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Abstract

Coastal zones are dynamic environmental systems providing an interface
between land and sea. Coastal zones are also dynamic socioeconomic
systems that support concentrated populations and critical infrastructure.
Coastal features provide an array of ecological services including wildlife
habitat, carbon sequestration, water filtration, erosion protection, and
storm/flood protection. Provision of these services is dependent upon the
resiliency of these vulnerable coastal environments to climate change, and
changes in sea level and storm frequency/intensity. This report summarizes
coastal vulnerability assessments based on peer-reviewed journal articles
and published reports. Topics addressed include (1) an introduction to
coastal vulnerability, (2) factors contributing to coastal vulnerability, (3) a
review and synthesis of coastal vulnerability assessment methods, and (4)
knowledge gaps and opportunities for additional research. The variables
most commonly used for vulnerability assessments are reduced to 13
variables that apply across geologic, physical, and socioeconomic processes.
Approaches for developing a coastal vulnerability assessment are reviewed,
and an approach based on a calculation of the square root of the product
mean of variable(s) of interest is the most commonly used assessment
technique. Socioeconomic vulnerability is recognized as a critical
component of vulnerability assessments that is often excluded because of
inherent difficulties in data collection.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTRUCTION NOTICE — DESTROY BY ANY METHOD THAT WILL PREVENT DISCLOSURE OF
CONTENTS OR RECONSTRUCTION OF THE DOCUMENT.




ERDC/EL SR-19-5

Contents

Abstract ii
FiBUIES QN0 TADIES cuuuresmrsnnesmsssmrsnnssmsssmssasssmsssnssnsssmsssnesnsssnesnsssnssnsssnsssnssnssssssnnssnsssnssnsssnsssnssnsssnssnnssnssnnssnn snnsnss iv
Preface v
Acronyms and Abbreviations vi
1 Introduction 1
I N & 7 o €4 11 T Y 1

0 0o 1T T (PSP RRTTRPRTNY 2

IS T YT o 0 T TSR 2
T+ o T Y 2

2  Coastal Vulnerability 3
2 R 0T 4111 0] 4L PN 3

2.2  Contributing factors to coastal vulnerability ............cccoereiiirrei e, 5

2.3 Components of vuINerability..........cccccviiiiiiiiiiice e 6

3 AComparison of Coastal Vulnerability Assessments 10
3.1 Coastal vulnerability calculations..............cooreeiereccier e 11

3.2 Coastal vulnerability variables ............coo i e 14
3.2.1 GOOIOZIC VALIADIES. ........ccc.reeeeeseieaesiieesisesiteeesstea e s sses e s asttasssstesssse s s s astaasassesasasenesassnsssssannsssnns 19

3. 2.2 PRYSICAI VAIADIES ..........c...oeeaneeeeeeeeeeee ettt e st e sesen e s ennessannes 20

3.2.3 SOCIOCCONOMIC VAIIADIES ...........ceeeeeeeereeeeeteeeeseee et s st s s st s e s ssen e s estnassssaessasenessnanssasnesenanes 21

3.3 Visualization of coastal vulnerability .............ccooeiriierii e 22

4  Discussion and Knowledge Gaps 24
5 Summary 29
References 30

Report Documentation Page



ERDC/EL SR-19-5

Figures and Tables

Figures

Figure 1. The top identified geologic, physical, and socioeconomic variables used to
calculate coastal VUINEraDIlILY. ......ceeeeereerireererrersere et 19

Tables

Table 1. The reference, purpose, location, and coastal vulnerability index (CVI)
calculation used for each identified vulnerability assessment. *R = weight
factor; RSLR, relative sea level rise; CCFVI = Coastal city flood vulnerability
index, where hydro-geologic, socio-economic, and politico-administrative
indicators are categorized either as exposure, susceptibility, or resilience

L2600 £ TSR 12
Table 2. Geologic variables considered in coastal vulnerability assessments.......ccccvevvererverensernene 15
Table 3. Physical variables considered in coastal vulnerability assessments........cccccvvvererrerencnnenes 16

Table 4. Socioeconomic variables considered in coastal vulnerability assessments. .......c.ccceeenee. 17



ERDC/EL SR-19-5

Preface

This study was conducted for the Ecosystem Management and Restoration
Research Program under Project Number 2016-ER-5 “Assessing and
Improving the Resilience of Bay and Coastal Marshes and Islands.” The
program manager was Dr. Trudy J. Estes.

The work was performed by the U.S. Army Engineer Research and
Development Center-Environmental Laboratory (ERDC-EL), Wetlands
and Coastal Ecology Branch (EEW), Ms. Patricia M. Tolley, Chief, and the
Environmental Engineering Branch (EPE), Dr. William A. Martin, Chief.
At the time of publication, Mr. Mark D. Farr was Chief of the Ecosystem
Evaluation and Engineering Division (EE) of ERDC-EL, Mr. Warren P.
Lorentz was Chief of the Environmental Processes and Engineering
Division (EP), and Dr. Alfred F. Cofrancesco was the Technical Director
(EZT). The Deputy Director of ERDC-EL was Dr. Jack E. Davis, and the
Director was Dr. Ilker R. Adiguzel.

COL Ivan P. Beckman was Commander of ERDC, and Dr. David W.
Pittman was the Director.



ERDC/EL SR-19-5

Acronyms and Abbreviations

Acronym Meaning

DIVA Dynamic and Interactive Vulnerability Assessment
DoD Department of Defense

EE Ecosystem Evaluation and Engineering Division
EP Environmental Processes and Engineering Division
EEW Wetlands and Coastal Ecology

EMRRP |Ecosystem Management and Restoration Research Program
EL Environmental Laboratory

EPE Environmental Engineering Branch

ERDC Engineer Research and Development Center

GIS Geographic Information System

USACE U.S. Army Corps of Engineers




ERDC/EL SR-19-5

1.1

Introduction

Background

Coastal areas frequently include an interface between dynamic environ-
mental systems and concentrated populations and infrastructure (Ro-
mieu et al. 2010). Coastal areas are vulnerable to a number of factors
including erosion, subsidence, and changes in hydrology, and are often in
areas with increasing population densities (Ozyurt and Ergin 2010). With
changing climate and sea level, many coastal systems will experience a
number of potential environmental changes. These changes may include
increased wetland inundation frequency and duration, accelerated coastal
erosion, saltwater intrusion into fresh groundwater, encroachment of tidal
waters into estuaries and rivers, or elevated sea-surface and ground
temperature (IPCC 2001a; Thatcher et al. 2013). The potential for
environmental and economic damage is exacerbated by coastal
development, resulting in already degraded coastal habitats (i.e., marshes,
beaches, and islands) being more vulnerable to losses (Doukakis 2005a;
Klein et al. 1998).

Coastal habitats provide significant ecological services in addition to
protection of coastal populations and infrastructure. Specifically, coastal
areas provide services including, but not limited to, wildlife habitat,
carbon sequestration, water filtration, erosion protection, and flood
protection (Hauser et al. 2015). They also provide important nursery
habitat to many commercially fished species (Boesch and Turner 1984) as
well as their forage species. Resiliency of these vulnerable coastal
environments is necessary to continue providing these services. Therefore,
vulnerability assessments are key to evaluating the susceptibility of coastal
habitats. These assessments provide means to quantify the vulnerability of
different coastal habitats, and a method to compare restoration
alternatives or potentials (Bridges et al. 2015) in order to improve coastal
planning and management (Doukakis 2005b).

The U.S. Army Corps of Engineers (USACE) restores and protects aquatic
resources under its aquatic ecosystem restoration and mission. In
addition, the USACE is required to assess the impacts of proposed water
resource projects to the environment (e.g., dredging of federal waterways)
as part of environmental compliance and planning procedures. Coastal



ERDC/EL SR-19-5

1.2

1.3

1.4

vulnerability assessments can be utilized to prioritize aquatic resources for
restoration or protection. The first step in incorporating coastal
vulnerability assessments into the USACE planning procedures is to
evaluate the current state of the science for vulnerability assessments of
coastal systems.

Objectives

This report was undertaken to examine lessons learned from coastal
vulnerability assessments, highlight the challenges associated with
defining coastal vulnerability, compare and evaluate vulnerability
assessment methods, and identify knowledge gaps and research
opportunities related to coastal vulnerability assessments.

Approach

This report addresses topics related to the assessment of coastal
vulnerability to changes in sea level and storm frequency/intensity, and is
based on a review of peer-reviewed journal articles and published reports.
These coastal vulnerability assessments utilize a number of different
components and variables of vulnerability, focusing primarily on coastal
geophysical variables. In the majority of the published assessments,
socioeconomic variables were either not considered, or were limited in the
vulnerability assessments reviewed, despite the acknowledgement that
including socioeconomic variables is necessary.

Scope

The following review focuses on synthesizing available coastal
vulnerability assessments, including biogeophysical and socioeconomic
assessments. Specific areas addressed within this report include: (1) an
introduction to coastal vulnerability, (2) brief overview of contributing
factors to coastal vulnerability, (3) a review and synthesis of coastal
vulnerability assessments, (4) knowledge gaps and opportunities for
additional research.
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2.1

Coastal Vulnerability

Impacts to coastal communities from sea level rise, increased storm
intensity, and increased frequency of storms coupled with coastal
development are forcing cities, regions, and nations to consider where and
how to protect vulnerable coastal resources. As such, coastal vulnerability
is often discussed, and assessments developed, to evaluate the risk of
coastal regions due to physical, environmental, social, and economic
vulnerabilities (Sahoo and Bhaskaran 2018). Events such as Superstorm
Sandy demonstrate the need to assess coastal vulnerability in order to
inform appropriate coastal zone management.

A number of previous studies demonstrate the complexity of defining
vulnerability, the various approaches applied to assessing coastal
vulnerability, and the challenges associated with gathering data for use in
vulnerability assessments. This section presents definitions related to
coastal vulnerability, describes three different elements of coastal
vulnerability, and discusses factors, such as sea level rise and increased
storm frequency/intensity that contributes to the vulnerability of coastal
habitats.

Definitions

Vulnerability is a concept that incorporates physical, geologic, economic,
institutional, and sociocultural components to associated impacts (Klein
and Nicholls 1999). In addition, the concept of vulnerability integrates
human value judgments concerning risk to various elements or sources of
risk (Green and McFadden 2007; Klein et al. 1998). For example, infra-
structure, quality of life, natural resources, cultural resource, and habitat
are different elements of a system deemed valuable by humans or that
perform functions valuable to humans (Green and McFadden 2007). The
system is considered vulnerable if these values or functions are potentially
impacted or threatened (Aven 2011).

Vulnerability is defined as a system’s ability to cope with adverse effects of
stress or hazards (Bridges et al. 2015). Specifically, coastal vulnerability is
defined as the degree of incapability of a coastal system to cope with the
consequences of climate change, climate extremes, and accelerated sea
level rise (IPCC CZMS 1992; IPCC 2001b). Coastal vulnerability is a
function of the physical and geologic nature of the coastal system,
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frequency and magnitude of perturbations, degree of change on human
activities and properties, and the system’s capacity to adapt (Adger 2006;
Arkema et al. 2013; McLaughlin and Cooper 2010).

The degree of vulnerability is a function of the susceptibility, resilience,
and resistance of a coastal system to cope with stress or hazards (Klein and
Nicholls 1999). Susceptibility reflects the potential for a coastal system to
be effected by a stressor and is an intrinsic property of the system (Adger
2006). For instance, a system with soft sediments is more susceptible to
changes from storm surge than a system with hard sediments (Capobianco
et al. 1999). Resilience and resistance are functions of the stability of a
system to perturbations (Klein et al. 1998). Resilience defines the speed of
recovery from a stressor (Aven 2011) and resistance defines the ability of a
system to avoid perturbation (Klein and Nicholls 1999). Resistance of a
coastal system is important prior to a perturbation; while resilience is
important following a perturbation (Klein et al. 1998).

Vulnerable coastlines typically are characterized by low coastal elevation,
erodible substrate (e.g., sand or other unconsolidated sediments), evidence
of past or present subsidence, shoreline retreat, higher wave/tide energies,
and high probability of storm activity (e.g., hurricane) (Daniels et al. 1992).
Sea level rise and increasing storm frequency/intensity are contributing
factors to the vulnerability of coastal systems (Hauser et al. 2015). The
assessment of coastal vulnerability, including the systems susceptibility,
resilience, and resistance, provides the opportunity to guide adaptive
management strategies (Doukakis 2005b; McLaughlin et al. 2002).

Human activities often influence the resilience and resistance of a coastal
system to perturbations, whereas, susceptibility is an inherent property of
a particular system (Klein et al. 1998). Human activity changes the
physical characteristics (i.e., infrastructure) of a coastline resulting in a
decline in ecosystem resistance and loss of infrastructure protection that a
coastal system would have provided from perturbations. Increased
ecosystem stress resulting from human activity reduces the resilience of
the coastal system (Klein et al. 1998). Therefore, the addition of increasing
populations and infrastructure to coastal areas increases the vulnerability
of coastal habitats, people, and infrastructure (Klein and Nicholls 1999).
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Contributing factors to coastal vulnerability

Coastal systems are the transition between upland and marine systems
resulting in constant change, movement, accretion, and erosion because of
natural processes associated with wind and water (Hedge and Reju 2007).
In addition to these natural processes, sea levels are rising and storm
intensities/frequencies are increasing (Hauser et al. 2015). These factors
contribute to the vulnerability of coastal systems by increasing inundation
duration, flood frequency, and erosion (Cahoon et al. 2006). Summarily,
these changes result in stresses on coastal habitats and loss of ecological
function (Barbier et al. 2008).

Relative sea level rise is a combination of eustatic (global) sea level rise
and local changes in sea level (Nicholls and Casanave 2010). Relative sea
level rise changes the local tidal datum elevation, which defines
inundation frequency and duration levels for coastal systems.
Consolidation (Nicholls 2003), subsurface groundwater or hydrocarbon
withdrawal (Kolker et al. 2011), tectonic activity (Zervas 2009), and
sediment supply (Kirwan et al. 2010) contribute to changes in the relative
sea level. An increase in relative sea level can result in more frequent or
longer durations of inundation and accelerated erosion. Excessive
inundation reduces vegetation growth as root systems are forced to cope
with anaerobic conditions (Mendelssohn and McKee 1988). Herbivore
damage from estuarine grazers, such as purple marsh crabs (Sesarma
reticulatum) also increases with increased inundation (Smith et al. 2012).
Ultimately, stressors associated with excessive inundation can result in
vegetation death (Stagg and Mendelssohn 2010) and loss of ecological
functions associated with coastal systems (Day et al. 2011).

Erosion is a natural response to coastal water and wind processes. In
coastal areas where erosion is a prominent coastal process, human
development can be at risk, either by natural erosional processes, or
modification to the littoral system (Hedge and Reju 2007). Often,
anthropogenic alterations to the littoral system contribute to the
vulnerability of coastal systems. Modifications to sediment sources, or
sinks, may contribute to erosion, and thus, increase the vulnerability of
coastal systems (Hedge and Reju 2007). Sediment supply to coastal areas
has diminished nationwide because of anthropogenic activities including
reforestation, urbanization, agricultural sediment-control, dam
construction (Kirwan et al. 2010), and levee construction (Day et al. 2007).
Interruptions in coastal sediment supply may reduce the capacity of
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coastal habitats (e.g., marshes, beaches, dunes) in some locations to
aggrade both vertically and horizontally in response to subsidence and
relative sea level rise (Kirwan et al. 2010; Mariotti and Fagherazzi 2013;
Mudd 2011; Turner 1997). Wetlands have varying ability to compensate for
sea level rise, with tidal regime and total suspended solids (TSS)
concentration often determining the ability of wetlands to persist in the
face of sea level rise. In cases where both the TSS is high (> 30 mg/1), and
the tidal range is high (~2m), wetlands often continue to persist at present
rates of sea level rise and, to a significant degree, future projected rates of
SLR (Kirwan et al. 2016).

Rising water levels, which also results in increased wave energy from
higher water levels, degrade surface and edges of coastal systems through
erosion (Heberger et al. 2009; Reed 2002). Erosion of the surfaces and
edges of coastal areas can result in export of sediment and carbon from the
system (Ganju et al. 2015). Edge and surface erosion is often mitigated by
the presence of vegetation, particularly in marsh systems (Baustian et al.
2012). Vegetation increases roughness, thus, decreasing wind-wave re-
suspension of exposed sediments (Baustian et al. 2012), while the root
system holds soil in place. Furthermore, storms are known to cause
disturbance and degradation to coastal areas from high velocity winds and
associated wave and storm surge (Hauser et al. 2015). Shoreline erosion,
flooding, and property damage are examples of possible storm damage
(Hauser et al. 2015).

Anthropogenic changes to these systems intensify the susceptibility of
coastal areas to perturbations. These changes, in addition to sea level rise
and increasing storm frequency/intensity, are also increasing the
vulnerability of coastal systems. Sea level rise increases wave energy and
inundation frequency and duration, causing both erosion and vegetation
degradation. Storms result in shoreline erosion, flooding, and property
damage. Together, these factors contribute to the increased risk in coastal
erosion and inundation, and ultimately coastal vulnerability (Gornitz et al.
1997). Additional factors that contribute to coastal vulnerability, yet are
frequently overlooked, are variations in precipitation patterns, and
temperature (Burkett and Davison 2012).

Components of vulnerability

Coastal systems are highly vulnerable to changes in climate, including
changes in sea level and storm frequency/intensity (Klein and Nicholls
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1999). As such, a number of efforts to assess coastal vulnerability have
been developed. Different future outcomes are also considered depending
on the collective response to climate change in coastal regions worldwide
(Nicholls et al. 2008). Assessments are primarily focused on the
vulnerability of coastal systems to sea level rise (Addo 2013; Gornitz and
White 1992, 1994; Gornitz et al. 1994, 1997; Klein and Nicholls 1999;
Theiler and Hammer-Klose 2000a; Ozyurt and Ergin 2010; Thatcher et al.
2013; Pendleton et al. 2010a; IPCC CZMS 1992) or erosion (McLaughlin
and Cooper 2010; McLaughlin et al. 2002; Doukakis 2005a; Hedge and
Reju 2007). Coastal vulnerability assessments also consider vulnerabilities
related to tropical cyclones (Bahinipati 2014; Sahoo and Bhaskaran 2018)
and coastal flooding (Balica et al. 2012; Bahinipati 2014).

A number of different aspects are considered in vulnerability assessments.
These aspects range from the specific components of vulnerabilities
assessed in addition to the variables selected within each component. There
are the following three components of coastal vulnerability: physical,
geologic, and socioeconomic. The physical, geologic, and socioeconomic
vulnerabilities are clearly related and interdependent to each other, but can
be distinguished from one another (Klein and Nicholls 1999).

The physical component of vulnerability assessments describe how a
coastal system copes with perturbations to the physical processes that
occur in coastal systems. Physical processes are naturally occurring in
coastal systems and include variables such as wave height and tidal range
(Hedge and Reju 2007; Pendleton et al. 2010). Physical processes occur
over time scales of hours to centuries (Pendleton et al. 2010b). These
physical processes account for coastal inundation, including changing sea
level, and result in changes in the physical vulnerability of coastal systems
(Pendleton et al. 2010a). The inclusion of physical processes into coastal
vulnerability assessments can aid scientists and planners in evaluating the
likelihood of increased inundation frequency and duration along coastlines
as sea levels continue to rise (Pendleton et al. 2010b).

The geologic component of vulnerability takes into account geologic his-
tory and a coastal system’s inherent erodibility due to geology. Variables
considered in geologic vulnerability are the result of processes that occur
over longer time scales than physical processes. Geologic vulnerability
incorporates variables that include, but are not limited to, geomorphology,
mean elevation, and historic shoreline change (Pendleton et al. 2010b).
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The geologic variables account for the relative resistance of a coastal
system to erosion (Pendleton et al. 2010b). Inclusion of geologic variables
into coastal vulnerability assessments can aid scientists and planners in
evaluating the likelihood of erosion along coastlines as rising sea levels
increase wave energy and storm frequencies/intensities increase
(Pendleton et al. 2010a).

Socioeconomic vulnerability is determined by the impact potential and
society’s technical, institutional, economic, and cultural ability to prevent
or cope with the coastal systems’ physical and geologic vulnerabilities
(Klein et al. 1998). The physical and geologic components of vulnerability
related to rising sea levels and storm frequencies/intensities on coastal
systems result in a range of socioeconomic impacts, thus, increasing
socioeconomic vulnerabilities. Socioeconomic vulnerability incorporates
(1) perceived social and economic worth of resources within a given area
that is at risk, (2) the cost of infrastructure (i.e., buildings or roads) to the
vulnerability assessment (McLaughlin et al. 2002), and (3) determines the
effort to protect those resources (Gornitz et al. 1993). The inclusion of
economic variables, such as type and density of residential and
commercial buildings, highlight where major economic and infrastructural
losses may be expected (Thatcher et al. 2013). The potential
socioeconomic vulnerabilities are similar to the susceptibility of a natural
system, and are a function of the resilience and resistance of the human
system to prevent or cope with impacts (Klein et al. 1998).

There are many potential indicators of socioeconomic value, and therefore,
socioeconomic vulnerability (Hedge and Reju 2007). However, many
coastal vulnerability assessments focus on variables related to physical and
geologic components of vulnerability, despite acknowledgement that
socioeconomic vulnerability needs to be included (Gornitz et al. 1991,
McLaughlin et al. 2002). The exclusion of socioeconomic variables can
limit the evaluation of vulnerable coastal systems (Harvey et al. 1999).
Several reasons for limited use of socioeconomic variables in vulnerability
assessments have been reported. Omission of socioeconomic variables
include lack of available usable data (Hedge and Reju 2007), inherent
difficulty ranking socioeconomic data on an interval scale (McLaughlin et
al. 2002), time constrained data (i.e., changing population numbers;
Hedge and Reju 2007), and changing human perceptions (McLaughlin et
al. 2002).
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Physical, geologic, and socioeconomic components each represent
different aspects of the adaptive capacity of coastal systems to
perturbations (Klein et al. 1998). Components of physical vulnerability
assessments capture variables related to inundation, geologic vulnerability
components capture variables related to erosion potential, and
socioeconomic variables capture vulnerabilities to populations and
infrastructure. As coastal systems are increasingly vulnerable because of
large coastal populations, infrastructure, and climate changes, the
importance of linking physical, geologic, and socioeconomic vulnerabilities
is apparent (Klein and Nicholls 1999).
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3 A Comparison of Coastal Vulnerability
Assessments

The main objectives of vulnerability assessments are to classify coastlines
into units of similar characteristics (McLaughlin et al. 2002), determine
the nature of vulnerability (e.g., erosion vs. inundation) (Ozyurt and Ergin
2010), and provide a relative ranking of potential coast line changes
(Doukakis 2005b). These assessments are often expressed in quantitative
terms, using an index of scale (1 to 5) (Romieu et al. 2010) to simplify
complex and interacting variables that are used to inform management of
coastlines (McLaughlin and Cooper 2010). Vulnerability assessments
provide information to guide the process of adaptation and society’s
adaptive capacity (McLaughlin and Cooper 2010). Preventative manage-
ment strategies can then be implemented in identified vulnerable areas
using vulnerability assessments (Doukakis 2005b; McLaughlin et al.
2002).

Vulnerability assessments must consider what data is most appropriate to
quantify the vulnerability in question and what data is available at the
spatial scale of the study (McLaughlin and Cooper 2010; Romieu et al.
2010). The selection of data should reflect the outcome of change or the
causal relationship that drives the change rather than the relative
accessibility of data (Barnett et al. 2008). Assessments have been
developed most often to study coastal vulnerabilities to sea level rise, wave
erosion, or human impacts (Hedge and Reju 2007). Coastal vulnerability
assessments were surveyed for the assessment purpose, location,
calculation, and variables utilized in the calculation (Tables 1—4).

Seven assessments focused on the vulnerability of coastlines to erosion
while 17 assessments focused on the vulnerability of coastlines to relative
sea level rise. One assessment addressed both erosion and sea level rise
vulnerability (Kumar and Kunte 2012), and one assessment compared two
different coastal vulnerability calculations rather than focusing on specific
coastal vulnerabilities (Paola et al. 2011). Three assessments focused on
flood and/or extreme events (e.g., cyclones). Each variable was ranked from
1to 5, where one was least vulnerable and five was most vulnerable (Gornitz
1991), unless variables were first normalized (Balica et al. 2012; Bahinipati
2014; Sahoo and Bhaskaran 2018). The assignment of ranking values was
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different for each assessment and was dependent on the relative scale
applied to the assessment (Bridges et al. 2015; Wamsley et al. 2015).

Coastal vulnerability calculations

Coastal vulnerability assessments were derived and calculated using
several different formulas (Table 1), although largely based on formulas
derived in Gornitz et al. (1991). The coastal vulnerability assessments were
calculated using the product mean, square root of the product mean, or the
sum of products. The product mean was used in two coastal vulnerability
index calculations (Hedge and Reju 2007; Gornitz et al. 1991). The square
root of the product mean was used most often, for a total of 19 times. The
sum of products was used three times to calculate coastal vulnerability
assessments. Two assessments calculated the coastal vulnerability index
using two different calculations, the square root of the product mean and
the sum of products (Diez et al. 2007; Rao et al. 2008).

In addition, new calculations for assessing coastal vulnerability have been
developed, including the use of scaling or weighting variables, geometric
means, and normalizing variables. Five coastal vulnerability assessments
included a scaling or weight factor for each variable considered (Bahinipati
2014; McLaughlin and Cooper 2010; McLaughlin et al. 2002; Szlafztein
and Sterr 2007; Ozyurt and Ergin 2010; Yin et al. 2012), while three
assessments utilized the normalization technique (Balica et al. 2012;
Bahinpati 2014; and Sahoo and Bhaskaran 2018). The geometric mean of
all the ranked variables was used in an assessment developed by Arkema
et al. (2013), and utilized in two freely available coastal vulnerability
assessment visualization platforms.



Table 1. The reference, purpose, location, and coastal vulnerability index (CVI) calculation used for each identified vulnerability assessment. *R = weight
factor; RSLR, relative sea level rise; CCFVI = Coastal city flood vulnerability index, where hydro-geologic, socio-economic, and politico-administrative
indicators are categorized either as exposure, susceptibility, or resilience factors.

Reference Driving Factor(s) Study Location CVI Calculation
Sahoo and Bhaskaran 2018 Cyclones Odisha, India Normalized; CVI = (X1 + X2+ X3 +...Xn)/N
Bahinipati 2014 Cyclones/Floods Odisha, India Normalized; CVI = (X1 + X2+ X3 +...Xn)/Nn
Balica et al. 2012 Floods Cities in Argentina, India, Morocco, Normalized; CCFVI =

Bangladesh, Philippines, France, ((Exposure*Susceptibility)/Resilience)

Japan, China, and Netherlands
Addo 2013 Erosion Accra, Ghana CVI = sqrt ((X2*X2*X3*..Xn)/Nn)
Boruff et al. 2005 Erosion U.S. Coastal Counties CVI = sqrt (X1 *X2*X3*.Xn)/N)
Doukakis 2005b Erosion Peloponnese, Greece CVI = sqrt (X1 *X2*X3*.Xn)/N)
Hedge and Reju 2007 Erosion Mangalore, India CVI = (X1*X2*X3* . Xn)/N
Kumar et al. 2010 Erosion Orissa State, India CVI = sqrt ((X2*X2*X3*..Xn)/Nn)
McLaughlin & Cooper 2010, Erosion Northern Ireland CVI = (X1+ X2+ X3)/3
McLaughlin et al. 2002 *
Szlafztein and Sterr 2007 * Erosion Para, Brazil CVI = ((1X1+ 0.5X2 + 0.25X3 + Xn)/n) +

(1Y1 + 0.5Y2 + 0.25Y3 + Yn)/n)/2
Kumar and Kunte 2012 Erosion/RSLR Tamil Nadu State, India CVI = sqrt ((X2*X2*X3*..Xn)/Nn)
Arkema et al. 2013 RSLR U.S. Coastlines CVI = (X1*X2*X3* _Xn)/n
Diez et al. 2007 RSLR Buenos Aires, Argentina CVI = sqrt (X1*X2*X3*...Xn)/n)
CVI = 4X1 + 4X2 + 2(X3 + Xa) + 4Xs + 2(Xe + X7)

Gaki-Papanastassiou et al. 2010 RSLR Peloponnese, Greece CVI = sqrt ((X2*X2*X3*..Xn)/Nn)
Gornitz 1990, 1991, RSLR Southeast U.S. CVI = (X1*X2*X3*...Xn)/n
Gornitz and White 1992, CVI = sgrt (X1*X2*X3*...Xn)/n)
Gornitz et al. 1991, 1997 CVI = 4X1 + 4X2 + 2(X3 + Xa) + 4Xs + 2(Xe + X7)
Ozyurt and Ergin 2010* RSLR Goksu Delta, Turkey CVI = 0.5sumX*R + 0.5sumY*R
Pendleton et al. 2010 RSLR National Parks along U.S. Atlantic, CVI = sqrt ((X2*X2*X3*..Xn)/Nn)

Pacific, Gulf of Mexico, Gulf of Alaska,

Caribbean, Greak Lakes Coasts
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Reference

Driving Factor(s)

Study Location

CVI Calculation

Rani et al. 2015

RSLR

India Coastline

CVI = sqrt ((Xa*Xo*Xa*. Xn)/n)

Rao et al. 2008 RSLR Andhra Pradesh Coast, India CVI = sqrt (X1 *X2*X3*...Xn)/N)

CVI = 4X1+ 4X2 + 2X3 + Xa + X5
Thatcher et al. 2013 RSLR Northern US Gulf Coast CVI = sqrt (Xa*X2*X3*.Xn)/N)
Theiler and Hammar-Klose 1999, RSLR U.S. Atlantic, Gulf, and Pacific Coasts | CVI = sqgrt (X1*X2*X3*_Xn)/N)
Theiler and Hammar-Klose 2000a,b
Yin et al. 2012* RSLR Chinese coast CVI = (X1*R1) + (X2*R2) + ...(Xn*Rn)
Paola et al. 2011 N/A San Agustin Canary Islands CVI = sqrt ((X2*X2*X3*..Xn)/Nn)
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3.2

Coastal vulnerability variables

Variables utilized to calculate coastal vulnerability assessments were
classified into three vulnerability components. These components are
geologic vulnerability (coastal characteristics), physical vulnerability
(coastal forcings), and socioeconomic vulnerabilities (McLaughlin and
Cooper 2010; Pendleton et al. 2010b). In some cases, geologic and physical
variables were not distinctly categorized as geologic or physical. If this was
the case, variables were categorized following definitions in McLaughlin
and Cooper (2010) and Pendleton et al. (2010a). Thirteen coastal
vulnerability assessments incorporated variables from all three types of
vulnerabilities and 18 coastal vulnerability assessments incorporated two
types of vulnerabilities. In all but one case, geologic and physical
vulnerability variables were included if two vulnerabilities were assessed.

There were 17 different geologic variables considered in the surveyed
coastal vulnerability assessments (Table 2). The top five geologic variables
were the following: shoreline change, geomorphology, coastal slope,
elevation, and geology. There were also 19 different physical variables used
in calculating coastal vulnerability indexes (Table 3). The top four physical
variables were the following: mean tidal range, relative sea level rise, mean
wave height, and significant wave height. There were 20 different
socioeconomic variables considered in the surveyed coastal vulnerability
assessments (Table 4). The top four socioeconomic variables are the
following: population, land-use, infrastructure, and road/railway
networks. The variables most often used in calculating coastal
vulnerability are briefly described in more detail in Figure 1.



Table 2. Geologic variables considered in coastal vulnerability assessments.

Geologic Variables

References

Shoreline change
(Erosion/accretion)

Addo 2013, Boruff et al. 2005, Diez et al. 2007, Gornitz and White 1992, Gornitz 1990, 1991, Gornitz et al.
1991, Gornitz et al. 1997, Klein and Nicholls 1999, Kumar and Kunte 2012, Kumar et al. 2010, McLaughlin
& Cooper 2010, McLaughlin et al. 2002, Paola et al. 2011, Pendleton et al. 2010, Rani et al. 2015, Rao et al.
2008, Sahoo and Bhaskaran 2018, Theiler and Hammar-Klose 1999, 2000, 2000, Yin et al. 2012, Hedge
and Reju 2007, Thatcher et al. 2013

Geomorphology
(Coastal landform)

Addo 2013, Arkema et al. 2013, Boruff et al. 2005, Diez et al. 2007, Doukakis 2005, Gornitz and White
1992, Gornitz 1990, 1991, Gornitz et al. 1991, Gornitz et al. 1997, Kumar and Kunte 2012, Kumar et al.
2010, Ozyurt and Ergin 2010, Paola et al. 2011, Pendleton et al. 2010, Rani et al. 2015, Rao et al. 2008,
Sahoo and Bhaskaran 2018, Theiler and Hammar-Klose 1999, 2000, 2000, Yin et al. 2012, Hedge and Reju
2007, Thatcher et al. 2013

Coastal slope

Balica et al. 2012, Boruff et al. 2005, Doukakis 2005, Kumar et al. 2010, Ozyurt and Ergin 2010, Pendleton
et al. 2010, Rani et al. 2015, Rao et al. 2008, Sahoo and Bhaskaran 2018, Theiler and Hammar-Klose 1999,
2000, 2000, Yin et al. 2012, Hedge and Reju 2007, Thatcher et al. 2013

Elevation

Addo 2013, Arkema et al. 2013, Diez et al. 2007, Gornitz and White 1992, Gornitz 1990, 1991, Gornitz et al.
1991, Gornitz et al. 1997, Kumar and Kunte 2012, Kumar et al. 2010, McLaughlin & Cooper 2010,
McLaughlin et al. 2002, Paola et al. 2011, Yin et al. 2012

Geology (solid or drift)

Addo 2013, Diez et al. 2007, Gornitz and White 1992, Gornitz 1990, 1991, Gornitz et al. 1991, Gornitz et al.
1997, McLaughlin & Cooper 2010, McLaughlin et al. 2002, Paola et al. 2011

River discharge

Balica et al. 2012, McLaughlin & Cooper 2010, McLaughlin et al. 2002, Szlafztein and Sterr 2007

Orientation

McLaughlin & Cooper 2010, McLaughlin et al. 2002

Inland buffer

McLaughlin & Cooper 2010, McLaughlin et al. 2002

Subsidence

Addo 2013, Balica et al. 2012, Doukakis 2005

Coastline length

Balica et al. 2012, Bhaninipati 2014, Szlafztein and Sterr 2007

Displacement

Doukakis 2005

Bathymetry

Kumar and Kunte 2012
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Geologic Variables

References

Sediment budget

Ozyurt and Ergin 2010

Proximity to coast

Ozyurt and Ergin 2010

Type of aquifer

Ozyurt and Ergin 2010

Coastline features

Szlafztein and Sterr 2007

Coastline complexity

Szlafztein and Sterr 2007

Table 3. Physical variables considered in coastal vulnerability assessments.

Physical Variables

References

Mean tidal range

Addo 2013, Boruff et al. 2005, Diez et al. 2007, Doukakis 2005, Gaki-Papanastassiou et al. 2010, Kumar
and Kunte 2012, Kumar et al. 2010, Paola et al. 2011, Rao et al. 2008, Yin et al. 2012, Gornitz and White
1992, Gornitz 1990, 1991, Gornitz et al. 1991, Gornitz et al. 1997, McLaughlin & Cooper 2010, McLaughlin
et al. 2002, Ozyurt and Ergin 2010, Pendleton et al. 2010, Sahoo and Bhaskaran 2018, Thatcher et al.
2013, Theiler and Hammar-Klose 1999, 2000, 2000

RSLR

Arkema et al. 2013, Balica et al. 2012, Boruff et al. 2005, Gaki-Papanastassiou et al. 2010, Kumar and
Kunte 2012, Kumar et al. 2010, Rani et al. 2015, Yin et al. 2012, Gornitz and White 1992, Gornitz 1990,
1991, Gornitz et al. 1991, Gornitz et al. 1997, Ozyurt and Ergin 2010, Pendleton et al. 2010, Sahoo and
Bhaskaran 2018, Thatcher et al. 2013, Theiler and Hammar-Klose 1999, 2000, 2000

Mean wave height

Boruff et al. 2005, Diez et al. 2007, Doukakis 2005, Gaki-Papanastassiou et al. 2010, Paola et al. 2011, Yin
et al. 2012, Gornitz and White 1992, Gornitz 1990, 1991, Gornitz et al. 1991, Gornitz et al. 1997, Pendleton
et al. 2010, Thatcher et al. 2013, Theiler and Hammar-Klose 1999, 2000, 2000

Significant wave height

Addo 2013, Kumar and Kunte 2012, Kumar et al. 2010, Rao et al. 2008, McLaughlin & Cooper 2010,
McLaughlin et al. 2002, Ozyurt and Ergin 2010, Sahoo and Bhaskaran 2018,

Extreme events

Balica et al. 2012, Bahinipati 2014, Kumar et al. 2010, Rani et al. 2015, McLaughlin & Cooper 2010,
McLaughlin et al. 2002, Sahoo and Bhaskaran 2018,

Storm surge

Arkema et al. 2013, Balica et al. 2012, Kumar and Kunte 2012, McLaughlin & Cooper 2010, McLaughlin et
al. 2002, Sahoo and Bhaskaran 2018,
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Physical Variables

References

Saltwater intrusion

Rani et al. 2015, Klein and Nicholls 1999

Coastal inundation

Rani et al. 2015, Klein and Nicholls 1999, Sahoo and Bhaskaran 2018,

Wind exposure

Arkema et al. 2013

Surface waves

Rani et al. 2015

Tides and currents

Rani et al. 2015

Protection

Szlafztein and Sterr 2007

Flooding areas

Szlafztein and Sterr 2007

Rising water table

Klein and Nicholls 1999

Flood frequency

Klein and Nicholls 1999

Depth to groundwater

Ozyurt and Ergin 2010

Downstream water depth

Ozyurt and Ergin 2010

Ice cover

Pendleton et al. 2010

Rainfall

Sahoo and Bhaskaran 2018

Table 4. Socioeconomic variables considered in coastal vulnerability assessments.

Socioeconomic References
Variables

Population Arkema et al. 2013, Balica et al. 2012, Bahinipati 2014, Boruff et al. 2005, Hedge and Reju 2007,
McLaughlin & Cooper 2010, McLaughlin et al. 2002, Thatcher et al. 2013, Sahoo and Bhaskaran 2018,
Szlafztein and Sterr 2007

Landuse Arkema et al. 2013, Bahinipati 2014, McLaughlin & Cooper 2010, McLaughlin et al. 2002, Rani et al. 2015,
Sahoo and Bhaskaran 2018, Thatcher et al. 2013, Yin et al. 2012, Ozyurt and Ergin 2010

Infrastructure Bahinipati 2014, Boruff et al. 2005Doukakis 2005, Sahoo and Bhaskaran 2018, Thatcher et al. 2013,

Road/railway networks

Hedge and Reju 2007, McLaughlin & Cooper 2010, McLaughlin et al. 2002, Sahoo and Bhaskaran 2018,
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Socioeconomic
Variables

References

Poverty

Bahinipati 2014, Boruff et al. 2005, Szlafztein and Sterr 2007

Cultural heritage

Balica et al. 2012, McLaughlin & Cooper 2010, McLaughlin et al. 2002

Conservation status

McLaughlin & Cooper 2010, McLaughlin et al. 2002

Wealth

Boruff et al. 2005, Szlafztein and Sterr 2007

Demographics

Balica et al. 2012, Bahinipati 2014, Boruff et al. 2005, Szlafztein and Sterr 2007

Awareness and
preparedness

Balica et al. 2012, Sahoo and Bhaskaran 2018

Property value

Arkema et al. 2013

Shelters Balica et al. 2012
Literacy Bahinipati 2014
Flood risk Doukakis 2005

Water management

Balica et al. 2012, Bahinipati 2014, Doukakis 2005

Reduced sediment
supply

Ozyurt and Ergin 2010

River flow regulation

Ozyurt and Ergin 2010

Engineered frontage

Ozyurt and Ergin 2010

Groundwater
consumption

Ozyurt and Ergin 2010

Natural protection
degradation

Ozyurt and Ergin 2010
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Figure 1. The top identified geologic, physical, and socioeconomic variables used to calculate
coastal vulnerability.

Coastal Vulnerability

Geologic Vulnerability Physical Vulnerability Socioeconomic Vulnerability
(Erosion) (Inundation) (Society)
* Shoreline change * Mean tidal range * Population
*  Geomorphology * Relative sea level rise * Llanduse
* Coastal slope *  Mean wave height * Infrastructure
*  Elevation * Significant wave height * Road/railway networks
* Geology

Ranking of potential changing coastlines

3.2.1 Geologic variables

Shoreline change: Coastal shorelines are naturally subjected to change due
to a number of coastal processes, including wave characteristics, near-
shore circulation, sediment characteristics, or beach form (Kumar et al.
2010). This variable relates shoreline change to the rate of erosion or
accretion to coastal vulnerability. Coastlines subjected to erosion are
considered more vulnerable because of loss of private or public land,
infrastructure, and coastal habitats (e.g., beaches, dunes, and wetlands)
(Kumar et al. 2010). Erosion processes also reduce the distance between
coastal populations and the ocean, thus, increasing the exposure of coastal
populations to coastal vulnerabilities (Kumar et al. 2010). Coastlines
subjected to accretionary processes are less vulnerable as additional land
is created (e.g., accreting deltas) (Rao et al. 2008).

Geomorphology: Geomorphology is the study of landforms and geologic
processes that lead to these landforms, and identifies similarities among
landforms (Kumar et al. 2010). Of particular importance to coastal
vulnerability is that geomorphology defines the erodibility of different
landform types (Pendleton et al. 2010a). Erosion, and rising sea levels, will
re-distribute coastal landforms such as intertidal flats, marshes, dunes,
etc. because of increased wave erosion and storm surges (Kumar et al.
2010). The evolution of coastal geomorphic features will change coastal
habitat and population/infrastructure vulnerabilities. Coastal areas with
rocky shorelines, for example, are highly resistant to erosion and are
therefore, less vulnerable (Rao et al. 2008). Coastal areas with sandy or
muddy landforms (e.g., dunes, wetlands, mudflats) are the least resistant,



ERDC/EL SR-19-5

20

and are therefore, extremely vulnerable to the effects of erosion and sea
level rise (Kumar et al. 2010, Rao et al. 2008).

Coastal slope: Slope describes the measurement of steepness or gradient
of the coast (Kumar et al. 2010). The slope of the coast indicates the
potential for inundation by flooding (Ku-mar et al. 2010) and rapid
shoreline retreat (Pendleton et al. 2010a). Coastal slope is an important
variable to consider in vulnerability assessments because the slope is
related to the risk of flooding due to relative sea level rise and storm surges
(Kumar et al. 2010). Coastlines with lower, gentle, slopes have the
potential for greater flooding and land loss; coastlines with higher, steeper,
slopes are areas of low vulnerability (Kumar et al. 2010; Rao et al. 2008).

Elevation: Elevation is the average elevation above mean sea level of a
particular coastal area. Coastal elevation is important to include in
vulnerability assessments because elevation can be utilized to (1) identify
and estimate extent of land threated by inundation from sea level rise, (2)
estimate potential available land for wetland migration, and (3) identify
sea level rise impacts to human populations and infrastructure (Kumar et
al. 2010). Coastal areas with higher elevations are considered less
vulnerable, because higher elevations are more resistant to inundation
from sea level rise or storm surge (Kumar et al. 2010). Lower elevation
coastlines are, therefore, highly vulnerable to inundation and erosion.

Geology: Geology (lithology) identifies the rock type of the coastal system
(Gornitz et al. 1997). The geology is related to the resistance of the coastal
substrate to erosion using the relative hardness of minerals comprising the
rock type (Diez et al. 2007; Gornitz et al. 1997). The geology of coastal
systems are classified as resistant rocks, sedimentary rocks,
unconsolidated sediments, recent volcanic materials, and coral reefs
(Gornitz et al. 1997). Those coastal areas with resistant geologic rocks are
least vulnerable to erosive effect of sea level rise and storm surges; coastal
areas with unconsolidated sediments are highly vulnerable to erosion due
to sea level rise and storm surges.

3.2.2 Physical variables

Mean tidal range: Tides are a function of the gravitational pull of the
moon and sun, and are highly predictable. The tidal range of a coastal area
is the vertical distance between the highest high tide and the lowest low
tide (Kumar et al. 2010; Yin et al. 2012). The tendency in coastal
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vulnerability assessments is to designate coastlines with high tide ranges
as highly vulnerable (Kumar et al. 2010; Gornitz et al. 1997).

Relative sea level rise: Relative sea level rise is a combination of eustatic
(global), regional, and local changes in sea level (Nicholls and Casanave
2010; Yin et al. 2012). Coastlines subjected to high relative sea level rise
rates are considered highly vulnerable areas due to the potential
inundation of coastal land (Kumar et al. 2010). Coastlines with low relative
sea level rise rates are less vulnerable to inundation, and are therefore, less
vulnerable to the effects of relative sea level rise. Sea level rise impacts
shoreline change, geomorphology, land use, land cover, and groundwater
resources (Rani et al. 2015). Sea level rise increases inundation of coastal
areas and increases the rise of flooding by storm surges (Rani et al. 2015).

Mean wave height: Waves, along with long shore currents, actively
transform coastal areas by shoreline transport of sediment (Doukakis
2005b). Mean wave height is a proxy for wave energy, which is the
dominate force related to coastal sediment movement and
erosion/depositional events (Yin et al. 2012). Wave height can be an
indicator of the amount of sediment that is susceptible to offshore
movement and removal from the coastal sediment system (Doukakis
2005b). The mobility and transport of coastal sediments by waves is a
function of the wave height squared (Yin et al. 2012).

Significant wave height: Significant wave height is similar to mean wave
height. However, significant wave height is the average height (trough to
crest) of the one-third highest waves within a 12-hour period (Kumar et al.
2010). The height of waves is dependent on the wind generating the waves.
Significant wave height is used as a proxy for wave energy, which is an
important component to coastal sediment transport (Kumar et al. 2010;
Kumar and Kunte 2012). As wave energy increases, the mobilization and
transport of coastal material also increases. Coastal areas with higher
significant wave height are considered more vulnerable than coastal areas
with lower significant wave heights (Kumar et al. 2010).

3.2.3 Socioeconomic variables

Population: Coastal population is an estimate of the number of people that
live near the coastline. The population variable is sometimes viewed as an
economic variable as well, as people are invested in protecting their
property from erosion and inundation (Hedge and Reju 2007; McLaughlin
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3.3

et al. 2002). Additionally, populations may cause increased erosion along
the coastline (Hedge and Reju 2007). A coast with a larger population will
incur a higher economic cost to protect houses, land, possessions, and
infrastructure. On the other hand, a coastal area where few people live is
less vulnerable to environmental degradation and has less infrastructure
to protect (McLaughlin et al. 2002).

Land use: Land use can be defined in a number of ways, from economic,
cultural, or environmental (McLaughlin et al. 2002). In most cases, land
use is grouped and ranked according to monetary value to humans
(McLaughlin et al. 2002; Yin et al. 2012). Land use types that are more
valuable to humans are ranked as more vulnerable than land uses less
valuable to humans (McLaughlin et al. 2002). For instance, urban and
industrial infrastructure and agricultural areas are ranked as highly
vulnerable; coastal habitats are ranked as less vulnerable (McLaughlin et
al. 2002; Rani et al. 2015; Yin et al. 2012). These land use ranking system
does not take into account benefits and services provided by coastal
habitats or the potential future land use value (McLaughlin et al. 2002).

Infrastructure: Infrastructure is a broad category that includes the
economic value of residential and commercial buildings (Thatcher et al.
2013). Additional infrastructure included in economic evaluations include
schools, hospitals, wastewater treatment plants, potable water facilities,
electric power plants, and other industry infrastructure (Thatcher et al.
2013). Coastal areas with more infrastructure are much more vulnerable
than coastal areas with less infrastructure.

Road/railway networks: Road and railway networks are incorporated
into coastal vulnerability assessments because roads and railway lines
occupy defined lengths and widths (McLaughlin et al. 2002). In addition,
the cost to protect, replace, or relocate are relatively easy to evaluate
(McLaughlin et al. 2002). Coastal areas with numerous roads and
railways, such as highways or interstates, are highly vulnerable while
coastal areas with no or few roads and railways are much less vulnerable
(McLaughlin and Cooper 2010).

Visualization of coastal vulnerability

Coastal vulnerabilities were visually represented utilizing geographic
information system (GIS) in several assessments. For example, Kumar et
al. (2010) use of the square root of the product mean to calculate coastal
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vulnerability in combination with GIS techniques. Sahoo and Bhaskaran
(2018) combined the use of the square root of the product mean of
variable(s) of interest (Gornitz et al. 1997) to calculate physical
vulnerability and the normalized technique used in Bahinipati (2014) to
calculate social and environmental vulnerabilities. The three
vulnerabilities were aggregated and visually represented in ArcGIS (Sahoo
and Bhaskaran 2018). Addo (2013) utilized GIS to map vulnerable coastal
areas in Ghana.

In addition, several freely available tools also incorporate coastal
vulnerability assessments into visualization platforms. The Coastal
Resilience risk explorer tool (http://coastalresilience.org) utilizes the geometric
mean of ranked biogeophysical variables (Gornitz et al. 1993; Theiler and
Hammar-Klose 1999) to assess exposure in conjunction with social
vulnerability (Arkema et al. 2013). Whereas, the InVEST coastal
vulnerability modeling tool (www.naturalcapitalproject.org) uses the geometric
mean of ranked biogeophysical variables, same as the Coastal Resilience
tool, but also considered erosion and habitat exposure in the tool (Arkema
et al. 2013). Hinkle and Klein (2009) developed the Dynamic and
Interactive Vulnerability Assessment (DIVA) tool that models coastal
vulnerabilities across different scales and integrated a graphical user
interface. These platforms, for example, offer advantages of combining
multiple vulnerability effects and visualization yet the underlying
calculations and variables utilized in these coastal vulnerability
assessments are much the same as described above (Arkema et al. 2013;
Sahoo and Bhaskaran 2018).
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Discussion and Knowledge Gaps

The coastal vulnerability assessments reviewed are different from each
other, with different components of vulnerability considered, a diversity of
variables selected, and different types of calculations utilized. Coastal
vulnerability assessments depend on many factors, notably the scale and
purpose of the assessment (Cooper and McLaughlin 1998; Wamsley et al.
2015), and is reflected in the diversity of coastal vulnerability assessments
reviewed.

The scale of coastal vulnerability assessments ranged from national (Yin et
al. 2012; Gornitz et al. 1991), regional (Gornitz et al. 1994; Thieler and
Hammar-Klose 1999), and local (Doukakis 2005a; Paolo et al. 2011). The
purpose for developing coastal vulnerability assessments was most often
related to erosion or sea level rise, although tropical cyclones and coastal
flooding were considered. The selection of variables to calculate coastal
vulnerability assessments frequently reflected the purpose of the
assessment. Geologic and physical processes variables were most often
identified in coastal vulnerability assessments. Consideration of
socioeconomic variables is increasing in frequency and these variable are
being incorporated more often into coastal vulnerability assessments.

Assessments consider a wide range of variables (Cooper and McLaughlin
1998). Williams et al. (1993) developed a dune vulnerability assessment
that incorporated 54 different variables. While Cutter et al. (2003) used a
principle component analysis (PCA) to reduce 42 variables to 11 variables
in a social vulnerability assessments, and Pendleton et al. (2010) utilized
PCA to identify the relative importance of variables within coastal
vulnerability calculations. A previous survey of coastal vulnerability
assessments noted that the number of variables ranged from 6—19 (Cooper
and McLaughlin 1998). The coastal vulnerability assessments reviewed in
this document frequently considered 6—10 variables (Tables 2-4).
Wamsley et al. (2015) suggested coastal vulnerability be assessed with as
few variables as necessary to measure the relevant vulnerability; many
assessments reviewed in this document follow this suggestion.

Shoreline change (erosion/accretion), geomorphology, coastal slope,
elevation, and geology were the geologic variables most often considered
in coastal vulnerability assessments. These variables reflect coastal
processes that influence the erodibility of coastal areas. In some cases,
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geology and geomorphology were included as one variable because
geomorphology often includes both the landform and the landform rock
type (Yin et al. 2012). Relative sea level rise, mean tidal range, mean wave
height, and significant wave height were the physical variables most often
considered in coastal vulnerability assessments. These variables primarily
reflect the inundation potential for coastal areas. Mean wave height and
significant wave height both represent a proxy for wave energy; often one
or the other was included in the assessments.

Gornitz (1990) and Thieler and Hammar-Klose (1999) both developed
extensive coastal vulnerability assessments along the U.S. Atlantic, Pacific,
and Gulf coasts focused on geologic and physical vulnerabilities. Thieler
and Hammar-Klose (1999) provided an update to the geologic and
physical variables utilized in Gornitz (1990). These seminal U.S. coastal
vulnerability assessment efforts continue to influence coastal vulnerability
research. As such, many coastal vulnerability assessments utilize the same
variables. This is evident in the geologic and physical variables that are
most often used in coastal vulnerability assessments (Tables 2-4).

A ranking factor was applied to each variable prior to calculating the
coastal vulnerability for each assessment. The rankings applied were 1 to 5,
where 1 was least vulnerable and 5 was most vulnerable (Gornitz 1991).
These rankings were relative vulnerabilities and subject to scientific
judgement (Bridges et al. 2015). Interestingly, Gornitz et al. (1997)
assigned coasts with high tidal ranges as highly vulnerable because strong
tidal currents are associated with high tidal ranges. However, Theiler and
Hammar-Klose (1999) argue that coastal areas with low tidal ranges are
highly vulnerable because of the impact storms have on the coastal
evolution of coastlines with low tidal ranges. Additionally, Theiler and
Hammar-Klose (1999, 2000a, and 2000b) assigned different ranking
values to coastal slope, relative sea level rise, and mean wave height for the
Atlantic, Pacific, and Gulf coasts. This allowed identification of the relative
vulnerability where dominance or scale of coastal processes were different
regionally, but did not allow comparisons between coasts because the
scales were different (Bridges et al. 2015). The normalization technique
improves comparisons between case studies by converting variables to
scaled (between 0 and 1) dimensionless variables (Balica et al. 2012).

Coastal vulnerability was calculated multiple ways, either by the product
mean, square root of the product mean, the sum of products, or utilizing
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weighted variables of the variables of interest. The square root of the
product mean was most often used (Table 1). The product mean, square
root of the product mean, and the sum of products were developed and
tested in Gornitz (1991). Although Gornitz (1991) suggested coastal
vulnerability can be computed either using the sum or the product of the
variables, the advantage of using the product is the expanded range of
values (Rao et al. 2008). Calculations using weighted variables were found
to be more responsive to differences in environmental factors (Rao et al.
2008). Weighting variables depends on the relative significance of the
different variables (Rao et al. 2008); however, weight assignments are
largely based on best scientific judgment. Finally, Monnereau et al. (2017)
demonstrate that different methodologies for quantifying vulnerability can
yield widely different results, with significant implications for decision
making.

Visualization platforms have more recently been incorporated into coastal
vulnerability assessments. The incorporation of coastal vulnerability
assessments into ArcGIS offers several advantages. These advantages
include the following: recognizing patterns, combining multiple
vulnerabilities effects (e.g., geologic and physical vulnerabilities) and
visualizing these combined effects along coastlines (Sahoo and Bhaskaran
2018).

Although coastal vulnerability assessments are improving through more
frequent considerations of the effects of multiple vulnerabilities and
platforms are improving visualization of coastal vulnerability, there
remains significant challenges in developing and improving coastal
vulnerability assessments. These challenges are associated with identifying
which variables to include (Adger 2006; Wamsley et al. 2015), gathering
data (Szlafstein and Sterr 2007), and incorporating socioeconomic
vulnerabilities (McLaughlin et al. 2002). Criteria for selecting variables
should consider the following:

o Isthe variable measuring the intended driving factor of vulnerability
(Barnett et al. 2008)?

e Have causal links been established between the measured variable and
represented process (Ozyurt and Ergin 2010)?

e Are the interaction of multiple variables reflected in the outcome of the
assessment (Adger 2006)?
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e Are the interaction of multiple variables masking the importance of
other response variables (Cooper and McLaughlin 1998)?

Additional challenges associated with coastal vulnerability assessments
are using variables that are comparable across time (Adger 2006; Wolters
and Kuenzer 2015), location (Adger 2006), and scale (Pendleton et al.
2010a; Wamsley et al. 2015; Wolters and Kuenzer 2015). These challenges
are reflected in the variety of variables considered in the assessments
reviewed.

Sea level rise and increased erosion not only have significant impacts to
coastal habitats, but also impact coastal populations and infrastructure.
Klein and Nicholls (1999) identified three potential socioeconomic
impacts. These impacts are the following:

e The direct loss of economic, ecological, cultural, and subsistence living
from the loss of land, infrastructure, and coastal habitats,

e Increased flood risk to coastal populations, land, and infrastructure,
and

e Other impacts, including water management, salt water intrusion, and
interruptions to biological activities.

Despite the acknowledgement of the socioeconomic vulnerabilities of
coastal areas and the importance of including socioeconomic vulnerability
into assessments (Gornitz et al. 1993), socioeconomic variables are
regularly excluded in coastal vulnerability assessments.

The exclusion of socioeconomic variables can limit the evaluation of
vulnerable coastal systems (Harvey et al. 1999). In response, more
assessments are being developed to include socioeconomic vulnerability;
however, there are significant challenges associated with incorporating
socioeconomic vulnerabilities into coastal vulnerability assessments. For
instance, variables that incorporate human well-being and the relative and
perceived human vulnerability need to be developed (Adger 2006).
Additional challenges include changing human perceptions (McLaughlin
et al. 2002), growth or decline in population, and building new
infrastructure and abandonment of older structures (Thatcher et al. 2013).
The dynamic nature of coastal and social processes often underestimates
future coastal vulnerability (Thatcher et al. 2013).
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Finally, coastal vulnerability is frequently assessed to identify vulnerable
coastal areas for coastal zone management and to prioritize restoration
activities and resources (Thatcher et al. 2013). Strategies for linking
vulnerable coastal areas with appropriate restoration techniques are,
however, limited. Future studies will need to assess strategies for
incorporating coastal vulnerability assessments with specific mechanisms
that can be addressed through coastal restoration and protection.
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Summary

Coastal areas are dynamic systems, driven by coastal processes and human
intervention. As such, coastal areas are vulnerable to a number of factors
such as erosion and sea level rise. Coastal vulnerability assessments
identify relative vulnerability with different regions. These assessments
integrate geologic, physical, and, more often, socioeconomic
vulnerabilities to appropriately identify vulnerable coastal areas. Coastal
vulnerability assessments were reviewed to identify the purpose, study
location, variable considered, and calculation of coastal vulnerability. The
review identified thirteen common variables, across geologic, physical, and
socioeconomic processes, and identified the square root of the product
mean of variable(s) of interest as the most common calculation to
determine the relative coastal vulnerability of coastal areas.

Socioeconomic vulnerabilities were recognized as a critical component of
assessment and are more often being included in coastal vulnerability
assessments despite inherent difficulties in data collection. Coastal
vulnerability assessments can identify vulnerable coastal areas for coastal
zone management, and use of visualization platforms improve
communication of the combined effects of vulnerability into a single
resource. However, relating vulnerable coastal areas with appropriate
restoration techniques is lacking and requires further research.
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