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1. ABSTRACT

Obijective: The objective of the project was to develop an analysis framework and
methodologies for evaluation of coastal military installation vulnerabilities and test them
under prescribed scenarios of increased local mean sea level (0.5 meters, 1.0 meters, 1.5
meters and 2.0 meters) over the next century. Methodologies were developed to assess the
potential scope and magnitude of impacts from physical effects of flooding (wetting that
occurs infrequently), inundation (wetting occurs regularly), erosion, seawater intrusion, and
alteration of tidal flows. Assessment methodologies targeted potential vulnerabilities of
buildings, civil infrastructure, training areas, and waterfront and coastal structures. The
project focused on conditions in the southwestern United States (U.S.) and utilized the key
coastal military installations at Naval Base Coronado (NBC) and Marine Corps Base Camp
Pendleton (MCBCP) to test the approach.

Technical Approach: The technical approach for the project was organized around five tasks.

The first task focused on development of a generalized sea level rise (SLR) vulnerability
assessment framework for application to coastal military installations. The second task
encompassed developing methods to project future trends in sea level and sea level
variability, and then combining these underlying sea level characteristics into realistic
assessment scenarios for a range of regional sea level conditions. In the third task, methods
were developed to compile, analyze, and integrate critical biogeophysical and infrastructure
data for each installation within a three-dimensional Geographic Information System (GIS)
modeling environment. Using the range of scenarios developed under task two as test
cases, task four focused on the development of methods to characterize the expected
physical effects of SLR within the Southwest region. These results were then incorporated
into the GIS modeling framework. Finally, the framework and tools developed under the
first four tasks were then used in task five to explore the application of these methods to

assess SLR vulnerability at the two installations.

Results: The assessment framework adopted a source-pathway-receptor conceptual model
in which a source is a sea-level related hazard, a pathway is the process that links a sea-level
related hazard and a military installation element that is subject to harm from that hazard,
and a receptor is a military installation element or class of elements that is subject to harm
from a sea-level related hazard. The framework reflects the evolution of the field from
strategies to support broad-scale, qualitative screening assessments, toward application at
regional and local scales. This enables more quantitative assessment of specific vulnerability

guestions at Department of Defense installations, evaluation of a range of plausible future



scenarios, and identification of potential responses at the source, pathway, and receptor

level.

Sea level rise projection methods were successfully developed based on a superposition of
mean sea level rise (MSLR) scenarios with increases of 0.5, 1.0, 1.5, and 2.0 m by 2100
relative to 2000, astronomical tide heights, non-tide residual (NTR) water level variability
from general circulation models (GCMs), and wave-driven runup on beaches. Using these
time series, robust regional scenarios were developed for water level extremes at MCBCP
and NBC using extreme value methods. Geospatial basemodels of the terrestrial and marine
topography were constructed for both of the installations. This included the development
of methods to accommodate future conditions by superimposing revised beach or
beach/cliff elevation sub-models into the changed domain of the basemodel using the
results of the physical response models. An infrastructure model defining six key receptor
categories of training areas, buildings, civil infrastructure, waterfront structures, and coastal
structures was integrated with the terrain model such that accurate locations and
elevations for the infrastructure could be extracted to evaluate interactions with erosion,

inundation, and flooding.

Physical response models were developed to describe exposure pathways including
inundation, flooding, erosion, and seawater intrusion. Primary pathways for this study were
classified by exposure under categories for exposed shorelines, protected shorelines, and
groundwater. New modeling systems were developed that enabled the long-term
topographic response of these beach and cliff/beach systems to SLR to be integrated with
short-term storm wave response changes. Evaluation of inundation and flooding along
exposed shorelines incorporated changes to the underlying elevation model due to erosion,
spatially varying total water level exposures, and requirements for complete hydraulic
connectivity. A density-dependent groundwater-flow and solute-transport model was used
to explore the influence of seawater intrusion in the Santa Margarita River Basin at MCBCP

and the resulting potential impacts to water quality and future extraction capacity.

Sea level rise vulnerability at NBC and MCBCP was assessed through application of these
methodologies using two levels of analysis: receptor-level and component-level. The
receptor-level methodology encompassed the breadth of the data compilation, modeling,
and analysis methods and included installation- and exposure-specific SLR source scenarios,
pathway-specific physical response of the coastal system, and characteristic sensitivities and
operational thresholds for the installation receptors. The analysis illustrated the ability of

these methods to resolve the increasing level of vulnerability of the installation to erosion



as a function of increasing sea level, as well as the sensitivity of some receptors to short-
term wave driven erosion events. At NBC training areas this translated into frequent
(weekly return period) conditions with remaining available area reduced to about 53% of
baseline for 1.0 m SLR, and further reductions to a remaining area of about 23% of baseline
for 2.0 m SLR. Training areas at MCBCP are generally backed by erodible cliffs, and the
landward boundary of the beach training area was allowed to retreat inland (autonomous
adjustment) at the rate of retreat of the cliff base. MCBCP also had a higher underlying sand
imbalance, and together these factors resulted in frequent (weekly return period)
conditions with remaining area reduced to about 41% of baseline for 1.0 m SLR and further
reductions to a remaining area of 27% of baseline for 2.0 m SLR. Component-level
assessment examples also were illustrated for NBC training areas, building, waterfront

structures, coastal structures, and civil infrastructure receptor classes.

Benefits: Based on our objective to develop a robust analysis methodology that provides a
reliable means to identify and plan for vulnerabilities under both currently projected sea
level scenarios, and scenarios that may be considered in the future, a number of key
accomplishments were successfully achieved. We successfully demonstrated new
methodologies for the development of Southwest U.S.-relevant SLR scenarios and cyclical
events and a capability to project these at 100 m increments along the shoreline. These
scenarios were successfully applied to the development and application of a range of
“beyond the bathtub” pathway response models that link these sea level scenarios to
potential vulnerabilities to coastal military installations. Based on the projection of these
physical responses, we were able to illustrate their application to an assessment of the
responses of two key Southwest U.S. military installations, with an emphasis on military-
specific receptors including beach training areas and waterfront infrastructure, and to
contrast the results. As part of this research and development effort, a number of products
were developed that served to advance the research and provided a testing ground for our
methodologies. In addition, these products may serve future uses, particularly for the
installations where the analysis was conducted, but also potentially as models for

application to other areas with similar requirements and conditions.



2. OBJECTIVE

This project directly addresses the objective of the Strategic Environmental Research and
Development (SERDP) Statement of Need (SON) to develop analysis methods to assess the
impacts of local mean sea level rise (SLR) and associated phenomena on United States (U.S.)
military infrastructure. Our vision was to develop a rigorous and robust analysis
methodology that provides a reliable means to identify and plan for vulnerabilities under
both currently projected sea level rise scenarios, and emerging scenarios in the future. We
developed analysis methods that can be applied to military installations using available data
to assess the potential impacts of sea level rise of a range of magnitudes. The methodology
serves to address potential mission readiness impacts, support critical policy and
implementation decisions for response actions, and to identify and leverage other essential
research needs in this area. Our project utilized a strong team of regional scientists and
managers to provide a focused and rigorous regional vulnerability assessment methodology
for representative southwestern U.S. coastal military installations. While responding directly
to the SON, the application of our methodology focused uniquely on the potential
ramifications of these changing conditions on military installations in the Southwestern U.S.
including, Naval Base Coronado (NBC) and Marine Corps Base Camp Pendleton (MCBCP).
This regional focus built on and enhanced general strategies that have been applied over
larger scales in previous efforts. The motivations for this focus include recognition that:

e To achieve meaningful and useful vulnerability assessments, a significant degree of
installation-specific detail is required, thus the scope of the effort was carefully
focused. The methodology and analysis tools are exportable to other regions and
can be applied with regional forcing.

e Regional sea level forcing scenarios were generally applicable across the two
installations in the study.

e While limited previous analysis and experience suggests a very high vulnerability to
SLR, the southwest was a region that had received relatively little assessment
compared, for example, to the southeastern and gulf coasts.

e The region has a high concentration of critical coastal military installations poised
across a range of coastal topographies.

e Aregional effort allowed more meaningful direct interaction with local scientists,
facilities and resource managers, and policy makers, and allowed application of the

enormous amount of scientific data, analysis and understanding, and visualization



technologies, that were available at Scripps Institution of Oceanography, University
of California San Diego (UCSD), and SPAWAR Systems Center Pacific (SSC-PAC).

The objective of this effort was to develop an analysis framework and methodologies to
support the evaluation of regional military installation vulnerabilities and test them under
prescribed scenarios of four increases in mean sea level (0.5 m, 1.0 m, 1.5 m and 2.0 m)
with coinciding water level variations associated with tide, wave, storm, El Nifo-Southern
Oscillation (ENSO) and other regional-specific climatic responses as projected over the next
century. Methodologies were developed to assess the scope and magnitude of the
following five physical effects of these joint SLR scenarios: flooding; inundation; erosion;
seawater intrusion; and alteration of tidal flows. Based on projected physical effects,
strategies for assessing key installation vulnerabilities were evaluated for their ability to
support future planning and recommendations for possible mitigation. Vulnerability
assessment methodologies were structured around potential vulnerabilities for receptor
categories that included buildings, civil infrastructure, training and testing lands, waterfront
structures, and coastal structures. The project was organized around five specific technical
objectives (TO) (Figure 2-1):

e TO1. Vulnerability Framework: Develop a generalized sea level rise vulnerability
assessment framework for application to coastal military installations.

e TO2. Delineation of Regional Sea Level Rise and Climate Change: Develop methods
to project future trends in sea level and sea level variability. Further, develop
methodologies to combine these underlying sea level characteristics into realistic
assessment scenarios based on the probability of occurrence for a range of regional
sea level conditions

e TO3. Delineation of the Coastal System: Develop methods to compile analyze and
integrate critical biogeophysical and infrastructure data for each installation within a
three-dimensional Geographic Information System (GIS) modeling environment.

e TOA4. Assessment of Physical Effects and Responses: Using the range of scenarios
develop under T02 as test cases, develop methods to characterize the expected
physical effects of SLR within the southwest region, and to compile these results into
the GIS modeling framework.

e TOS5. Assessment of Vulnerability: Integrate the analytical methods developed under
T02-T04 within the vulnerability framework of TO1 to explore the application of

these methods to assess vulnerability at the two installations.



TO1. Vulnerability Framework

| l

TO2. Delineation of TO3. Delineation of the
Regional Sea Level Rise Coastal System
and Climate Change l

TO4. Assessmentof Physical Effects and Responses

l

TOS5. Assessmentof Vulnerabilityand Interpretation of
Results

Figure 2-1. Components of the project technical objectives.



3. BACKGROUND

Climate change has potential ramifications for national security. This has been recently
recognized in legislation that directs the Department of Defense (DoD) to provide guidance
to military planners to assess the risks of potential climate change, and in a study directed
by a board of senior retired military officers that recommended DoD conduct assessments
of the impact on U.S. military installations of rising sea levels, extreme weather events, and
other projected climate change impacts over the next 30 to 40 years (Center for Naval
Analysis, 2010).

Installation vulnerabilities include:
e Loss or damage to mission-essential infrastructure including coastal development
and beaches;
e Loss or degradation of mission capabilities;
e Loss of training and testing lands, including beaches;
e Loss of transportation means, facilities, and/or corridors;
e Loss of habitat and associated natural resources;
e Increased risk of storm damage; and,

e Increased potential for loss of life.

These concerns are reinforced by the recent projections from the fourth assessment of the
IPCC (2007a) and other studies, especially those dealing with the potential for increased
contributions to mean sea level rise (MSLR) from melting ice caps. Observations indicate
that global mean sea level (MSL) rose at an average rate of 0.15-0.20 meters per century
(m/cy) over the 20" century, and that this rate has increased since about 1992 to over 0.30
m/cy. The acceleration is confirmed in both tide gauge and satellite data (Merrifield et al.,
2009; US EPA, 2010) and appears distinct from decadal variability since it is uncorrelated
with standard climate indexes. Most of the acceleration appears to be the result of tropical
and southern ocean warming associated with upper-ocean heat content and ice melt. MSLR
scenarios specified and considered in this study ranged from global MSL end-points of 0.5,

1.0, 1.5, and 2.0 m by year 2100, which were assumed to apply to the study area.

The focus of this effort was to develop and exercise analysis methods to assess the impacts
of local mean SLR and associated phenomena on military infrastructure in the Southwest

U.S. The application of our methodology focused uniquely on the potential ramifications of
these changing conditions on military installations in the southwestern U.S. including, NBC

and MCBCP. To achieve this, we developed an analysis framework and applied it to



determine regional military installation vulnerabilities under the four specified scenarios of
increased mean sea level (0.5 m, 1.0 m, 1.5 m and 2.0 m) with coinciding water level
variations associated with tide, wave, storm, ENSO and other regional-specific climatic
responses as projected over the next century. Methodologies were developed to assess the
potential scope and magnitude of the following five physical effects of these joint SLR
scenarios: flooding; inundation; erosion; seawater intrusion; and alteration of tidal flows.
Based on projected physical effects, key installation vulnerabilities were evaluated to
support future planning and recommendations for possible mitigation. Vulnerability
assessment methodologies were structure around potential impacts to receptor categories
that included: buildings; civil infrastructure; training and testing lands; waterfront
structures; and coastal structures. The framework for the methodology, the coastal setting
at the two coastal installations, and an overview of key coastal processes in the region are

described below.

3.1  Vulnerability Framework

Climate change vulnerability is defined by Intergovernmental Panel on Climate Change
(IPCC) as “the degree of inability to cope with the consequences of climate change and
accelerated sea-level rise” (IPCC, 1992). This concept of vulnerability assessment embraces
the assessment of both anticipated impacts and available adaptation options (Smith et al,,
1996; Tol et al., 1998; Klein and Nicholls, 1999), and encompasses biogeophysical, socio-
economic and political factors (Bijlsma et al., 1996; Klein, 2002; Turner et al., 2003). In this
context, adaptive capacity represents the “ability of a system to adjust to climate change
(including climate variability and extremes) to moderate potential damages, to take
advantage of opportunities, or to cope with the consequences” (McCarthy et al., 2001).
Because research under the statement of need for this project did not focus significantly on
adaptation, in the context of this project we also use vulnerability to describe the

combination of exposure and sensitivity without full consideration of adaptive capacity.

In general, climate change vulnerability in coastal areas is magnified by exposure to oceanic
forces including increases in sea level, storm surge and wave heights, as well as limitations
on adaptive capacity. Limitations on adaptive capacity in these areas may stem from
physical, economic, and institutional constraints and may be particularly acute in highly
developed coastal areas where natural buffers such as dunes and wetlands have already
been lost, and there is a high density of costly, fixed infrastructure near the shoreline (Parry
et al., 2007).



Vulnerability analysis of SLR for coastal areas has been conducted over varying scales
including local area studies, country studies, and global studies (Figure 3-1; Nichols and
Mimura, 1998; Nicholls, 1995; Nicholls and de la Vega-Leinert, 2008). Larger scale analyses
are generally more qualitative and comparative (e.g. which areas of the world are most
vulnerable), whereas regional studies are generally more quantitative and focus more on
specific planning initiatives (Dolan and Walker, 2006). Various frameworks have been
proposed and applied for SLR vulnerability assessment and adaptation over these spatial
scales, including the IPCC Common Method (IPCC, 1992), the U.S. Country Studies
Methodology (Benioff et al., 1996), the United Nations Environment Program (UNEP)
Handbook Methodology (Burton et al., 1998), the United States Agency for International
Development guidance manual for Adapting to Climate Variability and Change (USAID,
2007), and the South Pacific Islands Methodology (Yamada et al., 1995). While these
frameworks bear similarities, they all have recognized limitations and criticisms (Dolan and
Walker, 2006). The Common Method has been most widely applied, particularly at larger
scales (country and global), and incorporates the following objectives within its framework:
(1) identify and assess physical, ecological, and socio-economic vulnerabilities to
accelerated SLR and other coastal impacts of global climate change; (2) understand how
development and other socio-economic factors affect vulnerability; (3) clarify how possible
responses can mitigate vulnerability, and assess their residual effects; and (4) evaluate

capacity for implementing a response within a broad coastal zone management framework.

Global

10

Regional

1L

Country

10

Local

Spatial Scale

Figure 3-1. Typical scales of vulnerability assessments (adapted from Nichols and Mimura, 1988).

While these objectives are not specifically targeted to military installations, they do provide
a point of departure for adaptation to a military installation specific framework. The
Common Method is structured around a seven-step framework that links research,

monitoring, and policy making processes to assist policy-makers to make informed decisions



(IPCC, 1992). While previous assessments have been carried out, there are still significant
barriers including: limited understanding of relevant processes affected by sea-level rise;
insufficient data on existing conditions; difficulty in developing the local and regional
scenarios of future change; and lack of appropriate analytical methodologies for some
impacts (Nicholls and Klein, 2000). Within these frameworks, adaptation is generally
considered in terms of retreat (minimize impacts by pulling back from the coast),
accommodation (minimize impacts by adjusting human use of the coastal zone), and
protection (impacts are controlled by soft or hard engineering) (IPCC, 1990; Bijlsma et al.,
1996). For coastal military bases, these responses must be also weighed in consideration of
critical readiness, training and support missions of the installation (Center for Naval
Analysis, 2010).

More recently, climate change assessments have embraced risk assessment paradigms to
evaluate sea level rise vulnerability (Patz and Balbus, 1996; NCDEM, 2009; Leggett et al.,
2003; Cartwright, 2008; Kasperson et al., 2001; Liverman, 2001; van Westen and
Georgiadou 2001; Scheitlin et al., 2011; Kuleli, 2010). In these approaches, vulnerability is
cast in the risk assessment nomenclature of exposure and effects, with changes in sea level
and storminess representing sources or stressors which are manifested through pathways
such as shoreline response, erosion, inundation and seawater intrusion, which in turn result
in risk to receptors (or sometimes referred to as sectors such as buildings and structures,
natural resources, transportation, etc.; Snover et al., 2007) These risk assessment strategies
have generally been applied on regional or smaller scales (NCDEM, 2009; Cartwright, 2008;
Kuleli, 2010; Scheitlin et al., 2011), and provide a framework for addressing specific
vulnerability questions at a relatively quantitative level. In these frameworks, risk
conceptually incorporates both the likelihood of a given event and the consequence of the
event (Kasperson, et al., 2001; Liverman, 2001; Westen and Georgiadou, 2001), reflecting
the notion that the same sea-level rise scenario may result in different risks in different
places because some people and places are more sensitive and less able to adapt than
others (Cartwright, 2008).

A general review of existing frameworks was conducted to appraise the state of the science
for vulnerability assessment, and to create a credible basis for a DoD-relevant framework
that builds on the strategies already developed and utilized in other applications. A cross-
section of existing frameworks and strategies were identified and reviewed. These are
summarized in Table 3-1, and briefly described below. Assessment strategies were broadly

classified as (1) impact assessments which integrated exposure and sensitivity but generally
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did not incorporate adaptation, (2) vulnerability assessments which integrated exposure,
sensitivity, and adaptive capacity, or (3) risk assessments which integrated exposure,
sensitivity, and adaptive capacity within formalized exposure, pathway and receptor
relationships and may have ascribed probabilities or likelihoods to potential outcomes. In

some cases, the approaches appeared to represent blends of these strategies.
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Table 3-1. Summary of sea level rise assessment frameworks reviewed for this study.

Framework or Methodology

Description/Purpose

Assessment Type

Reference

Assist countries in making first-order

Impacts and Adaptations

and geographical areas.

i Vulnerabilit . .
IPCC Common Methodology assessments of winerability to sea- Y Klein and Nicholls, 1999
. Assessment
lewvel rise.
IPCC Technical Guidelines for Proude a consmtgnt ﬁamework for the .
. . assessment of climate impacts and Vulnerability
Assessing Climate Change . . Carter et al., 1994
adaptations across a range of regions |Assessment

UNEP Handbook Methodology

Provide a detailed application strategy
for the IPCC Technical Guidelines for
Assessing Climate Change Impacts
and Adaptations.

Impact Assessment

Feenstra et al., 1998;
Klein and Nicholls, 1998

US Country Studies
Methodology

Tailored to meet the needs of
dewveloping countries in assessing their
wilnerability to climate change and
identifying opportunities for adaptation.

Vulnerability
Assessment

USCSP, 1999; Benioff et
al., 1996

The South Pacific Island
Methodology

Developed in response to factors that
restricted the direct application of the
IPCC Common Methodology such as a
lack of data, such as topographic
maps with precise contours, historical
records of climate and mean sea level,
and land use patterns, a common
constraint in developing countries.

Index-Based
Vulnerability
Assessment

Mimura, 1999

Understanding Vulnerability of
Coastal Communities to Climate
Change Related Risks

Describes a framework for assessing
adaptive capacity which addresses the
inherent susceptibilities of human
environment systems exposed to
climate variability and change in
contrast to typical impact
assessments that focus largely on
reducing economic impacts.

Vulnerability
Assessment

Dolan and Walker (2004)

Climate Change and Coastal
Zones: An Oweniew of the State
of the Art on Regional and Local
Vulnerability Assessment

Provides an oveniew of methodologies
for assessing the wilnerability of
coastal zones, present a conceptual
framework for winerability

assessment, and outline the steps that
are required for the actual assessment
of coastal winerability

Vulnerability
Assessment

Sterr et al., 1999

An Environmental Risk
Assessment/Management
Framework for Climate Change
Impact Assessments

Presents a risk assessment and
mangement framework for climate
change impacts with a focus on
individual exposure units. Incorporates
stakeholder involvement and links key
climate variables with impact
thresholds.

Blend of
Vulnerability and
Risk Assessment

Jones, 2001

North Carolina Sea Lewvel Rise
Risk Management Study

Describes a risk assessment and
mitigation strategy demonstration of
the potential impacts of sea lewel rise
in that state associated with long-term
climate change.

Blend of
Vulnerability and
Risk Assessment

North Carolina Division of
Emergency
Management, 2009
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3.1.1 Review of Existing Frameworks

IPCC Common Methodology

The IPCC Common Methodology was developed primarily to assist countries in making first-
order assessments of vulnerability to sea-level rise (Klein and Nicholls, 1999). The
framework was first proposed in 1991 and was designed to assist the user in estimating
impacts from sea level rise, including the value of lost land and wetlands. The methodology
incorporates expert judgment and data analysis of socioeconomic and physical
characteristics, but does not explicitly instruct the user on how to perform the analyses.
Information from this methodology, including the identification of priority regions and their
possible adaptation measures, is generally used on a screening basis for the development of
more detailed analysis and modeling for biophysical and socio-economic impacts and
adaptations. The user follows seven steps: (1) delineate the case study area; (2) inventory
study area characteristics; (3) identify the relevant socioeconomic development factors; (4)
assess the physical changes; (5) formulate response strategies; (6) assess the vulnerability
profile; and (7) identify future needs (Figure 3-2). Adaptation focuses around three generic

options: retreat, accommodate or protect.

The Common Methodology has been for assessments in at least 46 countries including
guantitative results for 22 country case studies and eight sub-national studies (Nicholls,
1995). While the approach is most useful as an initial, baseline analysis for country level
studies where little is known about coastal vulnerability, it can be applied at a range of
scales including sub-national, national, regional and global. The output of the assessment is
generally a vulnerability profile indicating a range of impacts of sea level rise, such as land
loss and associated value and uses and a list of future policy needs to adapt both physically
and socio-economically. Application requires delineation of physical and socioeconomic
characteristics of the study area, and considerable knowledge on a range of techniques for
estimating biophysical and socioeconomic impacts of sea level rise and adaptation
(UNFCCC, 1999).

IPCC Technical Guidelines for Assessing Climate Change Impacts and Adaptations

IPCC published the Technical Guidelines for Assessing Climate Change Impacts and
Adaptations in 1994 to provide a consistent framework for the assessment of climate
impacts and adaptations across a range of regions and geographical areas (Carter et al.,
1994). The report reviews methods and outlines an analytical framework for assessing the
impacts of climate change. The guidelines are structured around a seven step procedure

that includes: (1) Definition of the problem; (2) Selection of the methodology; (3) Testing
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the method; (4) Selection of scenarios; (5) Assessment of the biophysical and socio-
economic impacts; (6) Assessment of autonomous adjustments; and (7) Evaluation of
adaptation strategies (Figure 3-3). Guidance is provided for a range of techniques that may
be applied in each step of the process. The problem definition step identifies the goal of the
assessment, the exposure unit, the spatial and temporal scope, and the data requirements.
Selection of methods encompasses a range of possible techniques including
experimentation, impact projections, empirical studies, and expert judgment. Method
testing serves as a precursor to the main evaluation, and encompasses feasibility studies,
data acquisition, and model testing. Scenarios development relies on the specification of a
range of plausible future climate conditions. Assessment of impacts describes the
differences between the environmental and socio economic baseline, and the projected
conditions under the selected climate change scenarios. The guidance incorporates the

assessment of both autonomous adjustments and adaptation strategies.
UNEP Handbook Methodology

The UNEP Handbook on Methods (Feenstra et al., 1998; Klein and Nicholls, 1998) was
developed to provide a detailed application strategy for the IPCC Technical Guidelines for
Assessing Climate Change Impacts and Adaptations (Carter et al., 1994). It provides a
generic framework for conducting assessments of sea-level rise and climate change. The
general procedure includes seven guiding steps including: (1) define the problem, (2) select
the method, (3) test the method, (4) select scenarios, (5) assess the biogeophysical and
socioeconomic impacts, (6) assess the autonomous adjustments, and (7) evaluate
adaptation strategies. A range of methods are suggested for each of the steps with selection
of the best approach left up to the user (Figure 3-4). The approach is applicable to situations
ranging from regional to national level studies, and can be used at both screening and more
detailed levels of analysis. General input requirements include physical and socioeconomic
characteristics of the coastal zone, and the resulting outputs include potential impacts of
sea-level rise and corresponding adaptation strategies according to both socioeconomic and
physical characteristics. The methodology has been applied in several countries, including
the Cameroon, Antigua and Barbuda, Estonia, Pakistan, and Cuba (UNFCCC, 1999).

US Country Studies Methodology

The US Country Studies Methodology was tailored to meet the needs of developing
countries in assessing their vulnerability to climate change and identifying opportunities for
adaptation (USCSP, 1999; Benioff et al., 1996). The general approach centers on the

evaluation of biophysical effects and involves six primary steps including: (1) define scope of
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assessment process, (2) select scenarios, (3) conduct biophysical and economic impact
assessments, (4) integrate impact results, (5) analyze adaptation policies and programs, and
(6) document and present results to decision makers. The method is flexible in that
relatively simple methods can be applied when data quality and availability are limited. It
has generally been employed when an analysis of biophysical impacts of climate change is
the central goal. It is broadly applicable to coastal resources, agriculture,
grasslands/livestock, water resources, forestry, human health, fisheries, and wildlife. Inputs
to the method include climate change and socioeconomic scenarios and outputs tend to

focus on climate change impacts and, to limited extent, adaptation options (UNFCCC, 1999).
The South Pacific Island Methodology

The South Pacific Island Methodology was developed in response to factors that restricted
the direct application of the IPCC Common Methodology such as a lack of data, such as
topographic maps with precise contours, historical records of climate and mean sea level,
and land use patterns, a common constraint in developing countries (Mimura, 1999). The
South Pacific Island Methodology is an index-based approach that applies relative scores to
assess a variety of scenarios and take advantage of traditional knowledge and memories of
the local people to overcome the shortage of empirical data (Kay and Hay, 1993). The
method utilizes six classes of coastal subsystems including natural, human, infrastructural,
economic, institutional, and cultural (Figure 3-5). These are further divided into subsystems
to which a vulnerability score and a resilience score is assigned based on expert judgment
under a range of scenarios. The two values are then combined to produce a sustainable
capacity index for each scenario. The method is particularly useful in coastal settings with
limited quantitative data but considerable experience and qualitative knowledge. It is
generally viewed as a screening level analysis that should be followed by a more
guantitative analysis (UNFCCC, 1999). The method is generally applied at the island or
regional scale and requires little quantitative data, but significant background knowledge of

physical, social, and economic characteristics of the area.
Understanding Vulnerability of Coastal Communities to Climate Change Related Risks

This paper by Dolan and Walker (2006) presents a framework for assessing adaptive
capacity which addresses the inherent susceptibilities of human environment systems
exposed to climate variability and change in contrast to typical impact assessments that
focus largely on reducing economic impacts. The framework incorporates differential
exposures and vulnerabilities based on a range of determinants including access and

distribution of resources, technology, information and wealth; risk perceptions; social
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capital and community structure; and institutional frameworks that address climate change
hazards (Figure 3-6). This broader approach contrasts typical impact assessments that focus
largely on reducing economic detriments of change. The framework is generally applicable
on the local scale as a community-based or bottom-up approach and incorporates short-
term exposure to variability as an important source of vulnerability superimposed on long-
term change. Similar to the South Pacific Island Methodology, the framework utilizes
community level perceptions and experiences to identify the characteristics that influence
response, recovery and adaptation, focusing on locally relevant outcomes that promote
more effective decision-making, planning and management. The framework was applied to
study sea-level rise impacts on northeast Graham Island, Haida Gwaii (Queen Charlotte

Islands).

Climate Change and Coastal Zones: An Overview of the State of the Art on Regional and

Local Vulnerability Assessment

Sterr et al., 1999, provide an overview of methodologies for assessing the vulnerability of
coastal zones, present a conceptual framework for vulnerability assessment, and outline the
steps that are required for the actual assessment of coastal vulnerability. The conceptual
framework distinguishes between natural-system vulnerability and socio-economic
vulnerability to climate change and defines many of the concepts involved in vulnerability
assessment (Figure 3-7). They identify the most important biogeophysical effects of sea
level rise as: increasing flood-frequency probabilities and enhancement of extreme flood-
level risks; erosion and sediment deficits; gradual inundation of low-lying areas and
wetlands; rising water tables; seawater intrusion; and biological effects. Socio-economic
vulnerability resulting from these biogeophysical effects is categorized in terms of: direct
loss of economic, ecological, cultural and subsistence values through loss of land,
infrastructure and coastal habitats; increased flood risk of people, land and infrastructure;
and impacts related to water management, salinity and biological activity. Within the
framework, analysis of coastal vulnerability starts with the natural system’s susceptibility to
the biogeophysical effects of sea-level rise, and of its natural capacity to cope with these
effects. These effects are interpreted in the context of socio-economic vulnerability as
determined by society’s technical, institutional, economic and cultural ability to prevent or
cope. The framework provides an acknowledgement of the concepts of exposure and risk in
defining the relationship between biogeophysical effects and socio-economic vulnerability
and impact. Implementation is described as three levels of increasingly complex assessment

including: screening assessment (SA); vulnerability assessment (VA); and planning
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assessment (PA). The three-level approach relates to the issue of scale as more specific
planning-level assessment results at smaller scales. Thus the approach can be viewed as a
tiered approach, or a scaled approach, depending on the questions that are to be

considered in the assessment.

An Environmental Risk Assessment/Management Framework for Climate Change Impact

Assessments

Jones, 2001 presents a risk assessment and management framework for climate change
impacts with a focus on individual exposure units that incorporates stakeholder
involvement and links key climate variables with impact thresholds. The framework reflects
modern risk assessment and management methodologies while maintaining consistency
with the IPCC technical Guidelines for Assessing Climate Change Impacts and Adaptations.
This framework introduces the important notion of critical response thresholds in the
context of conditional probabilities of exceedance. Risks are managed during “windows of
adaptation,” through a combination of mitigation and adaptation strategies. The
framework developed consists of seven steps with a central focus on stakeholder
involvement. The steps include (1) identification of key climate variables affecting exposure
units; (2) creation of scenarios or expected ranges of these variables; (3) a sensitivity
analysis of the relationship between climate variables and impacts; (4) identification of
impact thresholds through interaction with stakeholders; (5) implementation of the risk
analysis; (6) Evaluation of risk, feedbacks, and autonomous adaptations; and (7)
consultation with stakeholders, analysis of adaptations, and recommendations (Figure 3-8).
While the linkage of these steps is not prescriptive, the order presented here is a logical

progression.
North Carolina Sea Level Rise Risk Management Study

The State of North Carolina has initiated risk assessment and mitigation strategy
demonstration of the potential impacts of sea level rise in that state associated with long-
term climate change. The assessment is structured around four principal questions
including: (1) What changes to coastal flooding hazards will possibly occur between 2009
and 2100 due to storminess and sea level rise? (2) What built and living systems will be
exposed to coastal flooding from increased storminess and sea level rise? (3) What possible
impacts / consequences (system-wide, financial) will occur on the exposed built and living
systems? and (4) What short-term and long-term strategies will result in efficient and
effective prevention and/or alleviation of exposure and consequences from sea level rise

and increased storminess? (NCDEM, 2009). The assessment is scenario-based, utilizing
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potential sea level rise and demographic conditions four “time slices” through 2100
including near-term (2025), medium-term (2050), long-term (2075), and end of the century
(2100). The approach for assessment is based on the source-pathway-receptor (SPR) model
in which “sources” are climate or weather conditions that drive flood hazards, “pathways”
are the mechanisms by which sources influence receptors, and “receptors” are the people,
industries, infrastructure and natural resources that may be affected by the hazard (Figure
3-9). Potential advantages of the SPR framework include the ability to break down the
assessment process into constituent parts, and support for the targeted development of

approaches that address vulnerability at the source, pathway and/or receptor level.

3.1.2 Framework Review Summary

Across these frameworks, there are commonalities and differences, as well as an evolution
and refinement in approaches over time. All of the frameworks share common
requirements to define the problem, its scale and boundaries and characterize the
biogeophysical and resulting socioeconomic impacts. Many of the earlier applications of the
general frameworks, such as the Common Method and the UNEP Handbook Method were
applied at larger scales and in a more qualitative way, often as a result of limited data
and/or resources to conduct the assessment. Evolving approaches such as the South Pacific
Island Method and the US Country Studies Method have recognized the importance of local
knowledge and experience to supplement data limitations in the assessment of sea level
rise vulnerability. Frameworks are also evolving to incorporate both the concept of tiered
assessment, such as that described by Sterr et al., 1999, as well as acknowledging the
importance of scale to the level of quantitative analysis that can be achieved in the
assessment. More recently, frameworks such as the one adopted for the North Carolina Sea
Level Rise Study (NCDEM, 2009) have formalized the application of risk assessment
methodologies within the vulnerability assessment, and in particular made use of risk-based
conceptual frameworks such as the source-pathway-receptor model. Overall, sea level rise
vulnerability frameworks appear to be evolving from strategies to support large-scale,
gualitative screening assessments for specific future conditions, toward strategies that can
be applied at regional and local scales to more quantitatively respond to specific
vulnerability questions, evaluate a range of possible scenarios, take and identify potential

responses to vulnerability at the source, pathway and/or receptor level.
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Figure 3-2. Vulnerability analysis framework of the Common Methodology (Adapted from IPCC, 1992).
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1 Define Problem

2 Select Method

3 Test Method/Sensitivity >
4 Select Scenarios <

5 Assess Biophysical Impacts

Assess Socio-Economic Impacts

6 Assess Autonomous Adjustments

7 Evaluate Adaptation Strategies

Figure 3-3. The seven steps of climate impact assessment from the IPCC Technical Guidelines (Adapted from
Carter et al., 1994).
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Figure 3-4. Framework diagram for selection of methods to assess land at risk from erosion and inundation
(Adapted from Klein and Nicholls, 1999).
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Figure 3-5. Example of the six coastal subsystem index-based assessments in the South Pacific Island
Methodology (Adapted from Center for Global Environmental Research, 1996).
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Figure 3-6. Integrated vulnerability framework (Adapted from Dolan and Walker, 2006).
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Figure 3-7. A conceptual framework for sea level rise vulnerability (Adapted from Sterr et al., 1999).
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Figure 3-9. The source, pathway, receptor framework for assessing sea level rise vulnerability (Adapted from
NCDEM, 2009).

3.13 Vulnerability Assessment Framework for DoD Installations

Strategy for the Framework

In a general sense, the approaches reviewed above can be viewed as complementary, with
the traditional approaches such as the Common Methodology providing a flexible
procedural strategy for a relatively qualitative assessment, and the emerging methodologies
focusing more on defining and quantifying the conceptual linkages between stressors and
receptors and the resulting consequences. For the purpose at hand, we adopt a hybrid
approach which incorporates aspects and nomenclature of the risk-based paradigm into the
procedural strategies of the IPCC Common Method and the Technical Guidelines to provide
a vulnerability framework that can be generalized to a broad range of potential climate
impacts to coastal military installations, while providing sufficient conceptual, qualitative
and quantitative strategies to develop meaningful assessments for specific questions at
individual installations. This strategy is also consistent with frameworks developed for
ecological risk assessment by US EPA (Figure 3-10; US EPA, 1998). In addition, as
emphasized in the US Country Studies Method and the South Pacific Island Method, as well
as Jones (2001), we recognize the critical importance of local knowledge and expertise in
achieving meaningful vulnerability assessments for these installations. While a general
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framework is necessary to provide a level of consistency and comparability among
assessments, a top-down, prescriptive strategy is likely to underutilize this local knowledge
and expertise and result in a less satisfying assessment. Finally, we recognize and
incorporate the key concept of sensitivity thresholds in the assessment as a means of

focusing the effort on critical characteristics of the installation.
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Figure 3-10. Ecological risk assessment framework (Adapted from US EPA 1998).
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In the context of sea level rise vulnerability, military installations share many commonalities
with other coastal communities. These include increased risk of loss or damage
infrastructure, buildings, and natural resources, as well as potential increased risk for injury
or loss of life. In contrast to typical coastal communities however, military installations
serve critical national defense missions that are generally not considered in other previous
sea level rise vulnerability assessments. Thus an important aspect of developing this
framework was to identify the important military-specific receptors that could be subject to
increased vulnerabilities, and to develop strategies to quantify these vulnerabilities based
on metrics that were meaningful to the military planning community. This will allow
meaningful vulnerability assessments to be conducted more consistently at the regional

level, while still supporting prioritization and planning at national and global scales.
Overview of the Framework

The proposed sea level rise vulnerability assessment framework for DoD installations is
shown in Figure 3-11. The framework is quite general, and is consistent with typical
systematic planning strategies for risk assessment frameworks that have been applied to
human health and ecological risk assessment (US EPA, 1998; US Navy, 2008; US EPA, 1991),
while building on the key elements of traditional vulnerability assessment frameworks. The
general nature of the framework means that it can be adapted for application to a broad
range of climate related vulnerability assessment applications well beyond the specific goal
here which focuses on sea level rise. The framework was structured around six primary
components including (1) Problem formulation and scoping; (2) Conceptual model
development; (3) Defining and validating data and modeling requirements; (4) Conducting
the vulnerability assessment; (5) Communication of vulnerabilities; and (6) Management of
vulnerability. These components were structured in a roughly sequential arrangement that
anticipates the potential for successive iterations. These iterations can serve to refine the
assessment, can represent a progression from screening level assessment to more
guantitative vulnerability or planning level assessments, or can incorporate future updates
or reassessments. The framework incorporates a continuing communication with
stakeholders and experts to capture and address critical concerns as well as to leverage
local knowledge and expertise. The framework culminates in a management component
where needs and actions are identified, and recommended response and adaptation
strategies are formulated. Components of the framework are described in more detail in

the following section.
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Figure 3-11. A sea level rise vulnerability assessment framework for DoD Installations.
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3.14 Components of the Framework

In the sections below, we outline the common components of the vulnerability assessment
framework described in Figure 3-11. These components are described in both a general
sense for the structure and elements that should be considered, and also in a detailed sense

in following sections for the case study applications to MCBCP and NBC.
Problem Formulation and Scoping

Problem formulation and scoping encompasses a clear development of the installation and
environmental setting, the questions to be addressed, identification of the desired end
products, and definition of the environmental setting, assessment scale, spatial boundaries,
time span and time resolution (US EPA, 1998, NCDEM, 2009; IPCC, 1992; Carter et al., 1994).
Early definition of the problem and scope is critical to the success of the assessment, and
provides the basis for development of the conceptual model (Figure 3-11; Figure 3-12; US
EPA, 1998). Vulnerability assessment for sea level rise is a highly complex and potentially
costly proposition, reinforcing the need to focus the study on the critical questions to be

addressed, and limiting the analysis to the aspects required to address those questions.

Identification of Stakeholders

Because stakeholder input is an essential element of the problem formulation, identifying
stakeholders early in the process is important. For DoD coastal installations, there may be a
broad range of both installation and non-installation personnel that should be included in
the process. In general, the identification of stakeholders should be an installation led
process starting with the base commander and leading from there to constituents that
either have a key interest in the assessment, or are critical to developing the assessment
itself. At the installation level, this may include public affairs, planning, operations, facilities,
environmental, natural resources, and other key stakeholders. For non-installation
stakeholders, often the installation will already have relationships that can be drawn on
with interested entities such as cities, counties, ports, other state and federal agencies, as
well as industry and non-governmental agencies, and the public, and it is important to work
with the installation to utilize these existing relationships. In addition, the installation can
help to determine the extent to which other local or regional DoD stakeholders should be
involved in the process. The degree and mechanisms for involvement for this range of
stakeholders should be mapped out early in the process in collaboration with the

installation.
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Describe the Installation and Environmental Setting

A general understanding of the installation and its environmental setting is critical to the
problem formulation for the assessment. The relationship of the installation to its
environmental setting provides a context for defining the conditions that will control
vulnerability for a given installation. In general, this will include both a historical

perspective, a description of current day conditions, and a projection of future conditions.

Identify Questions and the Desired End Products

The development of questions should be structured in a manner consistent with the Source-
Pathway-Receptor model. In other words, the question should specify the source of the
vulnerability, the receptor that is impacted, and the pathway of impact. Formulation of the
guestions in this way supports the clear communication of the connections between
stressors and impacts, and provides a direct basis for the development of the conceptual
model while allowing flexibility to address a broad range of climate change related
questions. While the questions that drive the assessment will vary across applications, the
assessments summarized in the previous section provide a general basis for common

guestions associated with sea level rise vulnerability. Typical general questions may include:

e What will be the vulnerability of coastal habitat and infrastructure to permanent
inundation associated with climate change related sea level rise?

e How will increased flooding associated with accelerating sea level rise and increased
storminess drive vulnerability to coastal built and living systems?

e How will erosion driven by sea level rise and increased storminess drive vulnerability

to coastal beaches, bluffs, and barrier islands?

In the context of coastal military installations, these questions may remain general, or be
refined and focused to specific receptors. For example, a general question could be

formulated as:

e What is the vulnerability of MCBCP to erosion caused by the combined effects of
accelerating sea level and changing storm, precipitation and wave regimes?
Or focused to a specific receptor as
e What is the vulnerability of amphibious training at MCBCP to erosion caused by the
combined effects of accelerating sea level and changing storm, precipitation and

wave regimes?

Clearly as the questions become refined, the applicability becomes narrower but the

answers are likely to become more specific and quantitative. The important aspect at this
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stage is to work closely with stakeholders to formulate the questions as clearly as possible
so that the assessment can be carefully tailored to answer them directly and specifically to

the extent possible.
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Figure 3-12. Problem formulation components for ecological risk assessment (Adapted from US EPA, 1998).

Specifying the desired assessment products is also a process which should rely strongly on
stakeholder interaction. Because vulnerability assessments may be carried out over
different scales, in different locales, and for different purposes, the desired end products
will vary accordingly. As a general rule, the primary product of most vulnerability
assessments is a report (US EPA, 2009). In addition, while the media for a typical
assessment product may culminate in a report, there are a range of other potential product
media such as GIS layers, animations, models, and maps that may be critical tools for the
communication and management of risk (Titus and Richman, 2001). Specific education and
communication products may be useful in the form of flyers, websites, and mailers. In many
cases, data and literature compiled, strategies developed and lessons learned during the
course of an assessment may also serve as a template or product to improve or streamline

future studies. Potential products to consider in the development are summarized below.

e Assessment Reports

e Vulnerability Matrices
e Study Templates

e Data Repositories

e Literature Reviews & Bibliographies
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e GIS layers and tools
e Animations
e Maps

e Education & communication materials

Define the Temporal and Spatial Scales

Defining the scale and boundaries of the spatial domain requires consideration of two
conceptual aspects of the system. The first consideration is the domain that encompasses
the land, shoreline, infrastructure and other resources that are the subject of the
assessment (e.g. Heberger et al., 2009). The IPCC technical guidance (Carter et al., 1994)
defines this as the exposure unit and its scale is linked to the receptors of the study. The
second consideration is the scale of the processes that must be accounted for to conduct
the assessment. These scales are linked to the sources and pathways of the assessment.
Clearly these two scales may be considerably different, and the factors that will constrain

them will be based on divergent requirements.

For a military installation, the legal boundaries of the installation itself provide one context
for defining the boundaries of the assessment. Certainly the bulk of the actual vulnerability
assessment may focus within these boundaries. However to characterize the relevant
biogeophysical processes the boundaries may need to encompass broader scales such as
the scale of the coastal littoral cell, or the regional watershed, and the scales of erosion,
flooding, inundation and seawater intrusion may be quite different for a given installation.
Also, most military installations are highly interdependent with other regional infrastructure
such as roads, power, communications, water, sewer, and many of the installations
personnel may reside outside the boundaries of the base itself. Thus sea level rise impacts
that affect the regional infrastructure and communities around the installation could result

in vulnerabilities to the mission and personnel of the installation.

For these reasons, selection of the spatial domain for the assessment should be considered
carefully. In particular, consideration should be given to utilizing existing regional studies or
collaborating with other regional programs that may be examining civilian issues in the
same general area. In defining the boundaries of the area to be assessed, the coast-wise
extent of the installation should provide a starting point. This extent can be expanded to
include bordering areas that may support critical external access, buffers, infrastructure or
other interdependencies, or may be contracted to focus on particular aspects of the

installation that are predetermined to be the focus of the assessment. In the early stages of
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the assessment, when uncertainty remains high it is advisable to delineate the boundaries
more broadly until further analysis allows for more refinement (Heberger et al., 2009;
Carter et al., 1994). As a general rule, the inland extent of the assessment should be defined
so that it extends somewhat beyond all areas that could be physically affected by the
contemplated sea level rise scenarios. This inland scale should consider all of the
contemplated pathways of impact including potentially flooding, erosion, inundation and
seawater intrusion. The offshore boundary may extend to incorporate offshore
infrastructure such as piers or jetties, as well as navigation channels, mooring areas, and

training areas.

For process-based boundaries, the process scales will dictate the domain. However, in the
case of sea level rise, many of the relevant processes such as waves, tides, surge, wind, etc.
have very large scales relative for example to the scale of an individual military installation.
Practical application may require either the use of nested models, or more localized process
estimates or boundary conditions. In considering the location of study boundaries for
process analysis, the availability of data or modeling results to define the conditions at
those boundaries should also be considered. Clear physical barriers may also serve as
boundary locations, for example the coastal canyons along the California coast which
interrupt longshore sand transport and distinguish the various coastal littoral cells (Hapke et
al., 2006). Watershed drainages and aquifer confining layers are other examples of process-
based boundaries that may be useful in certain cases. While the technical nature of these
process boundaries means that their final definition will not be determined in the problem
formulation stage, the general requirements should be considered to the extent that they

will influence the overall scope of the assessment.

Definition of the time span and resolution of the assessment is another central aspect of
determining the scope of the study. The starting point of the assessment is generally
grounded in the best possible delineation of the current or baseline condition, or may
hindcast some historical period to provide a measure of validation for the methods to be
applied. In contrast, selection of the end point of the time span for the assessment should
be considered in the balance of the underlying climate drivers, the response, planning and
management time scales of the target receptors, and the level of uncertainty associated
with long-term projections. For a military installation, the time span must encompass
relevant planning projections for mission critical infrastructure and training requirements.
In addition to the overall time span, the assessment may also require various levels of time
resolution to establish scenarios that incorporate sea level variability at different

frequencies, to support modeling analysis of time varying biophysical pathways, and to
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evaluate receptors at certain time slices along the trajectory (NCDEM, 2009; Heberger et al.,
2009).

The starting or baseline condition for the assessment is commonly selected as the beginning
of the decade in which the assessment is conducted (e.g. Cayan et al., 2009). A primary
consideration for the selection of the starting time is the availability of data to accurately
delineate the baseline condition because, in most assessments, vulnerability is measured
relative to this baseline. Thus the start of the assessment generally coincides with a time as
close to the current condition as possible at which the best description of the sources,
pathways and receptors is available. However, because of the strong reliance of
vulnerability assessments on the development of future scenarios, consideration should
also be given to selection of a historical starting time that will provide a significant overlap
between the range of modeled conditions and the range of available measurements. This
overlap can provide a critical validation of the modeling methods that will help to define the
level of uncertainty as well as to support communication with stakeholders. For example,
for validation of sea level conditions, tide gauge records may be available extending back as
much as 100 years, a time scale comparable to many of the forecasting requirements
(Cayan et al., 2009). Similarly, historical shoreline change rates have been cataloged for
many areas over similar time frames (Hapke, et al., 2006). An assessment methodology that
can show reasonable correspondence to these historical measurements over an extended
period will provide more confidence in the development of future scenarios. It may also be
possible to incorporate this validation as a separate step in the assessment, as a precursor

to the actual assessment.

In considering the time span for the assessment, the underlying sources of the sea level rise
and variability must also be considered. Most current projections suggest that sea level rise
will accelerate with the strongest rate of increase later in the 21st century. Because these
projected increases are not linear, the degree of sea level rise that is evaluated depends to
a significant degree on the time span of the assessment. Time spans extending 50 years may
reflect sea level rise scenarios that are largely linear projections of current day trends, while
time spans extending 100 years or beyond will generally reflect a much stronger degree of
non-linearity and hence significantly higher sea level scenarios (Figure 3-14). While
uncertainties in the projections of the magnitude and frequency of storms are more
variable, the same considerations should be included, as well as considering the time span
required to capture meaningful statistical representations of storms as a function of return
period (Cayan et al., 2009; Heberger et al., 2009).
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Most vulnerability assessments consider a range of potential receptors (Van Westen and
Georgiadou, 2001; NCDEM, 2009). These receptors may have different response
characteristics that require consideration of different time scales. Also, since the magnitude
of sea level rise is expected to accelerate over time, different receptors may come into play
at different time spans. For example, impact of sea level rise for buildings is likely to be
linked to the frequency and magnitude of extreme events. Buildings closest to the shoreline
may be significantly exposed or impacted within only 10-20 years, while infrastructure that
is set back further from the coast may not be significantly exposed or impacted for 50-100
years. Given these potential differences, the life cycle of built infrastructure will also
influence the time span of the assessment. From this standpoint, the time span should
encompass long-term planning cycles for construction, maintenance, upgrade and
decommissioning of built infrastructure. This should be consistent with the projections and
time scales of the base master plan, and other regional and national planning requirements.
Training areas and natural resource receptors are likely to be controlled more by response
times dictated by their associated biophysical systems. That is, while an increase in the
frequency of storms may reduce the number of training days slightly, it may be the loss of
the training area or capability that drives the major concern. For example, impacts to
beachfront amphibious training areas will occur over time scales associated with the
shoreline erosion rates of the beach, to the extent that this erosion would significantly

preclude the use of the beach for training.

A final consideration in adopting a time span for the assessment is the increasing level of
uncertainty associated with increasing length of future projections of sources, pathways
and receptors (Figure 3-13; Cartwright, 2008). This uncertainty manifests in virtually every
aspect of the assessment including the characteristics of the source climate change and
variability drivers, the biophysical pathways of erosion, flooding, inundation and seawater
intrusion, and the response of receptors including built and natural resources. For this
reason, the time span of the assessment should be limited to the extent necessary to
answer the questions to be addressed, and the formulation of these questions should be

tempered by the knowledge of this uncertainty.

Along with the overall time span, the assessment may also require various levels of time
resolution to establish scenarios that incorporate sea level variability at different
frequencies, to support modeling analysis of time varying biophysical pathways, and to
evaluate receptors at certain time slices along the trajectory. In particular, the time
resolution of the source terms for sea level must accommodate the range of variability of

the underlying components. This may range from relatively high frequency terms such as
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waves and tides, to inter-annual events such as El Nifio, as well as the long-term average
trend of the regional sea level. In some cases the mechanics of the assessment may dictate
requirements for time resolution. For example, time domain modeling may require a
minimum time resolution in order to accurately simulate the physics of a particular pathway
such as erosion or flooding. While impacts to specific receptors are not likely to be assessed
at this level of resolution, these considerations may play into the selection of appropriate
assessment tools because time resolution must generally be balanced against the time span

of the simulations.
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Figure 3-13. Increasing levels of uncertainty associated with the complexity of the sea level rise vulnerability

assessment process (Adapted from Hulme and New, 2001).

A final and important consideration in time resolution is the selection of intermediate time
horizons or “slices” along the trajectory of the assessment (Figure 3-14; NCDEM, 2009). In
general, these slices represent relatively discrete time windows (as opposed to periods of
years or decades), and should be selected at times that are dictated by the potential
vulnerability of selected receptors in the context of typical planning cycles and horizons for
the installation. Because the assessment is primarily a management tool for future planning
and management decisions, these time slices can help to guide a progression of response
over time, rather than planning for a single condition a century in the future. For this
reason, along with consideration of the potential receptors, selection of the time slices

should consider planning cycles and link closely to the master planning process for the base.
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Figure 3-14. Time span and time slices for the North Carolina study (Adapted from NCDEM, 2009).

Conceptual Model

The conceptual model serves as a roadmap for the assessment, defining the sources,
pathways and receptors, outlining the scenarios to be evaluated, and specifying the level of
the assessment to be performed. The conceptual model should follow logically from the
problem formulation by characterizing the critical components and linkages required to

answer the questions to be addressed.

Define the sources, pathways and receptors

Identification of the relevant sources, pathways and receptors for the assessment should
follow directly from the problem formulation if the questions for the study are structured in
a manner consistent with the Source-Pathway-Receptor model. The conceptual model is
based on the Source-Pathway-Receptor (SPR) framework in which “sources” are climate or
weather conditions that drive hazards, “pathways” are the mechanisms by which sources
influence receptors, and “receptors” are the people, industries, infrastructure and natural
resources that may be affected by the hazard. Definition of these components provides the

ability to break down the assessment process into constituent parts.
Sources

Source terms that are relevant to the assessment of sea level rise vulnerability are

reasonably consistent across studies, although the relative importance of individual terms
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may vary considerably depending on regional conditions. The importance of a given source
term is also dependent on the receptor of interest. For instance, increased seawater
intrusion into coastal aquifers is expected to be driven primarily by long-term changes in
mean sea level, while increased rates of erosion on exposed coastlines are expected to be
driven by the interaction of sea level rise with waves. Typical sources that should be
considered include potential climate related changes and interactions of local mean sea
level (including uplift and subsidence), atmospheric-oceanic processes such as ENSO, storm
surge, precipitation, tides, and waves. These sources are defined with respect to their
potential contribution to sea level rise vulnerability below. While described separately,
impacts are generally the result of interaction among several sources, and this must be

accounted for in formulating sources and scenarios.

Local Mean Sea Level. Local mean sea level represents the near field manifestation of global

sea level change and is defined as the height of the sea with respect to a land benchmark,
averaged over a long enough period of time to remove short-term fluctuations caused by
waves and tides. While it is thus driven primarily by the same factors that influence global
sea level including thermal expansion and the release of water stored on land as glaciers
and ice caps, it may also be influenced by atmospheric pressure, ocean currents, local ocean
temperature changes, and vertical land movement. The magnitude of sea level response to
these processes varies considerably from one location to the next, so that the global
average is not always applicable on a local basis. Instead, local mean sea level is generally
assumed to follow the same general trend as global mean sea level, but may be modified in
accordance with local tide gauge measurements (Figure 3-15; Cayan et al., 2006; USACE,
2009). The character of these sea level rise curves generally include a linear trend, derived
from the local historical trend, and an acceleration term that may be used to account for
different future climate scenarios that result in different rates of thermal expansion and
melting of glaciers and ice caps (US Army Corps of Engineers, 2009). Alternately, changes in
local mean sea level may be linked to global mean sea level changes which in turn are
estimated from relationships with global mean surface air temperature (Figure 3-16; Cayan
et al., 2008a). Significant increases in local mean sea level can lead to permanent inundation
of coastal areas. The extent of inundation will depend on the degree of sea level rise and
the elevation and slope of the local shoreline. In addition, while local mean sea level as such
does not cause flooding, damage or erosion, secular increase in local mean sea level results
in the exposure of higher coastal elevations to more frequent and progressively stronger

hydrodynamic forces with the potential for increasingly severe impacts (Cayan et al., 2006).
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Figure 3-16. Combination of the observed and projected mean sea level for Fort Point, San Francisco

extending to the year 2100 (Based on Cayan et al., 2008a).

Subsidence and Uplift. Subsidence is a component of local mean sea level caused by

localized displacements of the land generally as a result of tectonic motions, consolidation

and compaction of sediments, and/or withdrawal of subsurface fluids. Uplift generally

results from tectonic motions and/or isostatic rebound due to the retreat of the glaciers. In
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some areas, the local rate of subsidence or uplift may be a source of comparable magnitude
to the rate of change of local mean sea level (Burkett et al., 2003; Milliman and Haq, 1996).
This may either compound or negate to some extent the potential effects of global sea level
rise (Hammar-Klose and Thieler, 2001). Rates of subsidence and uplift are generally derived
from geodetic differential leveling, borehole extensometers, Global Positioning System
(GPS), Light Detection and Ranging (LiDAR) and Interferometric Synthetic Aperture Radar
(INSAR). Rates typically range from +/-5 mm/year along the west coast of the U.S. with
extreme cases ranging much higher, usually in response to specific localized effects of water
or oil extraction (Gornitz, 1997). Thus the localized source effects of subsidence and uplift
may be an important consideration in the long-term changes in local mean sea level at

some locations.

Atmospheric-Oceanic Processes. Coupled atmospheric-oceanic processes including El Nifo-

Southern Oscillation (ENSO) or the North Atlantic Oscillation are a source of significant
inter-annual variability in sea level (Nerem, 1999; Hurrell, 1995). For example, ENSO is
characterized by a long-period change in the atmosphere and ocean of the tropical Pacific
region, occurring irregularly every three to eight years. ENSO is a source associated with
effects to both weather and ocean conditions including floods, droughts, ocean warming,
and elevated sea level. ENSO cycles drive fluctuations in local sea level due to both changes
in large scale wind patterns, and surface water warming. For example, sea level increases
along the west coast of the U.S during recent El Nifio events ranged from 10-30 cm, and
significant damage occurs when El Niflo events coincide with storm surge and spring tides
(Figure 3-17; Flick and Cayan, 1984; Andrews et al., 2004). Historical trends indicate an
increase in the frequency of El Nifio events since about 1976. However, the potential
interaction of ENSO with climate change is still not well defined. It is hypothesized that a
warmer earth would produce more and stronger El Nifios, and there is evidence that El
Nifios have been more frequent during the recent period of warming. While recent
modeling simulations do not indicate and increase in the frequency or the intensity of
ENSO, they do exhibit continued ENSO activity within the twenty-first century (Cubash and
Meehl, 2001; Cayan et al., 2006). In any case, the interaction of El Nifio effects on sea level,
precipitation and storminess with increasing local mean sea level is an important source of
vulnerability. Above average sea levels also occur in the southeastern U.S. during the

positive phase of the North Atlantic Oscillation.

Storm Surge. Storm surge is a source of increase in local sea level characterized as a long
period wave and associated with the combined effects of storm driven wind and low

atmospheric pressure weather. Sometimes the elevation of sea level due to waves and
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wave- induced surges is also included in storm surge. Storm surge is generally strongest
when storms move onto shallow coastal waters in areas such as the North Sea, the Gulf of
Mexico, the Bay of Bengal, and the Adriatic Sea. Surge height and duration is influenced by a
range of factors including the translational velocity and duration of the storm, the speed,
intensity, radius of the wind field, track angle to the coastline, coastal topography, offshore
bathymetry, as well as wave effects (NOAA, 2011; Lin et al., 2010; Fleming et al., 2008).
Duration may range from hours to days, and magnitude from centimeters to several meters.
Because they both derive from storms, the co-occurrence of storm surge and high waves
may be particularly damaging. For example, wave-induced surge on a beach can reach 40%
of the significant offshore wave height, which has been observed to reach 10 m on the
Southwest U.S. coast in rare extreme storm events. The impact of storm surge is likely to be
enhanced by increasing mean sea level; however climate change may also influence the
frequency and magnitude of storminess and storm surge for a given location (IPCC, 2007b).
Climate factors that potentially contribute to more intense storms include increases in
ocean heat content and atmospheric water vapor which have both increased over the past
several decades (NOAA, 2011).

Precipitation. While direct influence of precipitation and evaporation cycles plays a role in
the large scale water balance and level of the oceans, the localized effects of precipitation
and its contribution to runoff, river flow, ground saturation and subsequent flooding and
erosion are of principal concern. Because high levels of precipitation accompany storms
that may also result in high waves and storm surge, the interaction of these events with
increasing local means sea level is of particular concern. While this source is expected to be
most critical in areas of rivers and estuaries, these events may also be significant in bluff
erosion and in straining the abilities of stormwater conveyance infrastructure in a broad

range of coastal military installations.

Tides. In many areas, tides are the source of the largest variability in sea level on all time
scales of practical interest, short of the millennial time scales associated with glaciations
and de-glaciations (Cayan et al., 2008a). Peak tides may be particularly important to
flooding and beach erosion, since coastal problems tend to occur when large waves
coincide with peak tides and enhanced sea levels due to storm surges and El Nifio (Flick and
Cayan, 1984; Flick, 1986; Flick, 1998; Flick, 2000; Flick and Badan-Dangon, 1989). Where
reliable data records exist, tidal fluctuations are highly predictable over extended periods of
time. However, there is evidence that tidal characteristics in some areas may be changing
over time (Flick et al., 2003) although the cause is not yet known. There is also the potential

for changes in tidal conditions with changes in local mean sea level because the
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amplification and propagation of tides near the coast is highly dependent on topography

and water depth, both of which are likely to change with accelerating sea level rise.
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Figure 3-17. El Nifio and winter storm events in 1982 co-occurring with neap tides, and in 1983 an event co-
occurring with spring tides (Adapted from Flick, 1986).

Waves. Wind-generated waves are surface waves that occur on the free surface of oceans,
seas, lakes, and rivers as a result of wind blowing over a significant length of fluid surface.
Ranging in size from centimeters to tens of meters, waves may be generated locally or may
travel as swells for thousands of miles before reaching land. Waves provide nearly all of the
energy input that drives shoreline processes along the exposed portions of the coast.
Understanding the interaction of local sea level rise with wave impacts is a key element to
understanding and dealing with coastal processes, especially flooding and erosion. Wave
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setup can also induce enhanced flows through tidal inlets resulting in increased flooding in

bays and harbors (Nguyen et al., 2007).
Pathways

Pathways represent the process or mechanism by which sea level rise sources act on
receptors to cause impact. Pathways of action for sea level rise generally include
inundation, flooding, erosion and seawater intrusion. Often, a given pathway may be
governed by the combined action of multiple sources and may influence a range of
potential receptors. A solid conceptual understanding of these pathways is critical to
establishing a meaningful vulnerability assessment, as well as to formulating response and
adaptation strategies. Primary pathways are defined with respect to their associated mode

of action and relationship to exposure below.

Inundation. In the context of this framework, inundation is considered as an exposure
pathway resulting from a long-term increase in local mean sea level, in contrast to the
short-term exposure that may occur in association with flooding. Thus inundation is
primarily linked to the local mean sea level source, and its importance is strongly influenced
by the elevation and topography of the coastline. If the increase in local mean sea level is
severe enough, coastal areas that were previously dry will become permanently

submerged, potentially resulting in significant loss of land, infrastructure and habitat.

Flooding. Flooding is an exposure pathway that interacts with increases in local mean sea
level to increase the frequency and magnitude of short-term impacts to coastal areas. In
addition, climate change may also lead directly to increases in storminess relative to current
conditions, thus compounding the influence of sea level rise increase. Flooding often
results through the interaction of multiple sources including storm surge, waves, and
precipitation. These impacts may be exacerbated if storms co-occur with high tides or El
Nifio conditions. As with inundation, the sensitivity of coastal areas to increased impacts
from storminess and the interaction of storms with sea level rise are highly dependent on

the topography and geology of the shoreline.

Erosion. Erosion is another significant pathway of exposure for sea level rise vulnerability. In
the broadest sense, coastlines tend to recede as sea level increases, and this recession
occurs partially through erosion. Erosion is often varies considerably over annual cycles with
offshore transport during the winter and onshore transport in the summer. Local net
erosion is generally controlled by transport and a balance of sources and sinks including
seacliffs, rivers, gullies, dunes, nourishment and coastal canyons. Increases in erosion are

fundamentally linked to the interaction of waves with local sea level rise. Sea level rise
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combined with storm driven wave and storm surge may drive significant increases in wave
induced erosion of coastal landforms. Along with higher local mean sea level, increases in
erosion will also depend on potential changes in wave height, wave direction, and changes
in the frequency and duration of storms, and the extent to which this erosion is balanced by

other sources.

Seawater Intrusion. Seawater intrusion in surface water and groundwater due to increases

of local mean sea level is another exposure pathway for vulnerability. These impacts can be
exacerbated by drought cycles, changes in storminess and precipitation, and increasing
demands on water supplies due to population growth. Salinity intrusion into rivers and
estuaries can also impact sensitive aquatic plants and animals that do not tolerate high

salinity.
Receptors

Common receptors for sea level rise vulnerability have been identified in a range of
previous assessments (US EPA, 1989; Titus et al., 1991; FEMA, 1991; Van Westen and
Georgiadou, 2001; Nichols, 2002; NCDEM, 2009). Nichols (2002) summarized a range of
potential receptors to include property, coastal habitats, human life, coastal protection
works and other infrastructure, renewable and subsistence resources, tourism, recreation,
transportation functions, cultural resources, agriculture and aquaculture. The North
Carolina study defined similar receptors including ecological, agriculture and aquaculture,
buildings/coastal structures, critical infrastructure, and societal. In the risk assessment of
natural disasters, “High potential loss facilities” such as nuclear reactors, dams and military
installations are generally not included unless supplemental studies specific to these
facilities are carried out (Van Westen and Georgiadou, 2001). Thus there is a need to
identify receptors that are applicable for the assessment of military installations. SERDP
(2007) defined a range of military-relevant receptors that may be vulnerable to sea level
rise to varying degrees including mission essential infrastructure, mission capabilities,
training and testing lands, transportation means, facilities and/or corridors, storm damage,
increased potential for loss of life. For purposes of this framework, we have adapted these
previous definitions to align with general categories more commonly used by planners,
engineers and facilities personnel at military installations. These receptor categories

include:

e Training and Testing Lands
e Buildings

e Waterfront Structures
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e (Coastal Structures
e Civil Infrastructure
e Military and Civilian Personnel

e Protective Buffers and Natural Resources

These categories serve as fundamental generalized receptors that span a reasonable cross
section of the potential endpoints of interest for coastal military installations. In general,
receptors will be identified on a site specific basis and may encompass broad categories
such as these, or may be specific subcomponents, depending on the requirements of the
assessment, the questions to be addressed, and input from key stakeholders. In the course
of the assessment and through stakeholder interaction, receptors may be added or
screened out, or potentially weighted at different levels depending on their value and
criticality to the installation. As a starting point, these generalized receptors are defined
below, and more site specific examples are given in the case study sections for MCBCP and
NBC that follow. Characterization of these receptors requires an understanding of both
their potential sensitivity to sea level related exposure pathways, as well as their adaptive

capacity through autonomous adjustment and planned adaptations.

Training and Testing Lands. Training and testing lands are a category of receptors that

encompass the coastal land areas that support training and testing missions. In many
instances, testing and training require a broad range of coastal terrain and conditions and
thus this category can span many different land forms such as beaches, bays, estuaries,
rivers, barrier islands, wetlands, bluffs and lagoons. These areas support many types of
training and testing missions including amphibious assault training, coastal components of
maneuver corridors, amphibious landing beaches, airfields, and beach/ bay training areas.
On exposed shorelines, these receptors are particularly susceptible to erosion, while

broader areas of exposed and protected lands may be impacted by inundation and flooding.

Buildings. This category includes a range of buildings that support operations and missions
of the installation. This could include buildings for housing, logistics, training, testing,
operations, and security. These receptors are susceptible to sea level rise sources through
all major pathways including inundation, flooding, erosion and seawater intrusion. Of
particular interest are building structures that are already close (e.g. within 200 ft
horizontally) to the high tide line, and the relationship of building foundation and finish
floor elevation to projected sea level elevations. Autonomous adaptive capacity for
buildings is generally limited, while planned adaptation can range from shoreline protection

to retreat strategies.
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Waterfront Structures. This category includes a range of structures that support waterfront

operations and missions of the installation. This category encompasses structures such as
piers, wharves, quay walls, floating docks and graving docks. These receptors are
susceptible to sea level rise sources through all major pathways including inundation,
flooding, erosion and seawater intrusion. Of particular interest for waterfront structures are
vulnerabilities associated with overtopping, sea levels that obstruct mooring and berthing,
loss of function for dockside utilities, and increased physical loading from water uplift or
current forces in relation to the structural capacity. As with buildings, autonomous adaptive
capacity for waterfront structures is limited, while planned adaptation can involve
strategies ranging from structural modifications to extend operational life, to planned

replacement with more resilient structures.

Coastal Structures. This category includes a range of coastal structures whose primary

purpose is to protect the shoreline from erosion and thus sustain operations and missions
of the installation. This category encompasses structures such as jetties, groins and
revetments which are used to protect the shoreline and dredged improvements. These
receptors are susceptible to sea level rise sources particularly through inundation, flooding,
and erosion. Of particular interest for coastal structures are vulnerabilities associated with
changes in currents, wave climate and water levels that may influence the functionality and
performance of coastal structures under various sea level rise scenarios. Autonomous
adaptation is limited, and adaptation strategies for these structures are generally

interlinked with the infrastructure that they are designed to protect.

Civil Infrastructure. This receptor category describes a broad category of built infrastructure

that is critical to the day-to-day operations and mission of the installation. The category
includes receptors ranging from critical utility infrastructure such as buried utilities, fuel
transfer/supply, transportation corridors, potable water systems and storm water
conveyance systems. These receptors are susceptible to sea level rise sources through all
major pathways including inundation, flooding, erosion and seawater intrusion. Of
particular interest for infrastructure are vulnerabilities associated with overtopping,
buoyancy effect on underground infrastructure, and seawater immersion and/or spray on
low-lying electrical and communication utilities. We include in this category groundwater
aquifers that support potable water extraction for the installations. As with other built

infrastructure, autonomous adaptation is limited.

Military and Civilian Personnel. Increasing sea level poses the prospect for injury and loss of

life at coastal military installations, both from the prospect of increased flood frequency
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similar to civilian communities, but also from the tension between these increasing physical
impacts and the requirements of the military to carry out its mission in spite of them. In
both cases, increased vulnerability of military and supporting personnel is predominantly
linked to the potential for more frequent and severe flood events that are likely to result
from the co-occurrence of storm surge, high waves, high tides and increasing local mean sea
level. While this potential is not viewed as being severe, potential vulnerabilities do exist,
particularly in association with severe storm impacts at the human interface on military
bases, and due to more dangerous conditions in coastal training grounds such as
swimmer/diver training areas and amphibious landing zones. Severe erosion along seaward
bluffs pose a threat to military personnel in near shore facilities, as does severe flooding
that may occur in association with combined effects of high sea level with strong
stormwater runoff flows. Adaptation in this context could include strategies from
heightened awareness and warning systems for storm conditions, to incorporation of sea

level condition and safety analysis in operational planning.

Protective Buffers and Natural Resources. Protective buffers are generally classified as non-

engineered coastal areas that provide a natural means of protection for coastal installations
from changes in sea level. These can include receptors such as beaches, dunes and wetlands
that are generally in the first line of exposure to changing sea level. Along with protecting
the coastal installation, often these buffer areas serve as critical habitat for natural
resources that are under the management of the installation. Thus impacts to these
protective buffers may go hand-in-hand with impacts to natural resources that are
dependent on this habitat. These receptors are susceptible to sea level rise sources
particularly with respect to inundation, flooding, and erosion. Autonomous adaptation
capacity of these receptors is often a function of their ability to adjust landward at a rate

that is sustainable in the face of sea level rise.

Define the Scenarios to be Evaluated

Future estimates of sea level rise vulnerability depend on a broad range of biophysical and
socioeconomic variables. This, combined with the complexity of the interactions of these
systems makes the prediction of future conditions highly uncertain. For this reason, sea
level rise vulnerability assessments are generally developed based on a limited set of
scenarios for both the driving source terms, as well as for the receptors. In establishing
source scenarios, IPCC (1994) identifies three general strategies including synthetic, analog
and general circulation model scenarios. Synthetic strategies generally utilize a range of

adjustments to a baseline condition to establish assessment scenarios. This is exemplified
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by the scenarios from SERDP (2007) where four specified increases in mean sea level (0.5
meters, 1.0 meters, 1.5 meters and 2.0 meters) were identified for the assessment of sea
level rise vulnerability at coastal military installations. The magnitude of these adjustments
should be consistent with a range of modeled or published future scenarios. Analog
strategies utilize identified historical climatic regimes to serve as models for future climate
scenarios. Thus historical records of transitions from low to high stands of sea level could
serve as analogs for future scenarios of increasing sea level. The third strategy utilizes
climate models, combined with plausible future assumptions for emissions, to develop a

range of potential scenarios for sea level rise assessment.

For the purposes of this project, we utilized the synthetic SERDP scenarios as estimates of
local mean sea level (assuming negligible vertical land movement), but incorporated climate
modeling results primarily for the purpose of evaluating future sea level variability
associated with changing wave and oceanographic conditions. The initial application of this
method in this project focused on available results from a single climate model and a single
emission scenario rather than ensemble results due to project limitations in generating
multiple outcomes through the entire climate and wave modeling process. Where available,
results from multiple models were evaluated to determine the consistency of the model
used for the project. In addition, even under the relatively high emission scenario used for
this study, future wave condition did not vary substantially from current day conditions.
However, ongoing efforts are underway to expand the range of available modeling results
and future analyses and assessments should consider this broader range of conditions to

better bound the uncertainty of the methods.

In addition, scenario development for assessment of sea level rise at coastal military
installations must consider the projected future development in and around the installation
itself. Although developmental changes in and around the installation are not likely to have
a measureable global impact, they may be critical to the assessment to the degree that they
influence exposure and vulnerability, as well as for the opportunities they present for
implementation of adaptation measures. Clearly the location and characteristics of future
development on the installation will influence its future vulnerability to sea level rise. Thus
scenarios for future development at the installation should be a key element of the scenario

development process.

Define the Level of the Assessment to be Performed

A final consideration prior to the development of the conceptual model is the level of the

assessment to be performed. As described in the framework, vulnerability assessment is
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often an iterative process, and the complexity of sea level rise vulnerability analysis dictates
that different levels of assessment may be appropriate depending in the scope of the
project and the resources and data available. In many cases, preliminary screening analysis
may be important to even framing what the critical questions for a more detailed
assessment will be, or which spatial areas may be most sensitive (e.g. Hammar-Klose and
Thieler, 2001). While the need for screening or subsequent iterations will be a site specific
decision, a common construct is to consider at least two levels of analysis. The first level is
often termed a screening level assessment, and the subsequent level a baseline or detailed
assessment. For the purposes of this study, we adopt the “detailed assessment”
terminology to avoid confusion with the use of the term baseline to describe the starting
condition of the assessment. This strategy is commonly applied in ecological risk
assessment, and has recently been adopted by the Australian Department of the
Environment and Heritage (Commonwealth of Australia, 2006; Figure 3-18) and others in

climate change vulnerability assessment as well.
Screening Assessment

Both levels of assessment grow out of the conceptual model, but the screening level
analysis will be more simplistic, and should generally be more conservative. Often the goal
of the screening level assessment will be to determine if more detailed analyses or data are
required, and if so, for what areas, sources, pathways and receptors. Historically, screening
level assessments for sea level rise vulnerability have focused on inundation. These
assessments generally assume a static coastline (no erosion), which is inundated to varying
degrees under prescribed local mean sea level rise scenarios. Short-term flooding events
with lower probability but higher magnitude have also been assessed with these static
inundation approaches. When attempted, screening level analysis of shoreline erosion has
usually been limited to beaches, and generally assessed with simple analytical methods
such as the Bruun rule (Bruun, 1962). In an alternative approach, Hammar-Klose and Thieler
(2001) applied a regional screening method to the coast of California using information on
coastal geomorphology, rate of SLR, past shoreline evolution, and other factors to identify
areas where physical changes were more likely to occur due to SLR. Similar screening
strategies such as the Ghyben-Herzberg principle (Herzberg, 1961) have been applied for
analysis of seawater intrusion into groundwater, as well as estuaries. While these methods
may be less than quantitative, or may carry a high degree of uncertainty, they are still often
quite useful in guiding the effort to the critical questions, and focusing resources on the

important areas, sources, pathways and receptors for more quantitative analysis and
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reduction of uncertainty. For these reasons, screening level analysis is an important

component of sea level rise vulnerability assessment.

INITIAL ASSESSMENT

COMMUNICATE AND CONSULT
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‘

MONITOR AND REVIEW

DETAILED ANALYSIS

-

MONITOR AND REVIEW

Figure 3-18. Tiered assessment approach from the Australian framework (Adapted from Commonwealth of
Australia, 2006).

Detailed Assessment

The detailed assessment is generally used to identify and characterize current and potential
impacts to receptors associated with sea level rise sources. If the detailed assessment
follows a screening level cycle, it will generally focus on refinement of the assumptions,
methods, and data used during the screening assessment to provide a more quantitative
analysis and reduce uncertainties. In the context of sea level rise, detailed assessment may

require moving from the use of limited available data to extensive data collection. It may
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also require the application of more sophisticated models, extending beyond simple
inundation analysis to include, for example, more rigorous shoreline evolution modeling,
dynamic flood modeling and mapping, and two or three dimensional groundwater
modeling. The detailed assessment may also adopt more rigorous methods for projecting
socioeconomic conditions.

Develop the Conceptual Model

The conceptual model should be viewed as an evolving tool that is updated as the
assessment progresses, and in the end captures a simplified yet accurate representation of
the vulnerability assessment. In risk assessment, the conceptual model generally combines
a written description and visual representation of hypothesized relationships between
sources, pathways and receptors (US EPA, 1998). As we have seen, a conceptual model for
sea level rise must also describe the spatial and temporal context of the assessment, and
layout plausible future scenarios for both biophysical and socioeconomic systems. Visual
representations of conceptual models may take on a range of different forms depending on
which aspects of these relationships are being described. Typical representations include
source-pathway-receptor diagrams that illustrate which sources potentially drive
vulnerability for a given receptor and though which pathway or pathways. Spatial models
are also useful for illustrating the juxtaposition of sources and receptors within the

assessment domain.

Temporal representations are also useful to illustrate the hypothesized or assumed
evolution of the system through time. Clearly, the construction of the conceptual model will
be site specific, and the level of detail will evolve over time as the model is updated to
capture the results of the assessment. However, at least to some level, conceptual models
for the assessment of sea level rise vulnerability should capture the relationships between
sources, pathways and receptors, and illustrate the spatial and temporal dimensions of the

assessment.
Source-Pathway-Receptor Relationships

Sea level rise sources terms are linked to receptors by process-based pathways that
describe the mechanism of impact. A conceptual model provides a means to map these
relationships and provide a roadmap for assessing vulnerability to the selected receptors.
For a specified receptor, a SPR linear flow chart can be used to illustrate the source or
combination of sources that act through a given pathway to impact that receptor. Multiple
combinations of sources, pathways and receptors can be mapped in this way to construct a

conceptual model that addresses all of the identified questions to be addressed by the
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assessment. Figure 3-19 shows a generic example, mapping the combined source impacts of
local mean sea level rise and subsidence via the inundation pathway to mission essential

infrastructure receptors.

Sources/Stressors Pathways Receptors
Local Mean Sea Level Waterfront structures
Subsidence and Uplift Inundation Coastal structures

Atmospheric-Oceanic . .
P Flooding Buildings
Processes
Storm Surge Erosion Training and testing lands
Precipitation Intrusion Civil Infrastructure
. Military and Civilian
Tides Water Level J
Personnel
Protective Buffers and
Waves

Natural resources

Figure 3-19. Generic conceptual model for vulnerability assessment of coastal military installations. Note

that local mean sea level includes vertical land movements.
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Spatial Relationships

While conceptual models of SPR illustrate how sources act through pathways to impact
receptors, they don’t provide a spatial context for these relationships. A spatially-oriented
conceptual model can help to establish the physical proximity and connectivity that enables
these interactions in a way that is often more intuitive for stakeholder communication. Two
dimensional illustrations of shoreline erosion hypothesized littoral transport pathways, sand
mass balance, inundation and flood zones are all examples of processes that can be
captured in spatial conceptual models. Spatially oriented conceptual models may also be
useful in illustrating the potential study domain and boundaries for a given assessment.
These spatial descriptions should still be consistent with the SPR framework, and may need

to focus on a limited number of receptors at a time to avoid becoming overly complex.
Temporal Relationships

Finally, the temporal nature of the sea level rise vulnerability assessment dictates that
conceptual models may also be useful in the time domain. A temporal conceptual model
should illustrate hypothesized time slices or trajectories over the period of interest for the
assessment. This could be as simple as a before vs. after cross section of the shoreline, a
series of conceptual time slices, or the continuous trajectory of a particular parameter over
time. This can be particularly useful for illustrating the overall time domain for the

assessment, as well as representing the selected time slices that have been selected.
Data Requirements and Development

Data requirements and development for the vulnerability assessment focuses on defining
what data is required, characterizing the quality of the data in the context of uncertainty,
and developing these data into the products required to perform the assessment (Basher,
1999; NOAA, 2009).

Define the data/data quality requirements

Data and data quality requirements can be defined in the context of the source-pathway-
receptor conceptual framework. In this context, sea level rise vulnerability assessments will
share the same general data requirements for most coastal military installations.
Installation-specific requirements will vary to some degree as a function of geographical
location, site-specific coastal processes, and the type, character, and mission of the
installation. Typical data requirements based on the installations studied in this project are

summarized below, and described in additional detail in subsequent sections.
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Sources

Data requirements for sea level source terms are developed based on the key contributing
sub-components that govern short- and long-term regional trends and fluctuations. For the
southwest US where this project was focused, the primary sea level source terms are mean
sea level, tides and waves, along with non-tidal residuals which include effects of storm
surge, El Nifio, and other large scale oceanographic phenomenon. There are a range of
methods for establishing mean sea level trends (e.g. Rahmstorf, 2007; USACE, 2009) that
require different data. For this study, we utilized the SERDP prescribed scenarios and
followed the USACE (2009) approach for which the data requirements to establish future
mean sea level conditions include the historical regional trend, the mean sea level for the
tidal epoch centered on the starting year, and the sea level at the end year condition. In
some cases, data may be required to establish local subsidence or uplift rates as well. The
majority of this data (regional trends, starting conditions) are determined from local tide
gauge data. Future tides are generally predictable from harmonic analysis of historical data,
and data sources for these predictions are broadly available. For non-tide residuals, there
are two approaches, one using historical tide data, and the other using general circulation
models. The use of historical data requires an adequately long historical tide gage record,
and presumes that future non-tide residuals will be similar to historical conditions. Because
many of these fluctuations are low frequency (decades), historical tide gage data must be
adequately long to resolve and quantify the return period and magnitude. Alternatively,
non-tide residuals can be estimated using general circulation models, in which case an
extensive range of data (not described here) is required to parameterize the model. Many
of these model runs for a range of climate futures exist and can be mined for application to
guantifying this source term. Similarly for wave simulations, these conditions can be
developed from historical data or from climate model winds. Often wave records are not
longer than a few decades, and so it may be difficult to accurately estimate the magnitude
of episodic events (e.g. 100 year storm waves). Detailed examples of the compilation and

analysis of these data sources are presented in Section 4.1.
Pathways

Data requirements for the assessment of physical exposure pathways can be extensive.
Quantifying these responses often requires a range of historical data and model
parameterization. For erosion on exposed shorelines, long-term response models generally
require information on the shore profile and substrate, as well as information on the sea

level rise trajectory. Additional information for beaches such as sand budgets and transport
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patterns may also be required. Because episodic events may influence the long-term
change, data that reveal the relationship between these events and shoreline response can
also be important. For these short-term episodic events, empirical or modeling approaches
may be used to estimate the shore response. Empirical estimates generally rely on
measured relationships between wave/storm conditions and beach profile change.
Modeling approaches will generally require information for the starting condition of the
shore along with time series conditions for the wave and water level forcing, along with

historical shoreline and wave data for hindcast and validation.

Flooding and inundation pathways require data to simulate the movement of water into
upland areas as water levels rise. This generally requires high resolution elevation maps,
benchmarks for vertical datum conversions, land cover and shore protection, uplift or
subsidence rates, and water level scenarios. For the southwest US where storm surge is a
minor component of total water level, static analysis may be sufficient, while in other areas
where hurricane impacts are dominant, dynamic analysis of storm surge may be required

with additional data requirements.

For protected harbor and bay areas, assessment of changes in water levels and currents
required data to support hydrodynamic modeling. These data generally include high
resolution bathymetric and shoreline elevation data, water levels at the forcing boundaries
(e.g. ocean and river), and water level and currents measured within the harbor for

validation purposes.

General data requirements for the seawater intrusion pathway will include land elevations,
lithology of the aquifer, water levels at the ocean and upland boundary, other source and
loss terms within the domain, and water levels and salinity data within the domain for
model validation. Detailed descriptions of data requirements for the range of exposure

pathways assessed in this study are provided in subsequent sections.
Receptors

The receptor categories described previously provide a framework for establishing data
requirements. Building, civil infrastructure and waterfront structure data for a given
installation are often available through the public works officer at the installation or region.
In general, this data is represented in GIS layers that may or may not correspond to the
categories defined here. Coastal structures and natural buffers may not be described in the
GIS, but may be available through natural resource management plans or other regional
sources. Often these items can be cataloged from imagery or national wetland inventory

data if they are not present in the installation GIS. Although not specifically addressed i