment to floods[END_REF]. These were nonstructural approaches that recognized the role of both nature and society in creating hazards.

Social science research in the risk-hazard domain has delved into questions of why people inhabit hazardous areas, what factors influence the adoption of human adaptations to hazards, and how risk perception influences behavior [START_REF] White | Natural Hazards Research[END_REF]). As such, the elements that define risk should expand from a dominance of external natural processes to also include societal dimensions of perception, policies, and management [START_REF] Cardona | Indicators of Disaster Risk and Risk Management: Program for Latin America and the Caribbean: Summary Report[END_REF]. The basic idea is that people exacerbate hazards through behaviors such as developing in floodplains and translating risk perception into action. The focus on societal behavior led this perspective to also be referred to as the behavioral paradigm. In the risk-hazard domain, risk and vulnerability assessments generally proceed through a sequential analysis that progresses from event characterization to exposure to fragility to impacts to potential adjustments [START_REF] Hewitt | The Idea of Calamity in a Technocratic Age[END_REF][START_REF] Eakin | Assessing the Vulnerability of Social-Environmental Systems[END_REF]. Vulnerability reduction in turn is achieved through decision-making processes that consider natural event characteristics, risk perception, and cost.

The Human Adjustment to Natural Hazards model is indicative of the risk-hazard perspective (Figure 1). It defines a hazard as the intersection of systems of natural events and human activity, governed by a process of human adjustment to both. This interplay of systems produces hazard effects, such as impacts to people, their belongings, economic activity, and social systems. The model is continuous and reflexive in that it assumes feedback effects of human adjustments to future states of natural events and human systems.

6 The natural event system is described by the magnitude, frequency, duration, areal extent, and spatial dispersion of geologic, hydrologic, meteorological, and biological events. By contrast, the human use system is defined by the distribution of people, human activities, material elements, and decision-making ranging from household to national scales. A natural hazard occurs when these systems collide and create direct and indirect threats to people and the things they value. Impacts that reach a threshold of human risk perception trigger an evaluation of potential adjustments based on environmental, economic, technological, and social constraints.

Emergency adjustments include post disaster rescue and relief operations, while long-term adjustments (adaptation) more fundamentally alter natural and human systems. Examples of adjustments to natural systems include flood control structures, reservoir storage for drought, and forest thinning to reduce wildfire risk. Adjustments to the human use system include loss reduction efforts (e.g., building codes, early warning systems, evacuation), changes in land use (e.g., zoning, wetland restoration, property acquisition), and loss redistribution via insurance and disaster relief [START_REF] White | Natural Hazards Research[END_REF][START_REF] Burton | The Environment as Hazard[END_REF]). The aggregate of adjustments implemented and avoided at different scales determines the severity of natural hazards.

Overall, the risk-hazard approach has tended to underemphasize the contribution of human use systems to hazards. Critics have argued that risk-hazard approaches poorly describe how people exacerbate or attenuate hazard effects, and fail to consider the role of political economy in shaping differential exposure and impacts [START_REF] Turner | Framework for Vulnerability Analysis in Sustainability Science[END_REF]. In particular, it poorly addresses the societal context in which hazards take place. For example, the range of hazard impacts and available adjustments to a natural event may be influenced by factors exogenous to the system, such as public and private agendas and concurrent economic downturn. However, analysis at the system level may overlook differential hazard exposure and impacts among population subgroups within the system.

Hewitt issued perhaps the strongest condemnation of risk-hazard (including some of his own work), arguing the approach is far too predicated on the causality of environmental determinism [START_REF] Hewitt | The Idea of Calamity in a Technocratic Age[END_REF], with hazards considered to be exceptional phenomena that occur outside the domain of human-environment interactions. This perspective leads to over-reliance on technocratic solutions that are incapable of addressing important contributing factors such as societal economic, social, and political structure and values.

Over time, critiques of the risk-hazard paradigm helped lead to a shift in perspective from natural events toward human vulnerability as the root cause of disasters [START_REF] O'keefe | Taking the naturalness out of natural disasters[END_REF][START_REF] Liverman | Vulnerability to Global Environmental Change. Understanding Global Environmental Change: The Contributions of Risk Analysis and Management[END_REF][START_REF] Kasperson | Vulnerability, Equity, and Global Environmental Change[END_REF][START_REF] Wisner | At Risk: Natural Hazards, People's Vulnerability and Disasters[END_REF]).

Political Economy and Ecology

A focus on the social determinants of vulnerability helps explain why people with similar levels of exposure may experience very different levels of adverse impact. Central research questions related to social vulnerability focus on who is vulnerable, why they are vulnerable, how they are vulnerable, and how institutions contribute to vulnerability [START_REF] Eakin | Assessing the Vulnerability of Social-Environmental Systems[END_REF]. The elevation of sociopolitical and economic factors is illustrated in the Causal Structure of Vulnerability conceptual model (Bohle et al. 1994a), which posits vulnerability as a social space bounded by components of risk exposure, coping capacity, and recovery potential. These components are governed by a place-and time-specific causal structure dependent on human ecology, expanded entitlements, and political economy. Trailblazing researchers in the political economy/ecology tradition include Piers Blaikie, Hans Bohle, Ken Hewitt, Amartya Sen, Michael Watts, and Ben Wisner.

Within the political economy domain, vulnerability is often conceptualized as a lack of entitlements in livelihoods. Entitlements refer to the set of commodities or resources that a person can legally command, obtained through personal labor, production of owned resources, trade, or transfer [START_REF] Sen | Poverty and Famines: An Essay on Entitlement and Deprivation[END_REF]. Ownership of these entitlements results from a combination of historical, institutional, and economic factors. Command over entitlements allows for the diversification of livelihoods in the face of a hazard or other stressor, increasing coping ability [START_REF] Eriksen | The dynamics of vulnerability: locating coping strategies in Kenya and Tanzania[END_REF]. Lack of entitlements translates through 9 social factors, resulting in vulnerability via unequal exposure to hazards [START_REF] Watts | The space of vulnerability: the causal structure of hunger and famine[END_REF].

Context is another factor explicitly considered in political economy/ecology analyses.

Societal issues such as policy agendas, resource management, land use patterns, wealth distribution, and economic development may overlap with natural events, combining with place and time to make individual hazards unique [START_REF] Mitchell | A Contextual Model of Natural Hazard[END_REF][START_REF] Tobin | Natural Hazards: Explanation and Integration[END_REF]. There is also the potential for multiple stressors to occur simultaneously. For example, the occurrence of an extreme natural event concurrent with economic marginality can result in double exposure [START_REF] O'brien | Mapping vulnerability to multiple stressors: climate change and globalization in India[END_REF]. Therefore, in order to truly understand hazards, stressors cannot be considered in isolation [START_REF] Tobin | Natural Hazards: Explanation and Integration[END_REF].

While the Human Adjustment Model evaluates vulnerability largely as function of natural events and managerial decisions, a structural perspective on political economy posits vulnerability as an intrinsic property of human systems. Vulnerability is thus an underlying condition revealed by, rather than resulting from stresses to the system, of which natural events are only one type. Other stresses may originate from unequal access to resources, economic structure, policy agendas, resource management, and violent conflict. For example, the occurrence of an extreme natural event concurrent with economic downturn can result in double exposure to hazards [START_REF] O'brien | Mapping vulnerability to multiple stressors: climate change and globalization in India[END_REF].

Accordingly, vulnerability analysis should consider how macro-economic, political, and institutional factors amplify and attenuate vulnerability to hazards. Emblematic of the political ecology viewpoint, the disaster Pressure and Release Model (PAR) highlights a sequence of societal conditions that determine disaster vulnerability [START_REF] Blaikie | At Risk: Natural Hazards, People's Vulnerability and Disaster[END_REF].

The components and relationships of the PAR are shown in Figure 2. In the PAR, human vulnerability and physical hazards are opposing and additive pressures that combine to produce disasters. Social vulnerability arises as the result of a progression that proceeds from root causes through dynamic pressures to unsafe conditions. Root causes are societal scale and interrelated political, economic, and demographic structures that establish and sustain power relationships, and govern the allocation of resources.

These driving forces are often spatially and temporally distant from the hazard event.

Dynamic pressures are institutional, social, and environmental processes that channel generalized root causes into environmental degradation (Kasperson et al. 1995) and specific unsafe conditions. Unsafe conditions are the physical, economic, social and managerial factors that determine differential exposure to hazards at the local scale. The progression of vulnerability combines with hazard severity to exert pressure on people 11 through disaster impacts and constraints on coping capacity. Only by reducing vulnerability can the pressure of disaster risk be released.

With a focus on the social construction of vulnerability, the PAR is well suited to analyze chronic, slow onset, and spatially diffuse hazards (e.g., drought, climate change) that are more difficult to address with adjustments to the natural events system. Within political economy research, is often equated with extreme natural events themselves. This is a departure from the risk-hazard conceptualization as the intersection of natural and human systems. The strength of the structural perspective of political economy lies in its focus on underlying political, social, economic, and institutional factors that lead to vulnerability, inclusion of scale, and consideration of concurrent stressors other than natural events that may compound vulnerability. However, it has been criticized for downplaying physical aspects of natural-human systems interactions and underemphasizing system feedbacks common in human adjustment models [START_REF] Turner | Framework for Vulnerability Analysis in Sustainability Science[END_REF]. Other critics argue that the PAR is well suited for descriptive analysis, but less amenable to quantification.

Hazards of Place

The Human Adjustment Model and PAR share a focus on system-level interactions between people and environment as the source of vulnerability. But questions remained about the vulnerability of what, and the vulnerability of whom? Vulnerability is frequently described in the academic literature as a dynamic phenomenon that can vary significantly across time and space. Analysis at the system level can provide a good understanding of physical and social causal processes, but not necessarily how they vary spatially and manifest at local scales. To fully understand hazard effects and associated human adjustments, the analysis should expand from a focus on single hazards to all hazards that affect a place [START_REF] Hewitt | The Hazardousness of a Place: A Regional Ecology of Damaging Events[END_REF].

The Hazards of Place Model [START_REF] Cutter | Vulnerability to environmental hazards[END_REF] addresses this concern, combining vulnerability from biophysical and social systems to produce vulnerability specific to a particular place and time (Figure 3). In the model, risk (defined as hazard sources, probability, consequences) and hazard mitigation (defined as planning, structural and technological 12 improvements) interact to determine the initial hazard potential for a place. This is roughly analogous to the ideas of natural system characteristics and human use system adjustment in the Human Adjustment Model. Biophysical vulnerability is generated by the translation of hazard potential through physical characteristics, such as elevation, location, and threat proximity, which comprise the geographic context. Likewise, social vulnerability is produced via the filtering of the hazard potential through social characteristics, such as socioeconomic conditions, risk perception, and coping capacity, which collectively constitute the social fabric of a place. The social fabric is then distilled into place-specific characteristics of marginalized populations [START_REF] Wisner | Marginality and vulnerability: Why the homeless of Tokyo don't 'count'in disaster preparations[END_REF]) and used to measure social vulnerability. Biophysical and social vulnerability dynamically interact to create the vulnerability of a place, which feeds back to influence future states of risk and mitigation. based approach using geospatial analysis has been since applied in numerous studies of integrated vulnerability [START_REF] Chakraborty | Population Evacuation: Assessing Spatial Variability in Geophysical Risk and Social Vulnerability to Natural Hazards[END_REF][START_REF] Collins | Vulnerability to environmental hazards in the Ciudad Juárez (Mexico)-El Paso (USA) metropolis: a model for spatial risk assessment in transnational context[END_REF][START_REF] Koks | Combining hazard, exposure and social vulnerability to provide lessons for flood risk management[END_REF].

Other Vulnerability Frameworks

The evolution in conceptual frameworks has helped shape understanding the social dimensions of vulnerability to natural hazards. However, other frameworks have also been influential. The Social Amplification of Risk model describes how psychological, social, and cultural processes interact with hazard events in ways that amplify or attenuate public perception of risk [START_REF] Kasperson | The social amplification of risk: A conceptual framework[END_REF]. Risk perception can modulate the level of social and economic impacts from hazards, potentially limiting response even when capacity exists [START_REF] Adger | Vulnerability[END_REF]).

The social-ecological systems perspective posits natural and human systems as a highly dynamic, tightly coupled system in which people and the biophysical environment are constantly interacting and co-evolving [START_REF] Turner | Framework for Vulnerability Analysis in Sustainability Science[END_REF] 

Assessment and Measurement

In transitioning from conceptual framing to assessment, much more effort and resources have been invested in understanding physical processes underlying hazards vulnerability than the array of social determinants. Focusing on social vulnerability, measurement is often a precursor to developing strategies to reduce hazard risk. Measurement first requires the ability to identify characteristics that determine a population's risk, as well as an understanding of what enhances or reduces the ability of people to respond to and recover from environmental threats. Translating this understanding of the social fabric of communities into quantitative metrics of social vulnerability is the embodiment of a central aspect of the Hazards of Place model.
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Social vulnerability is highly multidimensional and constituted by both tangible and intangible characteristics. This multidimensionality makes it difficult or impossible to represent the concept with a single equation or universal set of metrics across scales and hazards [START_REF] Birkmann | Conceptual Frameworks and Definitions[END_REF]). As a result, there are few consensus guidelines for measuring social vulnerability. There is agreement, however, that quantitative measurement of the concept involves a number of stages, including the selection or compilation of relevant data, data standardization, and aggregation of data to derive a final value [START_REF] Tate | Social vulnerability indices: a comparative assessment using uncertainty and sensitivity analysis[END_REF]. Due to difficulty with direct measurement, proxy measures are selected to convey the overall capacity of populations to prepare for, respond to, and recover from damaging events.

There is a rich tradition of research focused on the factors that increase or decrease the social vulnerability of populations.

This section provides insights into techniques used to understand, measure, and communicate the social vulnerability of populations to hazards and disasters. It is not intended to be an exhaustive review of the literature related to measuring social vulnerability. Rather, we selected methodologies most relevant to the development of composite indicators associated with social vulnerability frameworks discussed in the preceding section. An indicator is a quantitative or qualitative measure derived from observed facts that can simplify and explain a complex reality [START_REF] Freudenberg | Composite Indicators of Country. Performance: A Critical Assessment[END_REF]. A composite indicator (index), is a mathematical aggregation of individual indicators or thematic sets of indicators that represent different dimensions of the concept being measured.

Deductive Models

A leading characteristic distinguishing composite indicators of social vulnerability is the structural design, which include deductive, inductive, and hierarchical arrangements [START_REF] Tate | Social vulnerability indices: a comparative assessment using uncertainty and sensitivity analysis[END_REF]. Deductive approaches are top-down, and they heavily emphasize the theoretical frameworks upon which their variables are selected. The most important dimensions of social vulnerability are identified a priori, with typically ten or fewer variables that are standardized and aggregated into an index (Figure 4). 

Inductive Models

Inductive approaches begin with a larger indicator set (typically 20 or more) that is reduced to a smaller set of values that help to explain the social vulnerability across a given area. This is accomplished using a Principal Components Analysis (PCA) and/or a Factor Analysis (FA) to decompose a large dataset into a smaller number of uncorrelated factors that explain the variance within the data. The resultant factors are aggregated by to build an index (Figure 5).

Figure 5. Inductive approach for social vulnerability assessment (Tate 2012)

Inductive approaches for modeling social vulnerability were popularized by the Social Vulnerability Index (SoVI) [START_REF] Cutter | Social Vulnerability to Environmental Hazards[END_REF]). The SoVI is largely based on social dimensions identified in the PAR and Hazards-of-Place models. The original configuration of SoVI utilized between 29 to 42 variables, depending on the analysis scale. The variables are input into a Factor Analysis that estimates the variability that the original input data has in common due to its intercorrelations, and decomposes this data into factors that explain the social vulnerability of a study area. To ensure that the sign of the factor loadings corresponded with their known influences on social vulnerability, factor scores are scaled by making slight adjustments to their directionality. A positive directionality is assigned to all factors known to increase social vulnerability (race and poverty for example), and a negative directionality is assigned to factors known to decrease vulnerability (indicators such as wealth). This is accomplished by multiplying the loadings by -1 since replacing a component with its inverse subtracts from the overall index. All components are then summed and mapped as standard deviations from the mean allowing for a quantified and visual representation of how social vulnerability varies across space.

Since its inception, the inductive approach for social vulnerability assessment has been expanded to address questions regarding scale [START_REF] Schmidtlein | A Sensitivity Analysis of the Social Vulnerability Index[END_REF][START_REF] Fekete | Scales as a challenge for vulnerability assessment[END_REF] temporal change [START_REF] Cutter | Temporal and spatial changes in social vulnerability to natural hazards[END_REF], specific hazards [START_REF] Rygel | A Method for Constructing a Social Vulnerability Index: An Application to Hurricane Storm Surges in a Developed Country[END_REF][START_REF] Schmidtlein | Modeled earthquake losses and social vulnerability in Charleston, South Carolina[END_REF], and integration social vulnerability with physical vulnerability [START_REF] Burton | Levee failures and social vulnerability in the Sacramento-San Joaquin Delta area, California[END_REF][START_REF] Finch | Disaster disparities and differential recovery in New Orleans[END_REF]. Despite its usefulness in reducing data to factors that are potentially explaining the social vulnerability of an area, however, the inductive approaches rely on subjective decision-making at critical stages which could lead to uncertainties within the model outputs [START_REF] Tate | Uncertainty analysis for a social vulnerability index[END_REF].

Hierarchical Models

Hierarchical models typically employ 10 to 20 indicators, aggregated into pillars that share the same underlying dimension (e.g. special needs populations, economy, institutional factors). The pillars are then aggregated to create the index (Figure 6). Hierarchical models thus require a greater level of theoretical organization than purely deductive models. Hierarchical models may rely on participatory approaches and/or expert knowledge both for the selection of variables and for weighting them [START_REF] Bankoff | Mapping vulnerability: disasters, development, and people[END_REF]).

Participatory approaches require more time and resources than the deductive or inductive methods, but the increased use of stakeholder-selected indicators and expert-derived weights may result in an index with greater transparency, acceptability, and incorporation of local context. 

Social Vulnerability Profiling

The models described thus far share a design goal of aggregating indicators to measure the spatial variation in the magnitude (e.g. high, medium, low) of social vulnerability. A different approach is to model the spatial variation of the dominant vulnerability drivers.

The result is spatially-varying typologies or profiles of social vulnerability [START_REF] Tuccillo | Model-Based Clustering of Social Vulnerability to Urban Extreme Heat Events[END_REF]. Emblematic of this approach is the Spectroscopy of Vulnerability [START_REF] Rufat | Spectroscopy of Urban Vulnerability[END_REF], which directs attention to interactions among indicators (rather than indicator aggregation) to identify social vulnerability profiles.

The aim of profiling is to identify (1) locally convergent characteristics that give rise to social vulnerability, 2) the intersectionality of characteristics that generate adverse impacts,

3) clusters of different vulnerability profiles, and 4) why some places might be more vulnerable than others. The outputs are well suited to inform the implementation of 19 targeted mitigation policies. The profiling approach begins by extracting the most relevant vulnerability drivers for a given case study according to the interactions described by the PAR and Hazards-of-Place frameworks. It then reduces the selected variables to around 15 to 20 based on statistical correlations, seeking balance in the count of vulnerability dimensions (i.e. around 5 demographic, 5 socioeconomic and 5 cultural or institutional variables).

Vulnerability profiles are generated through a factor analysis (PCA) on the input demographic data, followed by application of a hierarchical clustering (HAC) method. The factor coordinates of spatial units in the first components extracted from the PCA (i.e., components explaining around 75% of the combined variance) are used as a distance matrix for the Classification (HAC). The HAC is a non-spatial hierarchical clustering algorithm according to Ward's method, without the use of weights. The optimal partitioning is determined without a priori expectations. The larger thresholds in Ward's level indexes point to the ideal number of clusters. The combination of factorial analysis and clustering makes it possible to eliminate random fluctuations and to obtain more stable partitioning and compact groups of vulnerability profiles. The output is 3 to 7 relative vulnerability profiles that are mapped alongside a visual representation of the interactions specific to each profile.

Vulnerability profiling requires interpretation of the interactions of each relative vulnerability profile. It also requires explaining why some places might be more vulnerable than others, making it a more holistic approach than the inductive and deductive methods. In that sense, the social vulnerability profiles provide scientists and practitioners a tool to associate natural hazard risk with social vulnerability factors as they diverge across space.

Qualitative Case Study Approaches

There is considerable diversity of approaches for social vulnerability analysis [START_REF] Fekete | Spatial disaster vulnerability and risk assessments: challenges in their quality and acceptance[END_REF]. The models described thus far include only top-down, quantitative approaches.

However, qualitative methods can also be employed to assess social vulnerability in case 20 studies that are in-depth and bottom-up. They encompass a set of context-oriented methods that typically include structured interviews and focus groups. Pre-and postdisaster case studies attempt to uncover drivers of social vulnerability. These driving factors are often described in terms of the real-world processes from which vulnerable conditions are derived. Here, research is aimed at better understanding the complexity of the social system being evaluated. Because of the time-consuming nature of a structured interview, these types of qualitative studies typically occur at the community or household scale, making the findings highly context dependent. Qualitative methods allow for:

 Collecting risk information from experts or community members;

 Communicating risk and social vulnerability with local stakeholders;

 Applying tools to facilitate local use of social vulnerability information to understand the risk of their communities, identify existing strengths and weaknesses, and establish resilience goals corresponding to the needs and capacities of communities;

 Assisting local stakeholders to strengthen existing vulnerability reduction strategies.

Case Study -Measuring Social Vulnerability for Hurricane Sandy

To illustrate the process of measuring social vulnerability, this section presents a case study based on Hurricane Sandy. The input data were collected from the U.S. Census Bureau and the U.S. Federal Emergency Management Agency (FEMA) to evaluate predictions from a social vulnerability model with a real-world disaster outcome. The analysis adopts multiple assessment's approaches to model pre-storm characteristics of affected populations and to examine interactions among vulnerability drivers. We then compare the results against observed outcome data from Hurricane Sandy.

Hurricane Sandy

"Superstorm Sandy" was the deadliest and most destructive event of the 2012 Atlantic hurricane season. At least 233 people were killed along the storm path, and direct economic losses were estimated at $75 billion, a figure surpassed in the U.S. only by 21 Hurricane Katrina in 2005. Hurricane Sandy affected twenty-four U.S. states, with severe damage in New Jersey and New York. The storm surge hit New York City, flooding streets, tunnels, subways, and cutting power around the city. The East River overflowed its banks, flooding Lower Manhattan with a water depth ranging from 2 to 6 meters (Figure 7). The storm severely damaged or destroyed approximately 100,000 homes on Long Island with more than 2,000 homes deemed uninhabitable there. There were 71 Hurricane Sandyrelated deaths in the state of New York. Damage in the state was estimated at $42 billion.

At the peak of the storm, 3 million residents were without power. There were 43 Sandyrelated deaths in New Jersey, with direct economic loss estimated at $37 billion. and include loss estimates based on FEMA Verified Loss (HUD 2015), total FEMA-approved applicants for flood compensations (Individual Assistance), total affected uninsured renters, and the number of affected non-seasonal housing units (Table 3). These variables were normalized using sociodemographic data from the 2008-2012 American Community Survey (ACS) from the Census (Table 3). The normalized data were used as outcome measures (dependent variables) to compare social vulnerability indicators with the realworld impact outcomes. 

Statistical methods

We assessed social vulnerability using three different approaches for empirical For our second modeling approach, we constructed a hierarchical model of social vulnerability. To foster comparison with the inductive models, the same input variables (Table 2) were used. Individual indicators were aggregated into pillars, and the pillars were then aggregated to create the index according to a weighting scheme based on expert knowledge. The expert weights were derived from a survey of hazards and disaster professionals to derive a level of importance for individual social vulnerability indicators [START_REF] Emrich | Social Vulnerability in US Metropolitan Areas: Improvements in Hazard Vulnerability Assessment[END_REF]. The survey applied a budget allocation approach in which experts were asked to allocate a budget of 100 points among a set of indicators (Table 5). 

Figure 10. Hierarchical model social vulnerability scores

Vulnerability profiling is the third method we applied, using the same indicator set (Table 2). The starting point was the extraction of the most relevant vulnerability drivers for the case study. To limit colinearity, prevent implicit weighting, strengthen statistical power, and preserve a balance between the different dimensions of vulnerability, the association between variables was tested using a correlation analysis. Following the interpretation of the resulting correlation matrix, eighteen variables were utilized in the final model (Table 4) in which all 18 variables (Table 7) were input into a PCA to derive components.
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Figure 11. Vulnerability Clusters

The vulnerability profiles are interpreted as an over or underrepresentation of the different variables. Their association or mutual exclusion in each cluster are interpreted regarding the resulting impacts on the strengthening (or reduction) of vulnerability (Figure 12). The first cluster (4% of census tracts) over represents the elderly and nursing home residents, as well as people living in unsafe or mobile homes, in vacant housing, and to a lesser extent people living on social security income. This profile is associated with the combination of dependency, housing and income insecurity or deprivation, and was interpreted as high vulnerability marked by age dependency. The second cluster (33% of tracts) under represents most variables, while staying close to the mean for the others.

Hence, we interpreted cluster 2 as the lowest vulnerability profile. 9).

Table 9. Vulnerability Model vs. Sandy Outcomes (p-value)

When the inductive models are compared with outcome variables, the equal weights model has less statistical significance than the weighted scheme. Overall, the inductive models have a weak relationship with observed Hurricane Sandy outcomes, even when controlling for exposure measured by water depth during the flooding. The hierarchical model performs better, with an even greater statistical power. Only the vulnerability profiles have a highly statistically significant association with all Sandy outcomes, even when normalized by population or controlled by exposure. FEMA verified losses were normalized by the average house value in each tract, the affected people, damaged housing and uninsured renters were normalized by their total population in each tract to express them as a proportion. The exposure was controlled with maximal water depth over ground during Sandy.

Summary

The measurement of social vulnerability as tool for disaster risk reduction continues to gain importance, in the face ever more exposure to risk from natural hazards. An improved  Conceptual Framework. Another challenge to social vulnerability research is the end-toend application of the conceptual frameworks designed to explain the topic. The application of frameworks like the PAR have been extensively documented. There is, however, limited available information of how to operationalize conceptual frameworks on social vulnerability. There is a demand for in-depth investigations of social vulnerability evidence, conceptual components, and measurement methods.
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 1 Figure 1. Human Adjustment to Natural Hazards (adapted from Kates 1971)
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 2 Figure 2. Disaster Pressure and Release Model (adapted from Blaikie et al. 1994)
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 3 Figure 3. Hazards of Place Model (adapted from Cutter 1996)
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 4 Figure 4. Deductive approach for social vulnerability assessment (Tate 2012)
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 6 Figure 6. Hierarchical approach for social vulnerability assessment (adapted from Tate 2012)

Figure 7 .

 7 Figure 7. Hurricane Sandy flood depths in New York and New Jersey (FEMA, 2012)

  measurement: a) the SoVI, b) a hierarchical model with variable selection and weighting based on expert knowledge, and c) vulnerability profiling. For comparison, the same variable set was applied to each social vulnerability model. The social vulnerability indicators were constructed for all affected census tracts in New York and New Jersey (n=3,950) (Table4). 24 contribution of the 8 th component (representing high median rents) was reversed due to a negative association with the concept. The first seven factor scores for the equally weighted model were therefore aggregated by summation and the eighth component was normalized (subtraction by the mean and division by the standard deviation) and subtracted from the overall index to form the SoVI. The results were mapped in Figure8to highlight the outliers, with the highest vulnerability in red and least in blue.
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 8 Figure 8. Equally weighted SoVI scores
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 9 Figure 9. SoVI scores after weighting by PCA eigenvalue

Table 5 .

 5 Expert-derived weighting scheme[START_REF] Emrich | Social Vulnerability in US Metropolitan Areas: Improvements in Hazard Vulnerability Assessment[END_REF] Once selected, the variables were transformed using a Min-Max scaling scheme. It is a method in which each variable is rescaled into a range of 0.0 to 1.0, with a score of 0.0 indicating the lowest social vulnerability rank and a score of 1 being the highest. All other values were scaled in between the minimum and maximum values. Similar to the inductive model, variables that rise as social vulnerability falls were adjusted by multiplying by -1 before aggregation. The twenty-seven variables were then aggregated based on the weighting scheme. The final score was normalized by z-score (subtraction by the mean and division by SD) to create the output index score. The results are mapped in Figure10, with high vulnerability outliers depicted in red, and low vulnerability outliers in blue.

Figure 12 .

 12 Figure 12. Vulnerability Profiles

  understanding of how social vulnerability indicators and indices conform with real-world disaster outcomes could benefit both model development decisions and how social vulnerability indicators are interpreted during decision-making and public policy development processes. This chapter has profiled the principal theoretical models of social vulnerability and the prominent construction approaches for defining social vulnerability models (inductive, hierarchical, profiles). Each model was harmonized to render them comparable, and statistically associated with normalized outcome measures from Hurricane Sandy. The findings highlight that the results of the model types are somewhat convergent when compared spatially. However, when the models were statistically associated with the outcome indicators, a variation in model performance was observed. The inductive model, based on the factor analytic approach, displayed the least amount of explanatory power. This may be partially due to the data reduction process in which individual variables are reduced to create uncorrelated factors. The hierarchical model statistically performs slightly better. In terms of variable selections, both models have a strong statistical association that focuses on wealth (strong negative correlation) and poverty (strong positive correlation), gender, education and race. The vulnerability profiles exhibit the highest statistical association with all outcomes measures. 33 Generally speaking, indicators can only explain the social vulnerability of a population to an extent and cannot explain the whole picture. Moving forward, a primary challenge is to derive a set of explanatory metrics (whether qualitative or quantitative) that is parsimonious, yet explains the phenomenon as clearly as possible. Research needs for improving social vulnerability assessments include:  Scale of analysis. Our case study chapter was conducted at the U.S. Census Tract level level of analysis. It is important to consider how changes in scale might influence the results. At minimum, research should be conducted to better understand the association between social vulnerability metrics and impacts at different scales.  Variable selection. The variable selection process for our case study was based on the indicator selection for the SoVI because it has become a leading methodological approach. The SoVI variable set, however, was first the result of a multivariate analysis for which the data selection was extracted from the 1990 US census. To test for consistency and the application of the SoVI variables to an ever-changing U.S. landscape it would be beneficial to derive a parsimonious data selection based on recent data.  Hazard Context. Context includes the geographic setting of the disaster, pre-existing social, economic and political conditions, hazard type, degree of exposure, scale of impacts and responses, and the disaster phase. More research is needed to incorporate context into social vulnerability measures.

  

  

  

Table 2 . Political Economy Determinants of Social Vulnerability

 2 

	The social

exacerbate, and attenuate environmental hazards

[START_REF] Collins | The political ecology of hazard vulnerability: marginalization, facilitation and the production of differential risk to urban wildfires in Arizona's White Mountains[END_REF]

. From both perspectives, disasters result from failures of political and economic systems, producing inequality, marginality, and differential constraints on individual action.

  Birkmann/Cardona (BBC) conceptual framework adopts a sustainability structure, situating exposure, susceptibility, and coping capacity among environmental, economic, and social dimensions[START_REF] Birkmann | Conceptual Frameworks and Definitions[END_REF]. Through temporal feedbacks, the model highlights emergency management interventions for reducing impacts, and it is intended to be applied to specific hazards. The Methods for the Improvement of Vulnerability Assessment in Europe (MOVE) framework extends the BBC, adding cultural and institutional dimensions of vulnerability to the analysis[START_REF] Birkmann | Framing vulnerability, risk and societal responses: the MOVE framework[END_REF]. Under MOVE, interactions between natural hazards and society produce risk, which is amplified or ameliorated over the long term by risk governance and adaptation.

. Central research questions involve who and what are vulnerable to environmental change, how to identify thresholds that signal change, how changes are attenuated or amplified by human and environmental conditions, and the degree to which resilience is a useful concept for developing proactive strategies for vulnerability reduction. 14 The Bogardi/How vulnerability is defined has a major effect on how it is addressed. This is why conceptual frameworks matter. Frameworks describe the most influential causal factors and the relationships among them. Most vulnerability frameworks share the human ecology underpinnings of the Human Adjustment Model: hazard impacts are a result of human-environmental interactions. Over time, conceptual frameworks of vulnerability evolved toward greater detail and complexity, inclusion of cross-scalar effects and temporal feedbacks, and links to resilience, sustainability, and adaptation. However, even as conceptual understanding of vulnerability processes increases, challenges remain in operationalizing conceptual frameworks into vulnerability assessments.

Table 3 . Sandy Outcome Indicators (HUD 2015)

 3 

	Empirical Outcome	Normalization Variable	Outcome Variable
	FEMA Verified Loss	Median house value	Relative loss
	Applicants approved to		
	FEMA Individual	Total population	Percent affected people
	Assistance		
	Non-seasonal housing affected	Total rental housing units	Percent affected non-seasonal housing
	Uninsured renters affected Total rental housing units	Percent affected uninsured renters

The remaining components with eigenvalues less than 1.0 were omitted. The first seven components corresponded to increasing social vulnerability within an index; whereas the All PCA components with an eigenvalue under 1.0 were omitted leaving five components that represent 70% of the total variance in the data. The corresponding factor scores for each variable were used as a distance matrix for the classification (HAC), a divisive nonspatial clustering according to Ward's method, without any weighting. The optimal partitioning was determined without a priori expectations: a five cluster partitioning was deemed most robust based on the Ward level index that minimizes the total within-cluster variance. For each of the 5 resulting clusters, the 18 initial variables were normalized, comparing mean and SD inside and the cluster and on the total population (Figure 11).