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About This Series
This report is published as one of a series of technical inputs to the National Climate
Assessment (NCA) 2013 report. The NCA is being conducted under the auspices of the
Global Change Research Act of 1990, which requires a report to the President and Congress every four years on the status of climate change science and impacts. The NCA informs the nation about already observed changes, the current status of the climate, and
anticipated trends for the future. The NCA report process integrates scientific information from multiple sources and sectors to highlight key findings and significant gaps in
our knowledge. Findings from the NCA provide input to federal science priorities and
are used by U.S. citizens, communities and businesses as they create more sustainable
and environmentally sound plans for the nation’s future.
In fall of 2011, the NCA requested technical input from a broad range of experts in
academia, private industry, state and local governments, non-governmental organizations, professional societies, and impacted communities, with the intent of producing
a better informed and more useful report in 2013. In particular, the eight NCA regions,
as well as the Coastal and the Ocean biogeographical regions, were asked to contribute
technical input reports highlighting past climate trends, projected climate change, and
impacts to specific sectors in their regions. Each region established its own process for
developing this technical input. The lead authors for related chapters in the 2013 NCA
report, which will include a much shorter synthesis of climate change for each region,
are using these technical input reports as important source material. By publishing this
series of regional technical input reports, Island Press hopes to make this rich collection
of information more widely available.
This series includes the following reports:
Climate Change and Pacific Islands: Indicators and Impacts
Coastal Impacts, Adaptation, and Vulnerabilities
Great Plains Regional Technical Input Report
Climate Change in the Midwest: A Synthesis Report for the National Climate Assessment
Climate Change in the Northeast: A Sourcebook
Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities
Oceans and Marine Resources in a Changing Climate
Climate of the Southeast United States: Variability, Change, Impacts, and Vulnerability
Assessment of Climate Change in the Southwest United States
Electronic copies of all reports can be accessed on the Climate Adaptation Knowledge
Exchange (CAKE) website at www.cakex.org/NCAreports. Printed copies are available for
sale on the Island Press website at www.islandpress.org/NCAreports.
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Key Terms
Adaptation1 – Adjustment in natural or human systems to moderate harm or exploit
beneficial opportunity in response to actual or expected climatic stimuli or their effects.
Various types of adaptation can be distinguished, including anticipatory, autonomous,
and planned adaptation:
• Anticipatory adaptation – Adaptation that takes place before impacts of climate
change are observed. Also referred to as proactive adaptation.
• Autonomous adaptation – Adaptation that does not constitute a conscious
response to climatic stimuli but instead is triggered by ecological changes in
natural systems and by market or welfare changes in human systems. Also
referred to as spontaneous adaptation.
• Planned adaptation – Adaptation as the result of a deliberate policy decision
based on an awareness that conditions have changed or are about to change and
that action is required to return to, maintain, or achieve a desired state.
Climate1 – Climate in a narrow sense is usually defined as the average weather or, more
rigorously, as the statistical description in terms of the mean and variability of relevant
quantities over a period of time ranging from months to thousands or millions of years.
These quantities are most often surface variables such as temperature, precipitation, and
wind. Climate in a wider sense is the state, including a statistical description, of the climate system. The classical period of time is 30 years as defined by the World Meteorological Organization (WMO).
Climate Change1 – Climate change refers to any change in climate over time due to natural variability or human activity.
Disaster 2 – Severe alterations in the normal functioning of a community or a society
resulting from the interaction of hazardous physical events and vulnerable social conditions that leads to widespread adverse human, material, economic, or environmental
effects that require immediate emergency response to satisfy critical human needs and
that may require external support for recovery.
Disaster Risk – The likelihood over a specified time period of severe alterations in the
normal functioning of a community or a society resulting from the interaction of hazardous physical events and vulnerable social conditions that leads to widespread adverse
human, material, economic, or environmental effects that require immediate emergency response to satisfy critical human needs and that may require external support for
recovery.

1 IPCC, 2007: Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group
II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, M.L. Parry, O.F.
Canziani, J.P. Palutikof, P.J. van der Linden & C.E. Hanson, (Eds.), Cambridge University Press, Cambridge,
UK, glossary, pp. 869-883.
2 IPCC, 2007: Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, 2007. B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, & L.A. Meyer (Eds.) Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. Section 2.3.1.

xviii

Key Terms

Exposure3 – The nature and degree to which a system is exposed to significant climatic
variations.
Mainstreaming – The incorporation of climate change considerations into established or
ongoing development programs, policies, or management strategies rather than developing adaptation and mitigation initiatives separately.
Mitigation1 – An anthropogenic intervention to reduce the anthropogenic forcing of the
climate system, including strategies to reduce greenhouse gas sources and emissions
and enhance greenhouse gas sinks.
Resilience2 – The ability of a system and its component parts to anticipate, absorb, accommodate, or recover from the effects of a hazardous event in a timely and efficient
manner through ensuring the preservation, restoration, or improvement of its essential
basic structures and functions.
Risk3 – Combination of the probability of an event and its consequences.
Sensitivity1 – Sensitivity is the degree to which a system is affected either adversely or
beneficially by climate variability or change. The effect may be direct, such as a change
in crop yield in response to a change in the mean, range, or variability of temperature,
or indirect, such as damages caused by an increase in the frequency of coastal flooding
due to sea-level rise.
Thermal Expansion4 – In connection with sea level, this refers to the increase in volume (and decrease in density) that results from warming water. A warming of the ocean
leads to an expansion of the ocean volume and hence an increase in sea level.
Threshold1 – The level of magnitude of a system process at which sudden or rapid
change occurs. A point or level at which new properties emerge in an ecological, economic or other system, invalidating predictions based on mathematical relationships
that apply at lower levels.
Transformation2 – The altering of fundamental attributes of a system (including value
systems; regulatory, legislative, or bureaucratic regimes; financial institutions; and technological or biological systems).
Vulnerability1 – the degree to which a system is susceptible to, and unable to cope with,
adverse effects of climate change, including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate of climate change and variation
to which a system is exposed, its sensitivity, and its adaptive capacity.

3 IPCC, 2001: Climate Change 2001: Impacts, Adaptation, and Vulnerability. J. J. McCarthy, O. F. Canziani, N.
A. Leary, D. J. Dokken and K. S. White (eds) Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, glossary, pp. 982-996.
4 IPCC, 2001: Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change [Houghton, J.T.,Y. Ding, D.J. Griggs,
M. Noguer, P.J. van der Linden, X. Dai, K.Maskell, and C.A. Johnson (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, glossary, pp. 787-797.
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Acronyms
ADAPT – Adaptation Database and Planning Tool
AMO – Atlantic Multidecadal Oscillation
BMP – Best Management Practices
CCSP – Climate Change Science Program
CDC – Centers for Disease Control and Prevention
CFD – 	 Computational Fluid Dynamics
CMIP – Climate Model Intercomparison Project
CPIC – Citizens Property Insurance Corporation
CPRA – Coastal Protection and Restoration Authority
CSO – Combined Sewer Overflow
CSoVI – Coastal Social Vulnerability
CVI – Coastal Vulnerability
DoD – U.S. Department of Defense
DOT – U.S. Department of Transportation
ENSO – El Niño Southern Oscillation
EPA – U.S. Environmental Protection Agency
ESD – Environmental Site Design
FCIC – Federal Crop Insurance Corporation
FEMA – Federal Emergency Management Agency
GCM – Global Circulation Models
GDP – Gross Domestic Product
GIS – Geographic Information Systems
GPS – Global Positioning System
HABs – Harmful Algal Blooms
HUD – U.S. Housing and Urban Development
ICLEI – I nternational Council for Local Environmental Initiatives
IPCC – Intergovernmental Panel on Climate Change
IWGCBC – International Working Group on Coastal Blue Carbon
LiDAR – Light Detection and Ranging
MOC – Meridional Overturning Circulation
MR&T – M
 ississippi River and Tributaries
MSL – Mean Sea Level
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Acronyms

NAO – North Atlantic Oscillation
NCA – National Climate Assessment
NFIP – National Flood Insurance Program
NIC – National Intelligence Council
NOAA – National Oceanic and Atmospheric Administration
NREL – National Renewable Energy Laboratory
OCS – Outer Continental Shelf
OREC – Ocean Renewable Energy Coalition
P&C – Property and Casualty Insurers
PCC – Pacific Coast Collaborative
PDO – Pacific Decadal Oscillation
PVI – Place Vulnerability Index
PWD – Philadelphia Water Department
SAV – Submerged Aquatic Vegetation
SLCS – Sea Level Change Scenarios
SRES – Special Report on Emissions Scenarios
THC – Thermohaline Circulation
 .S. Army Corps of Engineers
USACE – U
USGCRP – U.S. Global Change Research Program
VBZD – Vector-Borne and Zoonotic Disease
VOS – Voluntary Observing Ship
WAIS – West Antarctic Ice Sheet
WPCPs – Wastewater Pollution Control Plants
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Communicating Uncertainity
Based on the Guidance Note for Lead Authors of the third U.S. National Assessment,
this technical input document relies on two metrics to communicate the degree of certainty, based on author teams’ evaluations of underlying scientific understanding, in
key findings:
• Confidence in the validity of a finding by considering (i) the quality of the evidence and (ii) the level of agreement among experts with relevant knowledge.

Table 1: Communicating Uncertainity
Confidence level

Factors that could contribute to this confidence evaluation

High

Strong evidence (established theory, multiple sources, consistent
results, well documented and accepted methods, etc.), high consensus

Moderate

Moderate evidence (several sources, some consistency, methods vary
and/or documentation limited, etc.), medium consensus

Fair

Suggestive evidence (a few sources, limited consistency, models
incomplete, methods emerging, etc.), competing schools of thought

Low

Inconclusive evidence (limited sources, extrapolations, inconsistent
findings, poor documentation and/or methods not tested, etc.),
disagreement or lack of opinions among experts

• Probabilistic estimate of uncertainty expressed in simple quantitative expressions
or both the quantitative expressions and the calibrated uncertainty terms.
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Executive Summary
The coast has long provided communities with a multitude of benefits including an
abundance of natural resources that sustain economies, societies, and ecosystems.
Coasts provide natural harbors for commerce, trade, and transportation; beaches and
shorelines that attract residents and tourists; and wetlands and estuaries that are critical for fisheries and water resources. Coastal ecosystems provide critical functions to
cycle and move nutrients, store carbon, detoxify wastes, and purify air and water. These
areas also mitigate floods and buffer against coastal storms that bring high winds and
salt water inland and erode the shore. Coastal regions are critical in the development,
transportation, and processing of oil and natural gas resources and, more recently, are
being explored as a source of energy captured from wind and waves. The many benefits
and opportunities provided in coastal areas have strengthened our economic reliance on
coastal resources. Consequently, the high demands placed on the coastal environment
will increase commensurately with human activity. Because 35 U.S. states, commonwealths, and territories have coastlines that border the oceans or Great Lakes, impacts to
coastline systems will reverberate through social, economic, and natural systems across
the U.S.
Impacts on coastal systems are among the most costly and most certain consequences
of a warming climate (Nicholls et al., 2007). The warming atmosphere is expected to
accelerate sea-level rise as a result of the decline of glaciers and ice sheets and the thermal expansion of sea water. As mean sea level rises, coastal shorelines will retreat and
low-lying areas will tend to be inundated more frequently, if not permanently, by the
advancing sea. As atmospheric temperature increases and rainfall patterns change, soil
moisture and runoff to the coast are likely to be altered. An increase in the intensity of
climatic extremes such as storms and heat spells, coupled with other impacts of climate
change and the effects of human development, could affect the sustainability of many
existing coastal communities and natural resources.
This report, one of a series of technical inputs for the third NCA conducted under the
auspices of the U.S. Global Change Research Program, examines the known effects and
relationships of climate change variables on the coasts of the U.S. It describes the impacts
on natural and human systems, including several major sectors of the U.S. economy, and
the progress and challenges to planning and implementing adaptation options. Below
we present the key findings from each chapter of the report, beginning with the following key findings from Chapter 1: Introduction and Context.

Key Findings
ff Changes in the environment associated with human development activities
compromise the ability of the coasts to continue to provide a multitude of benefits including food, clean water, jobs, recreation, and protection from storms. In
some cases, these benefits are further impacted by the changing climate. High
Confidence.
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ff Adapting to the changing climate will be a challenge for coastal economies that
contributed $8.3 trillion to the GDP in 2010 and depend on coastal landforms,
water resources, estuaries, and other natural resources to sustain them. High
Confidence.
ff Coastal states and communities will need strategies to enable them to manage
current stressors and the confounding impacts of a changing climate to conserve,
protect, and restore coastal habitats. Easing the existing pressures on coastal
environments to improve their resiliency is one method of coping with the
adverse effects of climate change. High Confidence.

Physical Climate Forces
A changing global climate combined with intense human activity imposes additional
stresses on coastal environments. Although the climate is warming at a global scale, the
impacts and the timing of the impacts are highly variable across coastal regions. Some
effects, such as rising sea level, are already evident in increased erosion of beaches, more
frequent flooding from both rivers and tidal surge, and wetlands converting to open water. Sea surface temperatures have risen over much of the globe, and hurricane activity
has increased over the past several decades, particularly in the Atlantic basin, although
it is uncertain whether these storm changes exceed the levels expected from natural
causes. In addition, increased uptake of atmospheric carbon dioxide by the oceans has
increased ocean acidity that threatens coral reefs and shellfish. The primary driving forces are: sea-level rise, changes in temperature, precipitation, major storm events including waves, winds and currents, and changing ocean circulation patterns. These driving
forces interact in complex ways with the landforms and infrastructure that make the
coasts particularly vulnerable to many of the impacts of climate change.
Key Findings
ff The coasts of the U.S. are home to many large urban centers and important infrastructure such seaports, airports, transportation routes, oil import and refining
facilities, power plants, and military bases. All are vulnerable to varying degrees
to impacts of global warming such as sea-level rise, storms, and flooding. High
Confidence.
ff Physical observations collected over the past several decades from the land,
coasts, oceans, and the atmosphere, as well as environmental indicators, show
that warming and some related environmental changes are occurring globally at
rates greater than can be expected due to natural processes. These climate-related
changes are highly varied, but some are likely due in large part to anthropogenically increased atmospheric concentrations of greenhouse gases and altered land
surface properties. High Confidence.
ff Findings from many independent scientific studies conclude that these changes
are consistent with global warming. The primary changes observed are rising
sea level and average global air, land, and ocean temperatures; heightening
temperature and precipitation extremes in some regions; and increasing levels
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of oceans acidification and rates of glacier and ice sheet melt. High Confidence.
ff Most coastal landforms, such as barrier islands, deltas, bays, estuaries, wetlands,
coral reefs, are highly dynamic and sensitive to even small changes in physical
forces and feedbacks such as warming, storms, ocean circulation, waves and
currents, flooding, sediment budgets, and sea-level rise. High Confidence.
ff The effects of sea-level rise on coasts vary considerably from region-to-region
and over a range of spatial and temporal scales. Land subsidence in certain locations causes relative sea-level rise to exceed global mean sea-level rise. Land
uplift such as that found in Alaska and the Northwestern Pacific coast can reduce
effects of global mean rise. The effects will be greatest and most immediate on
low-relief, low-elevation parts of the U.S. coast along the Gulf of Mexico, midAtlantic states, northern Alaska, Hawaii, and island territories and especially
on coasts containing deltas, coastal plains, tidal wetlands, bays, estuaries, and
coral reefs. Beaches and wetlands on steep cliff coasts and shores backed with
seawalls may be unable to move landward or maintain their landform with sealevel rise. Many areas of the coast are especially vulnerable because of the often
detrimental effects of development on natural processes. High Confidence.
ff The gradual inundation from recent sea-level rise is evident in many regions
such as the mid-Atlantic and Louisiana where high tides regularly flood roads
and areas that were previously dry, and in stands of “ghost forests,” in which
trees are killed by intrusion of brackish water. High Confidence
ff Sea level change and storms are dominant driving forces of coastal change as
observed in the geologic record of coastal landforms. Increasingly, sea-level rise
will become a hazard for coastal regions because of continued global mean sealevel rise, including possibly accelerated rates of rise that increase risk to coastal
regions. As the global climate continues to warm and ice sheets melt, coasts will
become more dynamic and coastal cities and low-lying areas will be increasingly
exposed to erosion, inundation, and flooding. High Confidence.
ff No coordinated, interagency process exists in the U.S. for identifying agreed
upon global mean sea-level rise projections for the purpose of coastal planning,
policy, or management, even though this is a critical first step in assessing coastal
impacts and vulnerabilities. High Confidence.
ff Global sea level rose at a rate of 1.7 millimeters/year during the 20th century.
The rate has increased to over 3 millimeters/year in the past 20 years and scientific studies suggest high confidence (>9 in 10 chance) that global mean sea level
will rise 0.2 to 2 meters by the end of this century. Some regions such as Louisiana and the Chesapeake Bay will experience greater relative rise due to factors
such as land subsidence, gravitational redistribution of ice-sheet meltwater,
ocean circulation changes, and regional ocean thermostatic effects. Other regions
undergoing land uplift, such as Alaska, will experience lesser sea-level rise. High
Confidence.

ff Variability in the location and time-of-year of storm genesis can influence landfalling storm characteristics, and even small changes can lead to large changes in
landfalling location and impact. Although scientists have only low confidence in
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the sign of projected changes to the coast of storm-related hazards that depend
on a combination of factors such as frequency, track, intensity, and storm size,
any sea-level rise is virtually certain to exacerbate storm-related hazards. High
Confidence.
ff Although sea-level rise and climate change have occurred in the past, the
increasing human presence in the coastal zone will make the impacts different
for the future. Land use and other human activities often inhibit the natural
response of physical processes and adaptation by plants and animals. In some
areas, erosion and wetland loss are common because sediment budgets have
been reduced, while, in other regions, excess sediment is in-filling harbors, channels, and bays. High Confidence.
ff Observations continue to indicate an ongoing, warming-induced intensification
of the hydrologic cycle that will likely result in heavier precipitation events and,
combined with sea-level rise and storm surge, an increased flooding severity in
some coastal areas, particularly the northeast U.S. Moderate Confidence.
ff Temperature is primarily driving environmental change in the Alaskan coastal
zone. Sea ice and permafrost make northern regions particularly susceptible to
temperature change. For example, an increase of two degrees Celsius could basically transform much of Alaska from frozen to unfrozen, with extensive implications. Portions of the north and west coast of Alaska are seeing dramatic increases
in the rate of coastal erosion and flooding due to sea ice loss and permafrost
melting. As a consequence, several coastal communities are planning to relocate
to safer locations. Relocation is a difficult decision that is likely to become more
common in the future for many coastal regions. High Confidence.
ff Methane is a primary greenhouse gas. Large reserves of methane are bound-up
in Alaska’s frozen permafrost. These are susceptible to disturbance and methane
release if the Arctic continues to warm. The additional methane released may
result in even greater greenhouse warming of the atmosphere. High Confidence.

Vulnerability and Impacts on Natural Resources
Climate and non-climate stressors originating from terrestrial and marine sources interact at the coast to influence coastal habitats (Nicholls et al., 2007; Rosenzweig et al.,
2007). Increased temperatures and altered precipitation patterns interact with changing
land use and land cover practices to affect soil moisture, ground water levels, hydrology,
sediment supply, and salinity in watersheds. Sea-level rise, changing ocean currents,
increased wave heights, and intensification of coastal storms interact with the shoreline
to exacerbate coastal erosion, flooding, and saltwater intrusion. As the physical environment changes, the range of a particular ecosystem will expand, contract, or migrate in
response. Changes in range as well as structure and function are evident in many types
of ecosystems.
The interactions of the many stressors result in complex changes to natural coastal
systems that may not be predicted by the response from any single stressor. Positive
and negative impacts occur when the impact of one stressor is either strengthened or
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weakened by variation in another, and the combined influence of multiple stressors can
result in unexpected ecological changes if populations or ecosystems are pushed beyond
a critical threshold or tipping point (Harley et al., 2006; Lubchenco & Petes, 2010). Both
theoretical and empirical examples of thresholds are rising and increasing knowledge
about how climate and non-climate stressors interact to propel sudden shifts in ecosystems. These examples also show that many of the responses of natural systems are
linked to those of human systems.
Key Findings
ff Multiple stressors interact at the coast, which directly impacts natural resources.
The responses of natural coastal systems to climate change are complex and
subject to nonlinear changes and tipping points. Many of these responses
are heavily influenced by the way they are linked with human systems. High
Confidence.
ff Wetland ecosystems are vulnerable to relative rise in water levels and projected
increases in storm activity in zones of significant human use. High Confidence.
ff Mangrove range will expand as minimum temperatures increase. High
Confidence.
ff Coastal forests will tend to migrate upslope and poleward where they are able to
keep pace with changing habitat conditions. High Confidence.
ff The structure and functioning of estuary and coastal lagoon systems will change
with alterations in habitat suitability and the timing of long-standing processes.
High Confidence.
ff Dynamic barrier island landscapes naturally migrate in response to storm
activity and sea-level rise. This process will be confounded by human alterations. High Confidence.
ff Because of altered sediment supplies and local subsidence, deltas, and the
biodiversity they support, are at risk to drowning during rising sea levels. High
Confidence.
ff Mudflats are susceptible to threshold changes caused by the combined effects
of sea-level rise, temperature, land use, altered flows, and increased nutrient
runoff. High Confidence.
ff Complex interactions between physical and biological factors, which make
responses to climate change difficult to predict, have been demonstrated in
rocky shore communities. High Confidence.
ff Sea ice ecosystems are already being adversely affected by the loss of summer
sea ice. Further changes are expected. High Confidence.

Vulnerability and Impacts on Human Development
Societal vulnerability of U.S. coasts is comprised of the vulnerabilities of economic sectors and associated livelihoods, water resources, energy, transportation, national defense,
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investments in homes and other buildings, and the health and well-being of a diverse
concentration of people from natives to recent immigrants and from the very poor to
the tremendously wealthy. The interactions of climate-related vulnerabilities with other
stressors such as economic downturn, environmental degradation, or pressures for development pose further analytical challenges. Because coastal watershed counties house
a majority of U.S. cities, a significant percentage of the nation’s population may be more
vulnerable to impacts under climate change and face loss of jobs, supply chain interruptions, and threats to public health, safety, and well-being as a result.
Key Findings
ff Expanding economic and population exposure along the coast significantly
increases the risk of harm and exposes already vulnerable communities to the
impacts of climate change. Since 1980, roughly half of the nation’s new residential
building permits were issued in coastal counties, which substantially increases
vulnerability and risk of loss and adds to already populated and densely developed metropolitan areas. High Confidence.
ff The full measure of human vulnerability and risk is comprised of the vulnerabilities of human development, economic sectors, associated livelihoods, and
human well-being. The interactions of climate-related vulnerabilities with other
stressors in the coastal zone pose analytical challenges when coupled with the
lack of quantitative, multi-stressor vulnerability assessments. High Confidence.
ff Storm surge flooding and sea-level rise pose significant threats to public and
private infrastructure that provides energy, sewage treatment, clean water, and
transportation of people and goods. These factors increase threats to public
health, safety, and employment in the coastal zone. High Confidence.
ff Systematic incorporation of climate risk into the insurance industry’s rate-setting
practices and other business investment decisions could present a cost-effective
way to deal with low probability, high severity weather events. Without reform,
the financial risks associated with both private and public hazard insurance are
expected to increase as a result of expected climate change and sea-level rise.
High Confidence.
ff Expected public health impacts include a decline in seafood quality, shifts in
disease patterns and increases in rates of heat-related morbidity. Better predictions of coastal related public health risks will require sustained multi-disciplinary collaboration among researchers and health practitioners in the climate,
oceanography, veterinary, and public health sciences. Moderate Confidence.
ff Although the Department of Defense (DoD) has started to consider the impacts
of climate change on coastal installations, operations, and military readiness, the
DoD requires actionable climate information and projections at mission-relevant
temporal and spatial scales to maintain effective training, deployment, and force
sustainment capabilities. High Confidence.
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Adaptation and Mitigation
Adaptation is emerging as an essential strategy for managing climate risk, and a broad
range of adaptation initiatives are being pursued across a range of geopolitical scales.
This interest in adaptation has emerged from: increased awareness that climate impacts
are already occurring and unavoidable; growing availability of knowledge, data, and
tools for the assessment of climate risk; and the interest of government agencies, businesses, and communities in increasing their resilience to current climate variability and
future climate change.
Adaptation planning activities are increasing, and tools and resources are now more
available and accessible. Frequently, plans are being developed at varied spatial scales
based upon the on-the-ground needs and adaptation drivers in the particular area;
therefore, they are not easily integrated or comparable across geographic, sectoral, or
political boundaries. Adaptation strategies are often developed separately from other
existing planning efforts rather than being effectively and efficiently integrated into existing coastal management and policy regimes. More efficiency can be achieved through
integration into overall land use planning and ocean and coastal management policies
and practices.
Although progress is being made in anticipatory adaptation planning, the implementation of adaptation plans has proceeded more slowly due to a variety of barriers. Some
implementation is occurring via changes in regulations and policy and decisions in
transportation, infrastructure, land use, and development; however, challenges remain
in translating adaptation planning efforts into increased resilience. Although many adaptation actions for coastal areas can be categorized as ‘no regrets’ actions that can be
implemented under a range of climate scenarios and pose few opportunity costs, more
substantive actions may have larger financial, policy, or legal hurdles. Overlapping and
sometimes conflicting laws, often designed without consideration of a changing climate,
can prevent the adoption of adaptive measures.
Key Findings
ff Although adaptation planning activities in the coastal zone are increasing, they
generally occur in an adhoc manner and at varied spatial scales dictated by
on-the-ground needs and adaptation drivers in the particular area. Efficiency of
adaptation can be improved through integration into overall land use planning
and ocean and coastal management. High Confidence.
ff In some cases, adaptation is being directly integrated, or mainstreamed, into
existing decision-making frameworks regarding zoning and floodplain, coastal,
and emergency management, but these frameworks are not always perfect fit and
sometimes existing laws pose a barrier to implementation. Very High Confidence.
ff Tools and resources to support adaptation planning are increasing but technical and data gaps persist. As adaptation planning has evolved, recognition
has grown regarding the need for detailed information that is compatible with
organizational decision-making processes and management systems. Very High
Confidence.
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ff Although adaptation planning has an increasingly rich portfolio of case studies
that contribute to shared learning, the implementation of adaptation plans has
proceeded at a much slower pace. Very High Confidence.
ff Elements commonly found in adaptation plans include vulnerability assessments, monitoring and indicators, capacity building, education and outreach,
regulatory and programmatic changes, implementation strategies, and a sectorby-sector approach. Very High Confidence.
ff Although state and federal governments play a major role in facilitating adaptation planning, most coastal adaptation will be implemented at the local level.
Local governments are the primary actors charged with making the critical,
basic land-use and public investment decisions and with working with community stakeholder groups to implement adaptive measures on the ground. Very
High Confidence.
Climate change is altering all types of ecosystems and impacting human welfare and
health, but effects are highly varied, pronounced along coasts, and likely to accelerate
in decades ahead. A lack of understanding of the cumulative effects of climate and nonclimate stressors as well as the interactions between human and natural systems currently limits our ability to predict the extent of climate impacts. An integrated scientific
program that seeks to learn from the historic and recent geologic past, and monitors
ongoing physical, environmental, and societal changes will improve the level of knowledge and reduce the uncertainty about potential responses of coasts to sea-level rise and
other drivers of coastal change. This, in turn, will improve the ability of communities to
assess their vulnerability and to identify and implement adaptation options that address
the impacts and associated uncertainties of the projections.

Chapter 1

Introduction and Context
Key Findings
ff Changes in the environment associated with human development activities
compromise the ability of the coasts to continue to provide a multitude of benefits including food, clean water, jobs, recreation, and protection from storms. In
some cases, these benefits are further impacted by the changing climate. High
Confidence.
ff Adapting to the changing climate will be a challenge for coastal economies that
contributed $8.3 trillion to the GDP in 2010 and depend on coastal landforms,
water resources, estuaries, and other natural resources to sustain them. High
Confidence.
ff Coastal states and communities will need strategies to enable them to manage
current stressors and the confounding impacts of a changing climate to conserve,
protect, and restore coastal habitats. Easing the existing pressures on coastal
environments to improve their resiliency is one method of coping with the
adverse effects of climate change. High Confidence.

1.1 Scope and Purpose
Impacts on coastal systems are among the most costly and most certain consequences
of a warming climate (Nicholls et al., 2007). The warming atmosphere is expected to
accelerate sea-level rise as a result of the decline of glaciers and ice sheets and the thermal expansion of sea water. As mean sea level rises, coastal shorelines will retreat and
low-lying areas will tend to be inundated more frequently, if not permanently, by the
advancing sea. As atmospheric temperature increases and rainfall patterns change, soil
moisture and runoff to the coast are likely to be altered. An increase in the intensity of
climatic extremes such as storms and heat spells, coupled with other impacts of climate
change and the effects of human development, could affect the sustainability of many
existing coastal communities and natural resources. This report examines the known effects and relationships of these and other climate change variables on coasts of the U.S.
It also describes how several major sectors of the U.S. economy are likely to be affected
as well as the diversity of adaptation options that are either being considered or already
implemented in coastal regions.
This report is one of a series of technical inputs for the third NCA conducted under the auspices of the U.S. Global Change Research Program. The U.S. Global Change
Research Act of 1990 requires that periodic national climate assessments be conducted
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and submitted to the President and the Congress. Each assessment acts as a national
snapshot or status report on climate change science and impacts. Two previous national
assessment reports, each containing a brief chapter on coastal impacts, were published
in 2000 and 2009.
The primary purpose of this report is to provide a technical foundation for the coastal
chapter of the third NCA. The third U.S. assessment report is intended for use by communities and the nation as a whole to create sustainable and environmentally sound
development paths. It will also provide a basis for prioritizing federal climate science
investments and for identifying the most likely hotspots of societal vulnerability during
the coming decades.
This assessment of coastal impacts, adaptation, and vulnerability in coastal regions of
the United States begins with a characterization of the economic, cultural, and ecological
significance of the coastal zone. This first chapter also summarizes how this report links
with other topics covered in the third NCA. Chapter 2 provides an overview of the physical drivers of change in coastal ecosystems. Chapters 3 and 4 describe the observed and
projected impacts on natural coastal ecosystems and coastal communities, respectively.
Chapter 5 addresses the societal adaptation and mitigation responses to climate change
in the coastal zone. The last chapter of this report addresses the science needs of coastal
decision makers as they begin to prepare for and adapt to climate change.

1.2 Linkages and Overlapping Topics of the NCA
A total of 35 U.S. states, commonwealths, and territories have coastlines that border the
oceans or Great Lakes. This assessment is intended to broadly characterize climate impacts, adaptation, and vulnerabilities for U.S. coastal regions. Due to the geography of
the U.S. coastline and the importance of the coast to the U.S. economy, this synthesis
relating to coastal systems intersects with many other sectoral and regional assessment
activities that are being conducted to support the NCA. Examples of these intersecting
assessment activities include:
• Regional Assessments. All eight regions of the NCA have coastal areas, whether
on the Atlantic, Gulf of Mexico, Pacific Islands, or Great Lakes shores. Regional
assessment reports will address impacts such as changing water levels, storm
intensities, and precipitation more specifically, providing localized information
using the available downscaled data, models, and regional scenarios developed
for that area.
• Great Lakes. A separate report on the potential impacts of climate change on the
Great Lakes region has been prepared, and some impacts on the U.S coasts of the
lakes are discussed in this document.
• Water Resources. A variety of challenges to managing water supply and wastewater treatment will be encountered by water resource managers as they face
changes in precipitation patterns and sea-level rise. Changes in the timing and
supply of freshwater to coastal aquifers and through surface waters and saltwater intrusion into the system could impact water management infrastructure
and water supplies for residential, commercial, and industrial uses, as well as
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irrigation for agriculture. Rising sea levels and increased storm intensity could
impact water control structures such as levees and dams in the coastal zone.
• Agriculture. The impacts of climate change on agriculture may be intensified
in low-lying coastal areas. Saltwater intrusion may render some lands inappropriate for farming. Stronger storms and increased precipitation or drought may
lead to major changes in planting patterns and types of crops grown.
• Forestry. In coastal areas, forests may be affected by many of the same factors as
agriculture, but increased severity of storms may have a greater impact on forests due to the longer cycle from planting to harvest. Loss of standing timber due
to high winds may also have long term economic impacts. Saltwater encroachment and more frequent saturation of coastal forest soils may affect the potential
for forest regeneration and other silvicultural practices.
• Public Health. Climate-related impacts on health and well-being include impacts on food supply, disease transmission, and environmental health. An increase is expected in contamination of coastal fishing and recreational waters
in areas with high runoff and stressed sanitation systems; changes in access to
and quality of food from the sea; and northward shifts in habitat. Vector-borne
diseases may also be intensified in coastal areas as temperature and rainfall patterns change. Higher concentrations of populations in coastal areas may intensify the impacts of increased heat and humidity in coastal areas.
• Transportation. Increased flooding and inundation of roads and bridges in
coastal areas may impede emergency preparation for and response to coastal
storms, delay ground and other transportation, or alter traffic patterns. Improvements to maritime transportation infrastructure to respond to climate change
may be a complex mix of public and private investment because most freight facilities are privately owned. Maintaining effective transportation through ports
is of special concern due to their significant impact on the national economy.
• Energy Supply. Most saltwater consumption in U.S. coastal counties occurs during thermoelectric power generation. Changes in water temperature may reduce
the effectiveness of water as a cooling medium. The coasts are areas of exploration for energy sources including traditional sources, such as the extraction and
transportation of offshore oil to inland areas, and alternative sources, such as
tidal, wave, and wind energy.
• Ecosystems and Biodiversity. The ecosystems and biodiversity report of the
NCA will examine the impacts of rising sea levels and other changing climatic
factors on land cover and ecosystems. Temperature and changes in the hydrologic cycle are likely to have significant effects on both coastal ecosystems and
biodiversity. On the coast, wetlands and the associated species will face pressure
from changes in salinity, inundation, and erosion. As coastal areas continue to
develop, less upland area will be available for wetland restoration or migration
due to the presence of hardened shorelines.
• Urban Infrastructure and Vulnerability. Most of the U.S. population lives with
coastal watersheds and a significant portion of the nation’s infrastructure is at
risk due to increased inundation and erosion from storms and sea-level rise.
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• Marine. Identifying a firm boundary between coastal and marine issues associated with climate change is difficult. Sediments, water, and nutrients move across
the coastal and marine systems affecting water quality conditions and habitats
in both realms. Many intersections exist between the marine chapter and the
coastal chapter because of the intersections between geography and resources.
For example, estuaries and coastal marshes provide critical nursery habitats for
many marine species.

1.3 Reliance on the Coastal Zone
The coast has long been an area that has provided communities with a multitude of benefits: food, clean water, jobs, recreation, and protection from hurricanes. Coasts provide
natural harbors for commerce, trade, and transportation; beaches and shorelines that
attract residents and tourists; and wetlands and estuaries that are critical for sustained
fisheries. Healthy coastal ecosystems cycle and move nutrients, store carbon, detoxify
wastes, and purify air and water. Coastal ecosystems help to mitigate floods and serve
as buffers from coastal storms that bring high winds and salt water inland and erode
the shore. Coastal regions have also been critical in the development, transportation,
and processing of oil and natural gas resources and, more recently, have been explored
as a source of energy captured from wind and waves. Over 56 percent of our nation’s
total energy production occurred in coastal states in 2009 (NOAA, 2011a). The ability of
coasts to provide this suite of ecosystem services is being compromised by environmental alterations associated with human development activities and, in some cases, further
impacted by the changing climate.
Increasing Population and Changing Land Use
Employment, recreation, and tourism, water-based commerce, and energy and mineral
production are driving forces of population migration to coastal areas (Bookman et al.,
1999; H. John Heinz Center, 2000; U.S. Commission on Ocean Policy, 2004). In 2010, 164
million people, a little more than 50 percent of the nation’s total population, resided
within the coastal watershed counties 5 of the U.S. and territories, including the Great
Lakes (Figure 1-1). From 1970 to 2010, U.S. population in these coastal watershed counties increased by 45 percent, or 50.9 million people (NOAA, 2011b). These population

5 NOAA maintains a list of “NOAA Coastal Watershed Counties,” derived from quantitative associations
with NOAA coastal watersheds and USGS coastal cataloging units as delineated in the NOAA Coastal Assessment Framework, or CAF (http://coastalgeospatial.noaa.gov/). A county is considered a coastal watershed county, having a substantial watershed-based impact on coastal and ocean resources, if one of the
following criteria is met: (1) at a minimum, 15 percent of the county’s total land area is located in a coastal
watershed; or (2) a portion of or an entire county accounts for at least 15 percent of a coastal USGS 8-digit
cataloging unit. Exceptions to this 15-percent rule include Cook and Lake Counties in Illinois, Allan Parish,
LA; Highlands, FL; and Greene, NC; these are included as NOAA coastal watershed counties. The NOAA
Coastal Assessment Framework does not include Alaska or Hawaii; however, all counties, called boroughs
and census areas in Alaska, that contain the intersection of the shoreline of the 2010 Census County Boundary and a USGS cataloging unit are included as NOAA Coastal Watershed Counties. This exception affects
all 5 counties in Hawaii and 25 counties in Alaska.
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Figure 1-1 Coastal Watershed Counties. Source: NOAA, 2012.

estimates do not include the large number of seasonal visitors to coastal areas that benefit from and place demands on natural resources. Examples of these areas include Florida, Southern California, Maine, and North Carolina that host a large number of seasonal
homes (Crossett et al., 2004).
The fraction of the U.S. population living in coastal counties is expected to increase
by 144 percent, or 131.2 million people, by the year 2100, according to EPA (2010) based
on a population model consistent with the A2 scenario of the Intergovernmental Panel on Climate Change Special Report on Emissions Scenarios (IPCC SRES) and by 50
percent, or 46.2 million people, using assumptions consistent IPCC SRES scenario B16

6 In 2000 the Intergovernmental Panel on Climate Change (IPCC) developed a set of future greenhouse gas
emissions scenarios known as SRES (Special Report on Emissions Scenarios; NakicenovicNakićenović et al.,
2000). These scenarios estimate the emissions resulting from a range of projections for future population,
demographics, technology, and energy use. The 2013 NCA will base its projections of climate change and
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(Nakićenović et al., 2000; U.S. EPA, 2010). Because the nation’s coastal watershed counties, excluding Alaska, represent only 17 percent of total U.S. land area (NOAA, 2011b),
population densities are expected to be higher in these areas than in other parts of the
country.
Concomitant with increasing populations, land use patterns have changed along
the coast. Many agricultural and previously undeveloped areas have been converted
into low-density residential, commercial, and industrial uses (Beach, 2002). Consequent
sprawl and urbanization has affected coastal ecosystems in a variety of ways. Alterations to land use and natural inlets impact nutrient runoff, stormwater management,
and water quality; shoreline hardening and dredging alters coastal circulation patterns
exacerbating shoreline erosion and the ability to attenuate flooding; and development
that alters land cover impairs habitats for native species. Coastal storms interact with
changing land uses and land cover, particularly in terms of coastal flooding that puts
people and property at risk.
The EPA developed a methodology for quantifying relationships between population, housing density, percent of impervious surfaces, and water quality impairment
(EPA, 2009). If present relationships are maintained in the future, the increase in population through the end of this century, under the A2 emissions scenario, will contribute to
37 and, under the B1 emissions scenario, 11 additional coastal watersheds with a land
surface of 10 percent or more total impervious surface cover, a threshold at which water
quality and aquatic communities are likely to be impaired, though substantially lower
thresholds have been shown (Angradi et al., 2010; Cuffney et al., 2010; King et al., 2011).
Although the extent and permeability of impervious surfaces can be mitigated through
a variety of strategies (Dietz, 2007) increased residential housing and commercial and
industrial development are expected to continue to result in land and resource uses that
degrade ecosystem services (Schlacher et al., 2011).
Changing Coastal Economy
The nation’s economy is highly dependent on the coasts. Fifty-eight percent of our nation’s Gross Domestic Product (GDP), valued at $8.3 trillion, is generated in the coastal
watershed counties along the oceans and Great Lakes (NOAA, 2011c). If the nation’s
coastal watershed counties were considered an individual country, they would rank
number two in GDP globally, only behind the U.S. as a whole (NOAA, 2011c). Economic activity in U.S. coastal watershed counties accounts for approximately 66 million jobs and $3.4 trillion in wages (NOAA, 2011c) through a diversity of industries and

impacts primarily on the “A2” and “B1” SRES scenarios. The A2 family of scenarios assumes a world of nations that operate independently, with slow technological development and continuously increasing population. Under the A2 higher emissions scenario, the concentration of atmospheric carbon dioxide reaches
about 850 ppm by 2100. The B1 lower-emissions scenario represents a world with high economic growth
and a global population that peaks mid-century and then declines. This scenario includes a shift to less
fossil fuel-intensive industries and the introduction of clean and resource-efficient technologies. In the B1
scenario the emissions of greenhouse gases peak around mid-century and then decline, though atmospheric
carbon dioxide concentrations reach 550 ppm by 2100, which is approximately double pre-industrial levels
(Nakićenović et al., 2000).
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commerce. Over $1.9 trillion in imports came through U.S. ports in 2010, and these commercial ports directly supported over 13 million jobs (NOAA, 2011f).
Traditionally the U.S. coastal economy was dominated by manufacturing, but service
industries are now the primary contributors (Kildow et al., 2009). Urban areas, where
more than 9 in 10 residents and jobs are located, are the economic centers of the coast
(Kildow et al., 2009). In 2007, coastal counties were more specialized than the U.S. as
a whole in four major economic sectors: professional and business services, information services, financial activities including real estate, and other services 7 (Kildow et al.,
2009). In addition, shore-adjacent counties show greater specialization in the leisure and
hospitality service sector, reflecting the importance of coasts for tourism and recreation.
Every coastal state hosts more than one million coastal visitors each year (Pendleton,
2008).
Our nation’s ocean and Great Lakes coasts are important centers for commercial and
recreational fishing. The U.S. seafood industry includes the commercial harvest sector,
seafood processors and dealers, seafood wholesalers and distributors, importers, and
seafood retailers. In 2009, this industry supported approximately 1 million full- and
part-time jobs and generated $116 billion in sales impacts, $32 billion in income impacts,
and $48 billion in value added impacts (NOAA, 2011d). Recreational fishing also plays
a large part in the economy, which contributed $50 billion in sales impacts to the U.S.
economy, generated $23 billion in value added impacts, and supported over 327,000 jobs
in 2009 (NOAA, 2011e).
The anticipated growth in coastal population alone is likely to increase the demand
on resources that are critical to coastal economies. The next thirty years could bring the
largest shift in the ocean and coastal economies since the arrival of industrialization and
rapid urbanization in the late 19th century (Kildow et al., 2009).
Reliance on Coastal Ecosystems
All of the economically important sectors described in the preceding section are dependent upon healthy, functioning coastal ecosystems to provide an environment that
sustains natural habitats and resources for use by communities. Population and infrastructure growth in coastal watersheds has placed stress on habitats that will increase
with a changing climate. Between 1996 and 2006, freshwater and saltwater wetlands in
the nation’s coastal watershed counties experienced a net decrease of 431.5 square miles
(NOAA, 2011g). Collectively, marine and estuarine intertidal wetlands declined by an
estimated 84,100 acres (34,050 ha) between 2004 and 2009 (Fish and Wildlife Service,
2009). The majority, 83 percent, of these intertidal wetland losses involved wetland conversion to open water. Some of this loss may be due to development practices; other

7 The Other Services sector includes establishments engaged in providing services not specifically provided
for elsewhere in the North American Industry Classification System. Examples of establishments in this sector are equipment and machinery repairing, promoting or administering religious activities, advocacy, and
providing dry cleaning and laundry services, personal care services, death care services, pet care services,
photofinishing services, and temporary parking services (OMB, 2007). Greater specialization in the leisure
and hospitality service sector reflects the importance of coasts for tourism and recreation. Each coastal state
hosts more than one million coastal visitors each year (Pendleton, 2008).
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loss to subsidence and consequent water level rise. Some regions experienced gains in
the categories of marine intertidal wetlands including beaches and shores and estuarine
non-vegetated wetlands, which includes near-shore shoals and sand bars.
The EPA assessment (2011) of coastal water, sediment, fish, and habitat health indicates that the overall condition of our nation’s coastal waters is “fair.” Excess nutrients
and contaminants enter the coastal system from agricultural systems and residential development through runoff, with rates that can be similar to paved surfaces, particularly
in urban and suburban areas developed after 2000 (Woltemade, 2010; Yang & Zhang,
2011). An additional source of nutrients and contaminants is atmospheric deposition,
which can occur from land use changes or changes in the jet stream and other atmospheric patterns that alter deposition amounts (Howarth, 2008; Mackey et al., 2010).
Although fertilizer is the largest source of nitrogen in watersheds in the western U.S., atmospheric deposition is next, accounting for approximately 30 percent of inputs (Schaefer et al., 2009). Both terrestrial and atmospheric sources of nutrients lead to increased
primary productivity and, with decay, increased oxygen demand (e.g., Rabalais et al.,
2009). Although it offers some benefits, increased primary productivity can also lead to
increased incidence of hypoxic conditions.
The impacts of nutrients and contaminants will also be influenced by changes in
temperature, precipitation, convection, and sea level. For example, warmer water temperatures can increase algal productivity, which increases oxygen demand when algal
blooms decay, and, consequently, the incidence of hypoxia. Hypoxic zones lead to declines of many species, including commercially important fish and shellfish. Some of
these water quality impacts may be counteracted through increases in the frequency or
intensity of precipitation that may deliver greater quantities of freshwater to the coastal
zone (Rabalais et al., 2009); however, increased runoff will also interact with impervious
surfaces of the built environment and thereby enhance the delivery of sediments, nutrients, and contaminants to coastal ecosystems (NRC, 2008). Contaminants, including
metals, herbicides, pesticides, and pathogens, that are introduced to the coast through
runoff, atmospheric deposition, or other sources further impact coastal water quality.
The presence of these contaminants affects the ecosystem by altering productivity and
potentially species’ compositions and biodiversity as well as public health if humans are
exposed to the contaminants. Environmental management practices in urban and agricultural settings can help to reduce the flux of sediments, nutrients, and contaminants
to the coast, but the degree to which management actions can offset these impacts is
uncertain.
Maintaining a Balance
Coastal resource managers are often charged with balancing the requirements for human population growth and economic development with the protection of natural
habitats and the ecosystem services they provide and upon which coastal economies
depend. Many examples of large-scale efforts are underway in the U.S. to conserve the
ecosystem services that the coast provides while allowing for its sustainable use. Within
the USDOI, the U.S. National Park Service’s coastal park units cover more than 7,300
miles of shoreline (National Park Service, 2011), the National Wildlife Refuge System
manages 556 refuges, and the U.S. Fish and Wildlife Service Coastal Program restores
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coastal wetlands and upland habitat and permanently protected over 2 million acres of
coastal habitat (Fish and Wildlife Service, 2012). NOAA also directly manages coastal
areas through the Office of National Marine Sanctuaries, oversees critical fisheries habitats through the National Marine Fisheries Services, and supports regional to local conservation and management efforts through the National Estuarine Research Reserves,
state Coastal Zone Management programs, the Coral Reef Conservation Program, and
the National Sea Grant College Program. The EPA also supports local efforts through
the National Estuary program while the USDA/NRCS supports conservation principally
through the Crop Protection Reserve Program. Many other public and private coastal
acquisition and conservation efforts have been initiated in recent years; organizations
like Trust for Public Lands, The Nature Conservancy, and the community land trusts are
but a few of these key partners.
New concepts for future coastal development have also been introduced. Green infrastructure planning is an example of a strategy to incorporate conservation of habitats
into coastal communities. This concept for planning future urban growth promotes an
interconnected network of protected land and water that supports native species, maintains natural ecological processes, sustains air and water resources, and contributes to
a community’s health and quality of life (Benedict & McMahon, 2006). Many other examples of development planning that can help offset the potential impacts of climate
change while concomitantly reducing the effects of human development on coasts are
presented in Chapters 4 and 5 of this report.
A major challenge for coastal habitats and communities in the coming years will be
adapting to the increasing demands on natural resources given the changing climate.
Many strategies are available for land use, energy needs, transportation, and other critical infrastructure choices that may reduce the severity of impacts or reverse them altogether. The opportunity for restoring coastal habitats is among the conservation options
that many coastal states have selected in recent years (Borja et al., 2010). Restoration
activities and the establishment of buffers and setbacks increase resilience to climate
change by managing current stressors that interact with climate change effects; however,
although these efforts can result in recovery of some portions of coastal systems, substantial lags and barriers may still slow full recovery (Cardoso et al., 2010). The scale of
such efforts will be important as population continues to grow and development occurs
along coasts, so that negative impacts are minimized. Easing the existing pressures on
coastal environments to improve their resiliency is one method of coping with the adverse effects of climate change.
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Chapter 2

Physical Climate Forces
Key Findings
ff The coasts of the U.S. are home to many large urban centers and important infrastructure such seaports, airports, transportation routes, oil import and refining
facilities, power plants, and military bases. All are vulnerable to varying degrees
to impacts of global warming such as sea-level rise, storms, and flooding. High
Confidence.
ff Physical observations collected over the past several decades from the land,
coasts, oceans, and the atmosphere, as well as environmental indicators, show
that warming and some related environmental changes are occurring globally at
rates greater than can be expected due to natural processes. These climate-related
changes are highly varied, but some are likely due in large part to anthropogenically increased atmospheric concentrations of greenhouse gases and altered land
surface properties. High Confidence.
ff Findings from many independent scientific studies conclude that these changes
are consistent with global warming. The primary changes observed are rising
sea level and average global air, land, and ocean temperatures; heightening
temperature and precipitation extremes in some regions; and increasing levels
of oceans acidification and rates of glacier and ice sheet melt. High Confidence.
ff Most coastal landforms, such as barrier islands, deltas, bays, estuaries, wetlands,
coral reefs, are highly dynamic and sensitive to even small changes in physical
forces and feedbacks such as warming, storms, ocean circulation, waves and
currents, flooding, sediment budgets, and sea-level rise. High Confidence.
ff The effects of sea-level rise on coasts vary considerably from region-to-region
and over a range of spatial and temporal scales. Land subsidence in certain locations causes relative sea-level rise to exceed global mean sea-level rise. Land
uplift such as that found in Alaska and the Northwestern Pacific coast can reduce
effects of global mean rise. The effects will be greatest and most immediate on
low-relief, low-elevation parts of the U.S. coast along the Gulf of Mexico, midAtlantic states, northern Alaska, Hawaii, and island territories and especially
on coasts containing deltas, coastal plains, tidal wetlands, bays, estuaries, and
coral reefs. Beaches and wetlands on steep cliff coasts and shores backed with
seawalls may be unable to move landward or maintain their landform with sealevel rise. Many areas of the coast are especially vulnerable because of the often
detrimental effects of development on natural processes. High Confidence.
ff The gradual inundation from recent sea-level rise is evident in many regions
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such as the mid-Atlantic and Louisiana where high tides regularly flood roads
and areas that were previously dry, and in stands of “ghost forests,” in which
trees are killed by intrusion of brackish water. High Confidence.
ff Sea level change and storms are dominant driving forces of coastal change as
observed in the geologic record of coastal landforms. Increasingly, sea-level rise
will become a hazard for coastal regions because of continued global mean sealevel rise, including possibly accelerated rates of rise that increase risk to coastal
regions. As the global climate continues to warm and ice sheets melt, coasts will
become more dynamic and coastal cities and low-lying areas will be increasingly
exposed to erosion, inundation, and flooding. High Confidence.
ff No coordinated, interagency process exists in the U.S. for identifying agreed
upon global mean sea-level rise projections for the purpose of coastal planning,
policy, or management, even though this is a critical first step in assessing coastal
impacts and vulnerabilities. High Confidence.
ff Global sea level rose at a rate of 1.7 millimeters/year during the 20th century.
The rate has increased to over 3 millimeters/year in the past 20 years and scientific studies suggest high confidence (>9 in 10 chance) that global mean sea level
will rise 0.2 to 2 meters by the end of this century. Some regions such as Louisiana and the Chesapeake Bay will experience greater relative rise due to factors
such as land subsidence, gravitational redistribution of ice-sheet meltwater,
ocean circulation changes, and regional ocean thermostatic effects. Other regions
undergoing land uplift, such as Alaska, will experience lesser sea-level rise. High
Confidence.
ff Variability in the location and time-of-year of storm genesis can influence landfalling storm characteristics, and even small changes can lead to large changes in
landfalling location and impact. Although scientists have only low confidence in
the sign of projected changes to the coast of storm-related hazards that depend
on a combination of factors such as frequency, track, intensity, and storm size,
any sea-level rise is virtually certain to exacerbate storm-related hazards. High
Confidence.
ff Although sea-level rise and climate change have occurred in the past, the
increasing human presence in the coastal zone will make the impacts different
for the future. Land use and other human activities often inhibit the natural
response of physical processes and adaptation by plants and animals. In some
areas, erosion and wetland loss are common because sediment budgets have
been reduced, while, in other regions, excess sediment is in-filling harbors, channels, and bays. High Confidence.
ff Observations continue to indicate an ongoing, warming-induced intensification
of the hydrologic cycle that will likely result in heavier precipitation events and,
combined with sea-level rise and storm surge, an increased flooding severity in
some coastal areas, particularly the northeast U.S. Moderate Confidence.
ff Temperature is primarily driving environmental change in the Alaskan coastal
zone. Sea ice and permafrost make northern regions particularly susceptible
to temperature change. For example, an increase of two degrees Celsius could
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basically transform much of Alaska from frozen to unfrozen, with extensive
implications. Portions of the north and west coast of Alaska are seeing dramatic
increases in the rate of coastal erosion and flooding due to sea ice loss and
permafrost melting. As a consequence, several coastal communities are planning
to relocate to safer locations. Relocation is a difficult decision that is likely to
become more common in the future for many coastal regions. High Confidence.
ff Methane is a primary greenhouse gas. Large reserves of methane are bound-up
in Alaska’s frozen permafrost. These are susceptible to disturbance and methane
release if the Arctic continues to warm. The additional methane released may
result in even greater greenhouse warming of the atmosphere. High Confidence.

2.1 Overview of Climate Change and Sea-level Rise Effects
on Coasts
Introduction
More than 50 percent of Americans live in coastal watershed counties, a percentage that
continues to increase (see section 1.3). In addition, the coast is home to the majority of
major urban centers as well as major infrastructure such as seaports, airports, transportation routes, oil import and refining facilities, power plants, and military facilities. All
of these human uses, which represent trillions of dollars in economic investment as well
as valuable coastal ecosystems, are vulnerable in varying degrees to rising global temperature and hazards such as sea-level rise, storms, and extreme floods. Intense human
activity over the past century has degraded many coastal environments and stressed
natural ecosystems. Nationwide, nearshore areas and estuaries are polluted with excess
nitrogen and other chemicals, toxic coastal algal blooms are increasing, fish stocks are
depleted, wetland loss has been dramatic, and coral reefs are bleached and dying. Climate change exacerbates these stresses on ecosystems.
A changing global climate is imposing additional stresses on coasts. Although the
climate is warming globally, the impacts are highly variable across regions and at different reaction time scales due to various feedbacks. Some effects, such as rising sea level,
are already evident in increased erosion of beaches and dunes, more frequent flooding
from rivers and tidal surge, increased saltwater intrusion, and drowning loss of wetlands by conversion to open water bays (CCSP, 2009a). Sea surface temperatures have
risen over much of the globe, and hurricane activity has increased over the past several
decades, particularly in the Atlantic basin, although whether these storm changes exceed
the levels expected from natural causes is uncertain. In addition, increased uptake of
atmospheric carbon dioxide by the oceans has increased ocean acidity, which threatens
coral reefs and shellfish. These driving forces interact in complex ways and are having
cumulative effects on coasts, making coasts particularly vulnerable to many of the impacts of climate change as shown in Figure 2-1.
The Earth’s geologic record shows that climate has been highly variable throughout
its history. The causes for this variability are numerous and result from complex interactions between the continental land masses, oceans, and the atmosphere, as affected
by incoming and reflected or outgoing solar radiation. Basically, the Earth’s climate
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Figure 2-1 Schematic diagram showing the main impacts of climate warming and the effects on
coasts. Source: Burkett et al., 2009.

system is driven by solar energy. About 50 percent is absorbed at the surface, 30 percent
is reflected back to space and 20 percent is absorbed in the atmosphere (IPCC, 2007).
An increase in greenhouse gases in the atmosphere leads to increased absorption and
higher temperatures on land and in the oceans. Humans are changing Earth’s energy
balance by altering land surface properties and increasing greenhouse gas concentrations. The temperature increases observed are uneven around the globe and gains and
losses are compensated by ocean and atmospheric currents. Many of these processes
involve positive and negative feedback mechanisms that interact in complex ways; even
small changes in atmospheric warming can have cumulative and multiplying effects
across entire regions and even globally. These feedbacks are important in regulating
climate affecting all aspects of the Earth system, but many of these environmental feedbacks and physical tipping points are neither well understood nor predictable with high
confidence.
The coastal zone at the nexus of the continents, oceans, and atmosphere is highly
dynamic but particularly vulnerable to impacts of climate change. The primary driving
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forces are: sea-level rise; changes in temperature: precipitation; major storm events including waves, winds, and currents; and changing ocean circulation patterns.
This overview is focused on sea-level rise and its effects on the ocean coast of the U.S.,
including Alaska, Hawaii, and island territories. Although the Great Lakes are not discussed, many of the same factors and conclusions about the effects of climate change are
likely to apply. An exception is sea-level rise. Although oceans are likely to experience
rising levels, the Great Lakes are predicted to experience dropping lake levels in the near
future due to warming and increased evaporation. A drop in lake levels below historic
levels has serious implications for the entire Great Lakes region for activities that rely on
freshwater resources and commercial navigation.
Discussions of other climate change driving forces acting on coasts, such as sea-level
rise scenario projections; extreme storm events; ocean waves, currents and ocean circulation; coastal vulnerability; changes in precipitation; and temperature increase are
discussed in the subsequent Chapter 2 sections that follow.
Coastal Landforms and Coastal Change
The diverse landforms such as barrier islands and dunes, bluffs and cliffs, mainland
beaches, deltas, estuaries and bays, and wetlands that comprise the U.S. coast are products of a dynamic interaction between: 1) physical processes that act on the coast, including storms, waves, currents, sand sources and sinks, and relative sea level; 2) human
activity such as dredging, dams, and coastal engineering; and 3) the geological character
of the coast and nearshore. Variations of these physical processes in both location and
time, as well as the local geology along the coast, result in the majority of the U.S. coastlines undergoing overall long-term erosion at highly varying rates (CCSP, 2009a; Williams et al., 2009). The complex interactions between these factors make the relationship
between sea-level rise and shoreline change difficult to know. The difficulty in linking
sea-level rise to coastal change results from the fact that shoreline change is not driven
solely by sea-level rise. Instead, coasts are in dynamic balance and respond to many
driving forces such as geological character, storm activity, and sediment supply in the
coastal system. Surveys over the past century show that all U.S. coastal states are experiencing net long-term erosion at highly variable rates. Sea-level rise will have profound
effects by increasing flooding frequency and inundating low-lying coastal areas, but
other processes such as erosion and sediment accretion will have additional important
effects on driving coastal change.
Many coastal landforms adjust to sea-level rise by growing vertically, migrating inland, or expanding laterally. If the rate of sea-level rise accelerates significantly, coastal
environments and human populations will be affected. In some cases, the effects will be
limited in scope and similar to those observed during the last century. In other cases,
thresholds may be crossed, beyond which the impacts would be much greater. If the sea
rises more rapidly than the rate with which a particular coastal system can keep pace,
it could fundamentally change the state of the coast. For example, rapid sea-level rise
can cause rapid landward migration or segmentation of barrier islands, disintegration of
wetlands, and drowning of coral reefs (CCSP, 2009a).
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Sea-level Rise and Effects on Coasts
Although climate has been highly variable and sea level has changed throughout Earth’s
history, over the past approximately 6,000 years, global climate and sea level have been
relatively stable with little variability and extremes. This benign climate has likely been
a major factor in the rapid expansion of human population, which numbers 7 billion
people currently, and the development of our modern society (Day et al., 2007). In the
U.S., human population and development in coastal regions are substantial. Population
continues to expand and people are increasingly at risk from global warming and a variety of natural hazards such as sea-level rise, storms, and flooding that may be exacerbated by human-induced changes to global climate (Crossett et al., 2004; McGranahan et
al., 2007; Nicholls et al., 2011).
Society should be concerned about current observations of sea-level rise and projections of significant increases in decades ahead for two key reasons: 1) population
densities have increased greatly and coasts have undergone intense development during a period of relatively stable sea level over the past century. Although, in theory,
people could relocate landward to accommodate rising seas, human infrastructure, private land ownership, and current policy tend to prevent such adaptation measures. 2)
Coastal landforms such as barrier islands, wetlands, and deltas are already dynamic and
therefore highly vulnerable to sea-level rise. Many coastal urban areas including Boston,
New York, Washington D.C., Norfolk, Charleston, Miami, New Orleans, San Francisco,
and Honolulu are also at high risk, yet few coastal states and communities have plans
for adaptation to warming temperatures, changes in storminess, and rising sea levels.
Coastal landforms are not simply inundated as sea level rises, but rather are modified
by a variety of dynamic processes with cumulative effects that vary by location. Several
conditions and driving forces influence coastal evolution in response to sea-level rise, as
discussed by FitzGerald et al. (2008) and Williams and Gutierrez (2009):
• Geologic framework and character of coastal landforms;
• Impacts of major storm events;
• Coastal oceanographic processes acting on the coast;
• Sediment supply to the coast by erosion and rivers and transport along the
coast; and
• Human activity that alters sediment movement and increases erosion.
Geologic and historical records show large cyclical fluctuations in global sea level associated with global climate change (Church et al., 2010, 2011; Hansen et al., 2007; IPCC,
2001; IPCC, 2007). For example, during the last interglacial warm period about 125,000
years ago when most of the world’s glaciers and many ice sheets on Greenland were
depleted, sea level was approximately 6 to 8 meters higher than present (Kopp et al.,
2009). In contrast, during the Last Glacial Maximum about 21,000 years ago when much
of North America and northern Europe were thickly ice-covered, sea level was about 120
meters lower than present (see Figure 2-2) and much of present-day continental shelf areas were exposed coastal plains (Fairbanks, 1989; Muhs et al., 2004). During the Ice Ages
and lower sea level eras, rivers flowing across the coastal plain eroded large valleys.
Subsequent sea-level rise submerged these river valleys, creating Long Island Sound,
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Figure 2-2 Generalized curve of sea-level rise since the last ice age. Abbreviations: MWP = meltwater
pulse. MWP-1A0, c. 19,000 years ago, MWP-1A, 14,600 to 13,500 years ago, MWP-1B, 11,50011,000 years ago, MWP-1C, ~8,200-7,600 years ago. (From http://www.giss.nasa.gov/research/briefs/
gornitz_09/)

the Chesapeake and Delaware Bays, and San Francisco Bay. In addition, all of the barrier islands, most expanses of wetlands, and the Mississippi River delta are landforms
that were only able to form about 6,000 years ago, when the rate of sea-level rise stabilized near its present level and sediments were able to accumulate and create landforms
at the coast (Williams & Gutierrez, 2009).
Inundation, Land Loss, and Land Area Close to Present Sea Level
A readily apparent impact of rising sea level is inundation. For example, as discussed in
chapter 2.2, if sea level rises 1 meter in the next century, then land under 1 meter will be
below sea level unless the land is experiencing uplift or accretion of 1 meter or greater.
The 1-meter elevation contour does not necessarily correspond to the future shoreline
from a 1-meter rise in sea level. Shoreline processes may cause land well above 1 meter
to erode (Gutierrez et al., 2009), sediment accretion may enable wetlands to remain at
sea level (Cahoon et al., 2009), and coastal development can lead to shore protection to

Physical Climate Forces

maintain land that would otherwise be claimed by the sea (Titus et al., 2009). Nevertheless, land elevation, determined from high resolution data such as LiDAR, is a useful
indicator of potential vulnerability.
Table 2-1 shows regional and state-specific estimates of the area of land low enough
to become inundated by a 1 meter rise in sea level, from published multi-state studies.
The table includes much of the U.S. but excludes regions where data for analyses were
limited. Those studies generally distinguish possible tidal flooding of dry land that is
less than 1 meter above high tide from inundation of tidal wetlands that are already inundated at high tide but might convert to open water with a higher sea level. The states
of Louisiana, Florida, and North Carolina each have more than one thousand square kilometers of dry land less than 1 meter above high tide; in the case of Louisiana, much of
this low land is already below mean sea level and kept habitable by dikes and pumping
systems. Considering also low-lying coastal wetlands, every state along the Atlantic and
Gulf Coast from New Jersey to Texas has at least 1000 square kilometers that could be
submerged by a 1 meter rise in sea level, except for the three states with relatively short
coastlines: Delaware, Mississippi, and Alabama.

Table 2-1: Dry Land and Total Land Area Less than One Meter above High Water
by State and Region (square kilometers)
Dry land1
Elevation
Source

Sample of
Printed maps
(1991)3

All Land2

USGS and
local data
(2009) 4

National Elev.
Dataset (2012) 5

Sample of
Printed maps
(1991) 3

USGS
1-degree data
(2001) 6

USGS and
local data
(2009) 4

Northeast
ME

–

–

54

–

383

420

NH

–

–

5

–

42

47

MA

–

110

86

–

365

459

RI

–

8

11

–

122

38

CT

–

30

27

–

63

106

NY

–

90–218

155

–

240

244–379

NJ

–

148–365

174

–

1083

1231–1564

PA

–

11–33

7

–

3

18–44

DE

–

84–158

90

–

388

465–553

MD

–

326–570

410

–

1547

1539–1832

DC

–

3–4

2

–

2

3–5

VA

–

189–479

315

–

969

1881–2265

Mid-Atlantic
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Table 2-1: Dry Land and Total Land Area Less than One Meter above High Water
by State and Region (square kilometers) (Continued)
Dry land1
Sample of
Printed maps
(1991)3

Elevation
Source

All Land2

USGS and
local data
(2009) 4

National Elev.
Dataset (2012) 5

Sample of
Printed maps
(1991) 3

USGS
1-degree data
(2001) 6

USGS and
local data
(2009) 4

Southeast
NC

–

1330–1717

1288

–

5836

5650–6343

SC

–

341

439

–

2334

2842

GA

–

133

331

–

1743

1993

FL

–

1286

1654

–

12251

6624

AL

–

–

35

–

195

–

MS

–

–

34

–

173

–

LA

3700

–

3058

13400

25742

–

TX

–

–

284

–

5177

–

CA

–

–

378

–

–

–

OR

–

–

54

–

–

–

WA

–

–

289

–

–

–

Northeast

608

263

183

849

975

1070

Mid-Atlantic

3120

851–1827

1153

4466

4230

5381–6642

Southeast

5800

3122

2885

13140

16038

17143

Gulf7

8200

4793

4238

21000

61355

–

2340

–

721

2431

–

–

13300–26700

–

13401

21100–54800

–

–

Gulf

Pacific

7

Pacific8
United States

8

– Indicates that the study did not report a result at this level of aggregation.
1 Defined as land that is not classified as wetland in the National Wetland Inventory.
2 Dry land, nontidal wetlands, and tidal wetlands.
3 From Titus et al., 1991, reporting results from Park et al., (1989) and Titus & Greene (1989). High water defined as
spring high water. Uncertainty range based on sample error.
4 Mid-Atlantic results from Titus and Wang (2009). Other states from Titus et al., (2009). Mid-Atlantic uncertainty
range by Titus and Cacela (2009) based on vertical error of elevation data. High water = spring high water.
5 From Strauss et al., (2012). High water = mean high water.
6 From Titus and Richman (2001). Using 1.5 m NGVD as a proxy for 1 m above high water.
7 Includes half of “S and SW FL” for the 1991 study and half of Florida for the 2001 and 2012 studies.
8 Excludes Alaska and Hawaii.
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These low elevation dry land areas include the bay sides of many barrier islands,
dredge-and-fill areas originally reclaimed by filling wetlands, and low-lying portions of
many coastal cities including Boston, Philadelphia, Washington D.C., Charleston, and
New Orleans. The gradual inundation from recent sea-level rise is evident in many areas of the mid-Atlantic and Louisiana, where high tides regularly flood roads and land
that were previously dry (Craghan et al., 2010) as well as stands of ghost forests where
trees were killed recently by brackish water (Cahoon et al., 2009; Williams et al., 2009).
In some cases, the local sea-level rise has been enhanced by the local or regional land
subsidence.
Historic to Present-day Sea-level Rise
Analyses of historic relative sea level records from tide gauges around the U.S. and the
world (Figures 2-3, 2-4) show that global sea level rose, on average, 19 centimeters during the 20th century at highly variable regional rates influenced by many factors, including variations in ocean density, ocean currents, and circulation patterns (Jevrejeva et al.,
2008; Woodworth et al., 2008; Zervas, 2009). Rates of global sea-level rise are derived
from relative rates obtained from gauge data and exclude regional and local affects such
as land subsidence and uplift. A number of studies and assessments conducted in recent
years suggest that the rate of sea-level rise is likely to increase significantly during the
21st century and beyond (Anderson et al., 2010; IPCC, 2007; Jevrejeva et al., 2011; Mitchum et al., 2010; Pfeffer et al., 2008; Rahmstorf, 2007, 2010). although uncertainty exists
in quantitatively predicting the exact magnitude and rate of future change in sea level,
compelling scientific observations from tide gauge records and, more recently, satellite
altimetry (Figures 2-5, 2-6) show that sea-level rise has been increasing since about the
mid-19th century from an average of 1.7 millimeters/year during the 20th century to a
current rate of greater than 3 millimeters/year, which represent a significant increase
in the past two decades over 20th century rates (Gehrels, 2010; Hamlington et al., 2011;
Holgate & Woodworth, 2004; Merrifield et al., 2009; Yin et al., 2011). The main causes are
melting of alpine glaciers, Greenland and Antarctic outlet glaciers, and thermal expansion of the oceans (IPCC, 2007). A more complete discussion of future projections and
scenarios of sea-level rise by the year 2100 (Figure 2-7) can be found in Section 2.2 of this
chapter.
Other Coastal Climate Change Trends
Change in both short- and longer-term interannual to decadal atmospheric phenomena
have profound effects on the coastal zone. Average global land and sea surface temperatures are continually increasing, with 2010 as the hottest on record (Blunden et al., 2011).
Increased atmospheric temperature and atmospheric changes such as El Niño and La
Niña induce direct affects such as sea-level rise and also cause changes in frequency,
intensity, and duration of drought, precipitation, and storm events. The 2009/2010 El
Niño transitioned to the 2010/2011 La Niña period with a Pacific Ocean temperature
1 degree Celsius decrease. This change induced other changes in atmospheric conditions favorable for Atlantic tropical storm cyclogenesis, such as weak wind shear. However, 2010 was atypical with no named storms in the Gulf of Mexico and no land-falling
U.S. storms. The lack of land-falling U.S. storms was attributed to several factors and
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Figure 2-3 Annual averages of global
mean sea level in millimeters from
1870 based on tide gauge and satellite
data. The red curve shows sea-level
fields since 1870 (updated from
Church & White, 2006); the blue curve
displays tide gauge data from Holgate
and Woodworth (2004), and the black
curve is based on satellite observations
from Leuliette et al. (2004). Vertical
error bars show 90 percent confidence
intervals for the data points. Source:
CCSP, 2009; IPCC, 2007.

Figure 2-4 U.S. sea-level trends from 1900-2003 based
on NOAA tide gauge records. High variability is due to
geophysical and oceanographic regional differences.
Source: Zervas, 2009.

interrelated atmospheric anomalies (Bluden et al., 2011). The 2011 North Atlantic hurricane season tied for the third most active season since historic record keeping began
in 1851, although earlier years in the storm record are likely underestimates of the true
number of storms due to limited sampling by ship traffic (Vecchi & Knutson, 2011). Only
one major storm, Hurricane Irene, struck the U.S. coast, but it caused $10 billion dollars
in damage and the death of 55 people.
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Figure 2-5 The topography of the ocean. Average sea level in the Gulf Stream is unusually high
because the warmer waters are less dense. The Gulf Stream also draws water away from the Atlantic
Coast, making local sea level unusually low. Future changes in ocean currents are likely to affect
regional changes in sea level. Source: Commonwealth Scientific and Industrial Research Organization
(http://www.cmar.csiro.au/sealevel), using data from Pavlis et al., 2008.

Current trends in precipitation affect the coastal environment with too little or too
much precipitation, affecting marsh and wetland vegetation, river runoff, and infrastructure. Global average annual precipitation was about 5 percent above normal with
high regional variability. Overall, ocean salinity has stayed similar to 2004 conditions
with anomalous regions continuing to be saltier and fresher regions continuing to be
anomalously fresh. Rising sea levels contribute to increased salinities within the coastal
zone and induce wetland transitions. Recent progress has been made in the tools that
assess and model climate impacts to the coastal zone and systematically capture critical
spatial and temporal measurements of high resolution data sets for monitoring changes
(Bluden et al., 2011).
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Figure 2-6 The highly variable spatial distribution of the rates of sea-level change, plotted about the
globally averaged rate of rise for the period 1992 to 2011, as measured from satellite altimeter data.
Source: NOAA Laboratory for Satellite Altimetry.

The Basis for Concern
Rising global temperatures are likely to accelerate the rate of sea-level rise for three
reasons:
1.

Ocean water expands when heated;

2.

A warmer climate causes glaciers and the polar ice sheets in Greenland and Antarctica to melt more rapidly; and

3.

The ocean warming and ice sheet melting can accelerate the speed at which ice
shelves disintegrate and outlet glaciers flow from Greenland and Antarctica to
the oceans.

The current rate of global carbon emissions has increased by half in the last 20 years
and, at these rates, continually reduces any chance of holding global temperature rise to
less than 2 degrees Celsius above pre-industrial levels. Global carbon emissions are likely to continue to increase at a rate of about 3 percent per year (Peters et al., 2011). Future
concern regarding coastal climate is based on the effects of increased atmospheric and
ocean temperature and changes in flooding frequencies from precipitation, hurricanes,
and storms. An increase in extreme flood events can be detrimental to coastal wetlands
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that survive within a range of elevations, seasonal temperature, precipitation, and ebb
and flood tides. For certain species, too much precipitation can have as much impact as
too little precipitation can have. For example, for oysters, spawning is affected by too
much freshwater in the spring and too much saltwater in the summer, both of which can
induce diseases. An increase in extreme flooding and episodic events can increase turbidity, cause wetland loss, and induce stress to submerged plants and coral reefs.
Strong scientific consensus now suggests that the frequency of some climate extreme
events is increasing and evidence exists that some extremes have increased as a result of
anthropogenic influences (Peters et al., 2011). A December 2011 news release by NOAA
reported that the U.S. experiences 12 disasters in 2011 that cost a billion or more dollars,
totaling losses of about $53 billion. Several were coastal storms and the 2011 losses were
greater than the previous record year in 2008. The global frequency of tropical storms is
projected to remain about the same with an increase in the number of extreme events.
“Average tropical cyclone maximum wind speed is likely to increase, although increases
may not occur in all ocean basins. It is likely that the global frequency of tropical cyclones will either decrease or remain essentially unchanged” (IPCC, 2011). Hurricanes
and episodic storm events have been observed to have many direct physical impacts.
These factors are likely to contribute to increased erosion, flooding, wetland loss, and
damage to infrastructure.

2.2 Sea-level Rise and Future Scenarios
Global sea-level rise is expected to continue through the end of the next century and
beyond, which will significantly impact the U.S. and the world. Past trends provide
valuable evidence in preparing for future environmental change but are insufficient by
themselves for assessing the risks associated with an uncertain future. The wide range of
estimates for global mean sea-level rise are scattered throughout the scientific literature
and other high profile assessments such as previous reports of the NCA and the Intergovernmental Panel on Climate Change (IPCC). Currently, no coordinated, interagency
effort exists in the U.S. to identify agreed upon global mean sea-level rise estimates for
the purposes of coastal planning, policy, and management. This is an important gap
because identifying global mean sea-level rise estimates is a critical step in assessing
coastal impacts and vulnerabilities. At present, coastal managers are left to identify global sea-level rise estimates through their own interpretations of scientific literature or the
advice of experts on an adhoc basis. For these reasons, the NCA Development and Advisory Committee requested a report entitled Global Mean Sea-level Rise Scenarios for the
U.S. NCA (Parris et al., 2012). This report provides a synthesis of the scientific literature
on global sea-level rise and a set of global mean sea-level rise scenarios to describe future conditions and assess potential vulnerabilities and impacts.
Scenario Planning
Scenarios do not predict future changes; instead, they describe future potential conditions in a manner that supports decision-making under conditions of uncertainty (Gray
2011; Moss et al., 2010; Weeks et al., 2011). Scenarios are used to develop and test decisions under a range of plausible futures. This approach strengthens an organization’s
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ability to recognize, adapt to, and take advantage of changes over time. Using a common
set of scenarios across different regions and sectors to frame the range of uncertainties
surrounding future environmental conditions is a relatively new NCA initiative. This
report provides scenarios to help assessment experts and their stakeholders analyze the
vulnerabilities and impacts associated with uncertain possible futures.
Probabilistic projections of future conditions are another form of scenarios not used
in the Sea-level Rise Scenarios because this method remains an area of pending research
(Parris et al., 2012). No widely accepted method is currently available for producing
probabilistic projections of sea level rise at actionable regional and local scales. Coastal
management decisions based solely on most probable or likely outcome can lead to maladapted or vulnerable assets (Gray, 2011; Weeks et al., 2011). Given the range of uncertainty in future global sea-level rise, using multiple scenarios, none more likely than the
other, encourages experts and decision makers to consider multiple future conditions
and to develop multiple response options. Scenario planning offers an opportunity to
overcome decision-making paralysis and initiate actions now to reduce possible future
impacts and vulnerabilities. Thus, specific probabilities or likelihoods are not assigned
to individual scenarios, and none of these scenarios should be used in isolation.
Global Mean Sea-level Rise Scenarios
Based on numerous scientific studies, there is very high confidence (>9 in 10 chance) that
global mean sea level will rise at least 0.2 meters and no more than 2.0 meters by 2100
(Parris et al., 2012). Global mean sea-level rise can be estimated from physical evidence
such as observations of sea level and land ice variability (Pfeffer et al., 2008), expert
judgment (NRC, 1987, 2011, 2012), general circulation models (GCMs) (IPCC, 2007a),
and from semi-empirical methods that utilize both observations and general circulation
models (Grinsted et al., 2009; Horton et al., 2008; Jevrejeva et al., 2010; Vermeer & Rahmstorf, 2009).
In recent decades, the dominant contributors to global sea-level rise have been ocean
warming (thermal expansion) and ice sheet loss. Many previous studies, including the
IPCC, assume thermal expansion to be the dominant contributor; however, the NRC
(2012) recently reports that advances in satellite measurements indicate ice sheet loss as
a greater contributor to global sea-level rise than thermal expansion over the period of
1993 to 2008. Our scenarios are based on four estimates of global sea-level rise by 2100
that reflect different degrees of ocean warming and ice sheet loss (Table 2-2 and Figure
2-7).
Key Uncertainties on the Global Sea-level Rise Scenarios
At this stage, the greatest uncertainty surrounding estimates of future global sea-level
rise is the rate and magnitude of ice sheet loss, primarily from Greenland and West Antarctica. The Highest Scenario of global sea-level rise by 2100 is derived from a combination of estimated ocean warming from the IPCC AR4 global sea-level rise projections
and a calculation of the maximum possible glacier and ice sheet loss by the end of the
century (Pfeffer et al., 2008). The Highest Scenario should be considered in situations
where there is little tolerance for risk. Our Intermediate-High Scenario is based on an
average of the high end of ranges of global mean SLR reported by several studies using
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Table 2-2: Global Sea-level Rise Scenarios
Scenario

Sea-level Rise by 2100 (meters)

Highest

2.0

Intermediate-High

1.2

Intermediate-Low

0.5

Lowest

0.2

Source: Parris et. al., 2012

semi-empirical approaches. Semi-empirical projections utilize statistical relationships
between observed sea level change, including recent ice sheet loss, and air temperature.
Our Intermediate-Low Scenario is based on the upper end (95% confidence interval) of
IPCC Fourth Assessment Report (AR4) global SLR projections resulting from climate
models using the B1 emissions scenarios. The Intermediate-High Scenario allows experts and decision makers to assess risk from ice sheet loss, but to a limited extent. The
Intermediate Low Scenario allows experts and decision makers to assess risk primarily
from ocean warming.

Figure 2-7 Global mean sea-level rise scenarios developed for the 2013. Present Mean Sea Level
(MSL) for the U.S. coasts is determined from the National Tidal Datum Epoch (NTDE) provided by
NOAA. The NTDE is calculated using tide gage observations from 1983 – 2001. Therefore, we use
1992, the mid-point of the NTDE, as a starting point.
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The Lowest Scenario is based on a linear extrapolation of the historical sea-level rise
rate derived from tide gauge records beginning in 1900 (1.7 millimeters/year). The Lowest Scenario also coincides with the lower end (95% confidence interval) of the IPCC AR4
global sea-level rise projection derived from climate model simulations using the B1
emissions scenario. The rate of global mean sea-level rise derived from satellite altimetry
(1992 to 2010) has been substantially higher (3.2 millimeters/year), approaching twice
the rate of the longer historical record from tide gauges. The 18-year altimeter record
is insufficient in duration for projecting century-scale global sea-level rise. Trends derived from the shorter records are less reliable as projections because they are affected
by decadal and interannual climate and oceanographic patterns that are superimposed
upon the long-term change of global sea level (Sallenger, 2012). The Lowest Scenario
should only be considered where there is a great tolerance for risk.
Observations of global mean sea-level rise and increasing global mean temperature
demonstrate highly significant correlation (Rahmstorf et al., 2011; Vermeer & Rahmstorf, 2009), and the IPCC (2007a) and more recent studies (Schaeffer et al., 2012) anticipate that global mean sea level will continue to rise even if warming declines. Our
Intermediate-Low and Lowest Scenarios are optimistic scenarios of future environmental change assuming limited ice sheet loss and historical rates of ocean warming (i.e.,
thermal expansion).
Ice Sheet Loss
Other studies (Rohling et al., 2008) have arrived at even greater estimates of global mean
sea-level rise than the Highest Scenario, but we are less confident in the plausibility
of those estimates in this century; however, we do recognize the plausibility of greater
than 2 meter rise particularly beyond 2100. The IPCC AR4 produced some of the more
widely used projections of global sea-level rise for the 21st century (IPCC, 2007a). The
IPCC projections included thermal expansion, contributions from glaciers, and modeled
partial ice sheet contributions among other factors; however, the IPCC AR4 estimates
did not include potential rapid dynamic response of Greenland and Antarctic Ice Sheets
as reflected in our Highest Scenario.
A growing body of recently published work suggests that, due to increasing loss,
the great polar ice sheets in Greenland will become much more significant contributors
to global sea-level rise in the future (NRC, 2012; Rignot et al., 2011; Van den Broeke et
al., 2011; Vermeer & Rahmstorf, 2009). Ice sheet contributions to global mean sea-level
rise stem from mass loss brought about by melting and discharge of ice into the ocean
at marine-terminating glaciers and ice streams (NRC, 2012). Multiple reports indicate
that mass loss of both the Greenland and Antarctic ice sheets may have accelerated over
the past two decades despite high interannual variability in space and time (Chen et al.,
2011; NRC, 2012; Rignot et al., 2011; Van den Broeke, 2011). Regional variability of mass
loss for the Greenland ice sheet over the past few years shows that areas of accelerating
deterioration changed from the southeast part of the ice sheet to the northwest part, suggesting high sensitivity of the Greenland ice sheet to regional climate (Chen et al., 2011).
In Antarctica, ice loss is occurring in some coastal areas, and ice accumulation is occurring in interior Antarctica. While the balance between ice loss and accumulation remains
an area of investigation, recent observations suggest that ice loss has been greater.
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Most of the ice loss in Antarctica has come from the West Antarctic ice sheet (Rignot
et al., 2008). A significant portion of the West Antarctic ice sheet is floating at or grounded below sea level, as are relatively smaller parts of the ice sheets in East Antarctica
and Greenland. Floating ice shelves support land-based ice sheets; thus, current and future ocean warming below the surface make ice shelves susceptible to catastrophic collapse, which, in turn, can trigger increased ice discharge to the ocean (Jacobs et al., 2011;
Joughlin and Alley, 2011; Rignot et al., 2004; Scambos et al., 2004; Yin et al., 2011). Better
understanding of how the polar ice sheets will respond to further changes in climatic
conditions over the 21st century requires continued development of physical models
(Price et al., 2011).
Ice sheet melting will lower the gravitational attraction ice sheets have for surrounding seas, producing spatial variability in changes to global mean sea level (Kopp et al.,
2010; Mitrovica et al., 2001, 2009). Although seemingly counterintuitive, sea level falls
close to the ice sheets even though water from ice melt is discharged into the sea. This
lowering of sea level is due to gravitational effects that can cause sea-level rise up to
~2,000 kilometers from the melting ice sheet. Sea-level rise resulting from deterioration of the Greenland ice sheet is thought to be relatively lower than the global average
for the contiguous U.S., Alaska, and U.S. territories in the Caribbean Sea and relatively
higher for Hawaii and U.S. territories in the Pacific Ocean (Kopp et al., 2010). Sea-level
rise resulting from deterioration of the West Antarctic ice sheet is thought to be relatively higher than the global average for all states and territories of the U.S. (Mitrovica
et al., 2009).
Developing Regional and Local Scenarios
The development of sea-level change scenarios at global, regional, and local scales is an
initial stage in conducting coastal vulnerability assessments. Parris et al. (2012) recommends that the choice of scenarios involve interdisciplinary scientific experts as well as
coastal managers and planners who understand relevant decision factors. These scenarios provide a set of plausible trajectories of global mean sea-level rise for use in assessing vulnerability, impacts, and adaptation strategies. None of these scenarios should
be used in isolation, and experts and coastal managers should factor in locally and regionally specific information on climate, physical, ecological, and biological processes
and on the culture and economy of coastal communities. The NOAA Coastal Services
Center and the USGS also provide access to information via Digital Coast, including two
companion reports on developing sea-level scenarios (NOAA, 2010, 2012).
Scientific observations at the local and regional scale are essential to action, but global
phenomena such as sea-level rise can influence those conditions creating unanticipated
impacts at the local scale, especially over longer time horizons. Thousands of structures
along the U.S. coast are over fifty years old, including vital storm and waste water systems. Thus, coastal vulnerability, impact, and adaptation assessments require an understanding of the long-term, global, and regional drivers of environmental change.

2.3 Extreme Events and Future Scenarios
Variability of tropical cyclone frequency, track, and intensity is highly relevant to coastal
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interests because of the associated risk of damage and loss of life during landfall events
as well as the significant role that tropical cyclones can play in maintaining regional
water resources (Jiang & Zipser, 2010). Atlantic tropical cyclone variability is closely correlated with tropical Atlantic climate variability on a broad range of time-scales. A major
challenge in detecting past trends in various measures of tropical cyclone activity is the
need to identify the causal factors underpinning the observed Atlantic climate variability, which is required to separate tropical cyclone variability into naturally and anthropogenically forced constituents. Even when regional climate variability can be attributed to
anthropogenic causes, the question of how tropical cyclones respond to such variability
remains. For example, studies have detected a tropical Atlantic sea surface temperature
warming trend due to increasing greenhouse gases (Gillett et al., 2008; Karoly & Wu,
2005; Knutson et al., 2006; Santer et al., 2006), but the question of how tropical cyclones
respond to sea surface temperature changes under global warming remains (Johnson &
Xie, 2010; Knutson et al., 2008; Kunkel et al., 2011).
Detection of past trends in Atlantic tropical cyclone activity is also significantly constrained by the quality of the historical data records (Knutson et al., 2010; Kunkel et
al., 2011). Attempts to detect trends in landfalling tropical cyclone events are further
constrained by the reduced data sample size associated with parsing of the data and are
also substantially challenged by tropical cyclone track variability (Kossin & Camargo,
2009). This variability is driven largely by random fluctuations in atmospheric steering currents and introduces substantial noise into time series of U.S. landfalling tropical cyclone activity, which show no statistically significant long-term trends (Landsea,
2005; Vecchi & Knutson 2011). Atlantic tropical cyclone track variability is also driven by
more systematic climatic forcings such as the El Niño-Southern Oscillation, North Atlantic Oscillation, Atlantic Meridional Mode, and Madden-Julian Oscillation (Kossin et al.,
2010), but uncertainty still remains regarding how these modes of variability respond to
climate change (Collins et al., 2010). Even modest tropical cyclone track variability can
lead to large differences in associated coastal impacts. When compounded by uncertainties in the historical data, this severely challenges detection-attribution studies as well
as disaster risk reduction in specific coastal regions. Only very low confidence can be offered that any trends in tropical cyclone activity reported within specific coastal regions
are detectable.
Regarding global hurricane or tropical cyclone activity, an expert team of the World
Meteorological Organization (Knutson et al., 2010) concluded that by the late 21st century, greenhouse warming would likely cause: 1) the global number of tropical cyclones
to remain at current levels or to decrease by up to one-third; 2) the average intensity
of tropical cyclones to increase by up to 10 percent; and 3) near-storm rainfall rates to
increase by roughly 20 percent. For Atlantic basin tropical cyclone activity, the 21st century climate model projections summarized in Knutson and colleagues’ work (2010; and
updated in Tables S1-S4 of this report) show a much larger range of uncertainty than
the global projections. For example, the model projections from 14 studies for Atlantic
tropical storm frequency for the late 21st century range from about a 60 percent increase
to about a 60 percent decrease relative to current levels (Table S1). Thus, projections of
the sign of Atlantic tropical storm frequency change are offered at very low confidence.
Model or theoretical projections for Atlantic hurricane intensity range from an 8 percent decrease to a 14 percent increase (Table S3) with a clear tendency for an increase
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(low to moderate confidence). Models consistently projected increases of near-storm rainfall rates (moderate confidence) with projections averaged within 100 kilometers of storm
center ranging from about 5 percent to over 20 percent. These precipitation results were
based on six studies reporting Atlantic basin results or multi-basin results that include
the Atlantic and based on storms of tropical storm intensity or greater. Similar results
for tropical cyclone frequency, intensity, and precipitation rates were reported for the
Northeast Pacific basin, with tropical storm frequency projections ranging from about
-70 percent to +80 percent (very low confidence in sign of change) and intensity changes
ranging from about -5 percent to +20 percent (low to moderate confidence in an increase).
Specific northeast Pacific region results have not been reported for near-storm precipitation rates, although relevant multi-basin studies report increases (moderate confidence)
ranging from about +5 percent to over +20 percent.
Two dynamical modeling studies (Bender et al., 2010; Murakami et al., 2011) have
explored present-day simulations and 21st century projections of intense Atlantic and/
or Northeast Pacific hurricane frequency (category 4 and 5, with wind speeds exceeding
131 miles per hour or 210 kilometers/hour; or category 5, with wind speeds exceeding
155 miles per hour or 249 kilometers/hour). For the 21st century projections, both studies use an average projected climate trend calculated from 18 different CMIP3 global
climate models under an assumed A1B future emission scenario (Table S2). The Bender
et al. (2010) study, using a regional model/case study approach, projects a 10 percent
increase per decade (i.e., 100 percent increase over the 21st century) in Atlantic basin category 4-5 frequency, based on the multi-model ensemble climate change; however, not
all of the individual models used to derive this value indicate an increase in frequency
of Atlantic category 4-5 hurricanes. The Murakami et al. (2011) study (with auxiliary information provided by Dr. H. Murakami, personal communication, 2011) projects a nonsignificant increase in category 4-5 storm days in the Atlantic basin (+15 percent) and
globally (+4 percent) but a significant (+180 percent) increase in the NE Pacific basin. For
category 5 storm days, their model projects significant increases (+56 percent globally,
and +290 percent in the Atlantic basin). Several important caveats to these results should
be noted. First, the Bender et al. (2010) model has a substantial (~50 percent) low bias in
their simulation of Atlantic category 4-5 hurricane frequency under present climate conditions. Murakami et al. (2011) report a relatively small bias in their present-day simulation of Atlantic category 5 storm days but a large positive bias (almost a factor of 4) in
their simulation of Atlantic category 4-5 storm days and a substantial low bias in NE
Pacific category 4-5 storm days. In addition, the global model used by Murakami et al.
does not include an interactive ocean component, in contrast to the regional case study
model of Bender et al. In summary, we have low to moderate confidence in projections of an
increase in intense hurricane frequency in the Atlantic basin.
A general caveat to available results reported here is the focus on basin-wide activity measures, which do not necessarily correlate in an obvious way to coastal events
because landfalling activity is intimately related to storm track variability, which itself is
also linked to climate variability and change (Kossin et al., 2010). U.S. landfalling tropical storm or hurricane activity in particular are explored in limited studies (Knutson
et al., 2008; Villarini et al., 2011); thus, the above projections, and particularly those of
intense hurricane activity, may be considered as early attempts at scenario development
with respect to U.S. landfalling activity.
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Exposure of coastal areas to devastating storm surge and waves will increase with
the ever- increasing population that seeks to reside along the coast and its accompanying infrastructure. The storm surge threat will be exacerbated by relative sea-level rise
and potentially by climate induced changes in frequency and intensity of hurricanes. As
hurricanes approach the coast, four storm-related phenomena can occur to modify local
water levels: set up due to wind, low barometric pressure, set up due to wave forcing,
and rainfall. Storm winds force water towards the coast and typically create the greatest
change in local water elevation. Low barometric pressure provides a secondary effect,
creating a bulge in the water surface around the center of the storm. Wave forcing creates an increase in the mean water level due to breaking waves at the coast. Storm rainfall can also increase the local water elevation. Additional factors not related to the storm
itself are the astronomical tide and river flows at the time the storm reaches the coast.
Storm surges are also greatly influenced by the geometry of the basin and continental
shelf leading up to the coastal floodplain. A mildly sloping continental shelf, such as in
the Gulf of Mexico, results in a higher storm surge as compared to a coast with a steeper
bathymetry.
Several recent studies (Irish et al., 2008; Irish & Resio, 2010; Resio et al., 2009) have
shown that the maximum surge can be estimated as a function of several storm parameters including storm intensity, size, and motion as well as the alongshore position of
the point of interest relative to the landfall position. In general, the primary drivers of
surge potential are storm intensity and size. Projected increases in storm intensity due to
global warming will result in greater storm surge potential. Extensive studies with the
numerical model ADCIRC (Westerink et al., 1992, 2007) indicate that, for small to moderately sized storms, peak alongshore surge increases about 30 centimeters per 10 mb of
intensification. For large storms, peak alongshore surge increases about 40 centimeters
per 10 mb (Irish et al., 2009).
Storm surge potential is also increased by global warming induced sea-level rise due
to the mean water level increase as well as the complex interaction of storms and the
coastal landscape. Data and numerical simulations have shown that landscape features
and vegetation cover have the potential to reduce inland storm surge elevations along
the coast by slowing the surge propagation (Wamsley et al., 2009, 2010). Elevations greater than the storm surge elevation provide a physical barrier to the surge. Even when inundated, landscape features and vegetation have the potential to create friction and slow
the forward speed of the storm surge, effectively reducing inland water levels. Higher
water levels resulting from sea-level rise can modify wetland vegetation type and may
also lead to wetland loss, shoreline erosion, erosion of barrier islands through overwash
and breaching, and an overall change in the local morphology such as islands transforming to submerged shoals and wetlands becoming open lakes or bays. Therefore,
storm surge response does not increase linearly with sea-level rise in some coastal areas
because of differences in slope of the coastal plain. Numerical simulations by Smith et
al. (2010) indicate that for deltaic areas such as south Louisiana, the nonlinear response
to sea-level rise is greatest in areas of modest surge (2-3 m). These areas may experience
surges two to three times the amount of sea-level rise. Thus, in a statistical analysis of
water levels, the long return period water levels would increase modestly above the sealevel rise, but shorter return period water levels could increase significantly.
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A number of recent studies have estimated the impact of sea-level rise on the frequency of extreme coastal inundation events due to storm passage. In a warming climate, storm frequency, intensity, rainfall, and sea level are all projected to change,
affecting storm inundation frequency and magnitude. Sea-level rise and storm-rainfall
rate increases are the more robust projections as described above, and both can lead
to increased surge and flooding. Kirshen et al. (2008) project sea-level rise onto timeseries of past surge events in the U.S. Northeast to estimate that the 2005 100-year-event
will become the 30-70 year event by 2050 depending on sea-level rise scenario. Larger
changes are projected for particularly exposed locales such as Boston and Atlantic City.
The Kirshen et al. analysis includes all surge sources, including tropical cyclones and
nor’easters. Cayan et al. (2008) perform a related analysis for coastal California, obtaining large increases by mid-21st century in the annual number of hours with sea level
above 99.99 percent of the historical values. Park et al. (2011) incorporate sea-level rise
projections in statistical analysis of historic surge events on South Florida and find that
the 50- year surge on Key West increases from 0.5 meters historically to 0.8-1.1 meters by
2060 depending on sea-level rise scenario. They find comparable changes elsewhere in
South Florida.
Fewer studies have examined the impact of changes in tropical cyclone characteristics in addition to sea-level rise on flooding. Mousavi et al. (2010) estimate how surges
on coastal Texas would increase with increases in hurricane intensity as well as sea-level
rise by re-scaling key historical landfalling storms with an assumed 8 percent higher
intensity through central pressure fall per degree Celsius of sea surface temperature
increase. They estimate that, for a catastrophic storm event on Corpus Christi, based
on a re-scaled Hurricane Carla, surge height will increase 0.2-0.5 meters by 2030 and
0.6-1.8 meters by 2080. Sea-level rise and increases in storm intensity have comparable
contributions to the increases. Not included, however, is the impact of changing storm
frequency, which would affect return periods.
Changes in storm risk along the coasts depends on changes in exposure, storm-related
hazards, and coping mechanisms. If current coastal population and development trends
continue, exposure to storm hazards such as surge, wind, or heavy rainfall will also
increase in the next century, but projections of coping mechanisms such as improved
building codes and restoration of wetland vegetation are much more uncertain. Any
sea-level rise is virtually certain to exacerbate storm-related hazards, but projections
of the magnitude of sea-level rise in specific regions (see also sections 2a,b above) can
only be offered with low confidence and further uncertainties exist related to the effects of
changes in storm-related hazards along the coasts. However, given the likelihood of continued increases in exposure due to demographic pressure, and the likelihood of further
increases in sea level, continues increases of storm-related risk along the coasts are likely
in the 21st century.

2.4 Changes in Wave Regimes and Circulation Patterns
Wave Regimes
Winds and waves control the flux of energy from the atmosphere to the ocean. Intense
cyclones and associated episodes of high waves are important in transmitting the effects
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of low-frequency climate variability to both the environment and society. The heights of
waves generated by a storm depend on its wind speeds, the area over which the winds
blow, also called the storm’s fetch, and on the duration of the storm, all factors that
govern the amount of energy transferred to the waves. As they travel across the ocean
basins, waves transport the energy they accumulated during storm events and dissipate it through many processes. Waves can significantly contribute to the dispersion
of pollutants and the sorting of sediments on continental shelves. In nearshore regions,
wave transformations induce gradients of radiation stresses, which result in longshore
currents, rip-currents, and undertows. In particular, extreme storm events and associated extreme wave heights can have negative effects on beaches, barrier islands, coastal
structures, maritime works, ships, and coastal communities. A major concern for human
society is whether external influences on the climate system, especially human influence,
have affected storm and ocean wave climates in the past and whether wave climates will
evolve under future climate scenarios.
Wave heights have been estimated from:
1.

Visual observations from ships;

2.

Hindcast analyses;

3.

Direct measurements by buoys; and

4.

In recent years from satellite altimetry.

The reliability of the data ranges widely for these different sources depending on the
collection methodology and processing techniques. Wave climates are most easily defined on coasts that are dominated by one type of storm system such as the North Pacific
shore of the U.S., where the waves are generated by extratropical storms. The Atlantic
shore of the U.S. has two wave climates: one climate consisting of waves from extratropical storms such as nor’easters and the second being waves generated by tropical cyclones
such as tropical storms and hurricanes. These two types of storm systems are fundamentally different in their modes of formation, largely separate seasons of dominance, and
distinctive climate controls of their intensities and generated waves. They will therefore
be considered separately in this section.
Extratropical Storm Waves
Extratropical storms are formed at relatively high latitudes by cold air masses moving
down from subpolar regions and colliding with warmer air masses. The strongest storms
develop during the winter. Considerable attention has been given to the occurrence in
recent decades of increasing wave heights in both the North Atlantic and the Northeast
Pacific generated by these storms.
In the Atlantic, the first positive documentation of wave-height increases by wave
records was developed from the Seven Stones light vessel offshore from the southwest
coast of England (Bacon & Carter, 1991; Carter & Draper, 1988) with a rate of increase in
annual mean significant wave heights of about 2.2 centimeters/year. Wang et al. (2009)
found that, in the winter, the observed 1955-2004 patterns in atmospheric storminess
and ocean wave heights were characterized by an upward trend in the high-latitudes
especially the northeast North Atlantic and by a downward trend in the mid-latitudes
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off the coast of the U.S. This result is supported by analyses of buoy data along the East
Coast of the U.S. that did not find an increase for the winter wave heights (Komar & Allan, 2008). Wang et al. (2006, 2009) suggest that the changes in the North Atlantic wave
climates are associated with the mean position of the storm track shifting about 181 kilometers northward. Gulev and Grigorieva (2006) analyzed wind wave climatologies
derived from the visual wave observations of voluntary observing ship (VOS) officers.
In both North Atlantic high latitudes and North Pacific mid latitudes, winter significant
wave heights showed a secular increase from 10 to 40 centimeters per decade during the
period 1958-2002. Statistical analysis showed that variability in wind sea is closely associated with the local wind speed, while swell changes can be driven by the variations in
cyclone counts, implying the importance of forcing frequency for the resulting changes
in significant wave heights (Gulev & Grigorieva, 2006).
Increases in wave heights have been found in the Northeast Pacific and documented
by measurements from a series of NOAA buoys along the U.S. West Coast (Allan &
Komar, 2000, 2006; Komar et al., 2009; Mendez et al., 2006, 2008; Ruggiero et al., 2010a;
Seymour, 2011). Analyses by climatologists of North Pacific extra-tropical storms have
concluded that their intensities, measured as wind velocities and atmospheric pressures,
have increased since the late 1940s (Favre & Gershunov, 2006; Graham & Diaz, 2001),
implying that the trends of increasing wave heights may have begun in the mid-20th
century earlier than could be documented with the direct measurements of the waves
by buoys.
However, the results of studies relying on solely on buoy measurements have recently been called into question after careful analyses of modifications of the wave measurement hardware as well as the analysis procedures since the start of the observations
have demonstrated inhomogeneities in the records (Gemmrich et al., 2011). Accounting
for these changes, trends for the corrected data are substantially smaller than the apparent trends obtained from the uncorrected data. Of interest, the most significant of the
non-climatic step changes in the buoy records occurred prior to the mid 1980’s. Menendez et al. (2008) analyzed extreme significant wave heights along the northeast Pacific
using data sets from 26 buoys over the period 1985-2007, not including the more suspect data from earlier in the buoy records. Application of their time-dependent extreme
value model to significant wave heights showed significant positive long term trends
in the extremes between 30-45° N near the western coast of the U.S. They further demonstrated an impact of El Niño on extreme wave heights in the northeast Pacific as well
as important correlations with mid-latitudinal climate patterns such as NP and PNA
indices. Mendez et al. (2010) extended this work by using two time-dependent extreme
value models and three different datasets from buoys, satellite missions, and hindcast
databases. Using reanalysis and buoy data, they conclude that the extreme wave climate
in the NE Pacific is increasing in the period 1948-2008 at a rate of about 1 centimeter/year
and 2-3 centimeters/year in the period 1985-2007.
Young et al. (2011) used a 23-year database of satellite altimeter measurements to
investigate global changes in oceanic wind speed and wave height from 1985 to 2008.
They found a general global trend of increasing wind speed and, to a lesser degree, wave
height. For both winds and waves, the rate of increase is greater for extreme events as
compared to the mean condition. Although wave heights showed no significant trend
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for mean monthly values, at more extreme conditions (99th - percentile), a clear statistically significant trend can be seen of increasing wave height at high latitudes including
off the U.S. West and East Coasts and more neutral conditions in equatorial regions.
By analyzing monthly mean significant wave heights rather than extremes, Seymour
(2011) also demonstrates a significant increase in wave energy affecting the West Coast
of the U.S. during the interval of a 1984-2007. During the same period, a monotonic increase in the positive El Niño portion of the ENSO cycle and a monotonic decline in the
atmospheric pressure in the Gulf of Alaska could be seen. Seymour (2011) speculates a
possible connection between greenhouse gases and bigger waves in the North Pacific
because both of these changes would be expected to produce higher wave energy levels
and both have been identified as resulting, at least in part, from global climate change.
However, Seymour (2011) clearly points out that the wave height record is too noisy and
too short to establish an estimate of a possible contribution from the changes to global
climate.
Research on trends in mid-latitude extra-tropical storms in the Eastern North Pacific
have confirmed that storm intensity has increased but other research has documented a
decrease in frequency, possibly because the storm tracks have shifted poleward during
the latter half of the 20th century. McCabe et al. (2001) showed a statistically significant
decrease in the frequency of storms over the years 1959-1997; however, Geng and Sugi
(2003) found that the decrease in annual numbers of storms is typically of the weakmedium strength variety while the stronger storms have actually increased in frequency.
These documented changes in storm tracks are thought to be primarily due to changes
in baroclinicity, which in turn is linked to changes in atmospheric temperature distributions due to increased greenhouse gas emissions. In other words, in the mid-latitudes of
the Northern Hemisphere, poles are warming faster than lower latitudes , leading to a
decrease in the meridional temperature gradient and a decrease in mid-latitude storm
frequency. Recognizing the trends in reanalysis data, Yin (2005) used the output of 15
coupled general circulation models to relate the poleward shift of the storm track to
changes in baroclinicity in the 21st century. Though these studies concluded that the
storm track shifts poleward in the Northern Hemisphere with warmer temperatures,
uncertainties remain regarding natural variability and model limitations.
Tropical Cyclone Generated Waves
Irish et al. (2011) have shown that historical observations of storm surges contain significant variations at the scale of the storm size, typically on the order of one or two times
the radius to maximum winds or about 25-40 kilometers. For this reason, Irish et al.
(2011) argued that historical observations alone may not be not good predictors of longterm climatological characteristics of surges in a coastal area. Wave fields tend to be a
bit more dispersed, but extreme waves in hurricanes and tropical storms tend to exhibit
similar characteristic scales of variation. In this context, long-term Global Climate Model
simulations should offer a much better estimate of the impacts of climatic variations on
future wave climates than attempts to used local observations; however, although many
papers have discussed projections of future wave climates based on GCM simulations
(Caires et al., 2006; Debenhard & Roed, 2008; Hemer et al., 2010; Mori et al., 2010; Sterles & Caires, 2005; Wang et al., 2004; Wang & Swail, 2006), the numerical models used
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in these projections operate at spatial and temporal scales that make inferences about
waves generated by tropical storms and hurricanes difficult to draw. The smallest scale
used in these simulations is around 20 kilometers (Mori et al., 2010), which, although
sufficient to resolve the dynamics of wave generation in extratropical storms, is only
marginally sufficient to resolve them in tropical systems.
The Mori et al. (2010) study showed that waves simulated from the GCM ensembles
in his study needed to be adjusted by about 5-15 percent to match observations in the
present. They assumed that this adjustment would not change in future climates as well
and chose to use the ratio of wave heights in future climates to the present climate as
their indicator of the impact of climate variability on wave heights. They noted that the
changes in wave climates around the globe showed different signatures for tropical and
extratropical storm regimes and found no clear global trend in wave heights generated
by tropical systems around the world. In areas analyzed in detail by Mori et al. (2010),
the changes in wave heights were in the range of -5 percent to +15 percent between the
present wave climate and the projected wave climate for 2100.
The expected changes in storm intensity in the Mori et al. (2010) study are in the
same range as those discussed in a recent summary by Knutson et al. (2010). Knutson
et al. (2010) examined the results of several recent studies and concluded that globally
averaged tropical cyclone wind intensity is likely to increase with a projected range of 2
to 11 percent by 2100 among the different models (A1B scenario). Knutson et al. (2010)
also concluded that global tropical cyclone frequency will either remain unchanged or
decrease somewhat, by 6 to 34 percent, with future global warming by 2100. This range
of potential changes in intensity and frequency, along with difficulties in the resolution
of tropical systems for wave generation and early results that indicate that changes in
tropically-generated wave climate may exhibit significant geographic variations make
generalizations about potential impacts of climate variability on tropically-generated
waves difficult to draw at present.
Impacts
If wave climates increase in the future, coastal infrastructure will come under increased
risk to damage and inundation with impacted sectors including transportation and navigation; coastal engineering structures such as seawalls, riprap, and jetties; flood control
and prevention structures; water supply and waste and storm water systems; and recreation, travel, and hospitality. Due to the dependence of wave runup, and therefore
total water levels, on offshore wave characteristics, an increasing wave climate can significantly alter the frequency of flooding and erosion events along coastlines. Volumetric sediment transport rates are often formulated as nonlinear functions of wave height
(Komar, 1998) and therefore small increases in wave heights can have impacts on transport rates, gradients in transport rates, and resulting morphological changes. Slott et al.
(2006) found that moderate shifts in storminess patterns and the subsequent effect on
wave climates could increase the rate at which shorelines recede or accrete to as much
as several times the recent historical rate of shoreline change. On complex-shaped coastlines, including cuspate-cape and spit coastlines, they found that the alongshore variation in shoreline retreat rates could be an order of magnitude higher than the baseline
retreat rate expected from sea-level rise alone over the coming century. Working on a
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straight sandy coastline, Ruggiero et al. (2010b) applied a deterministic one-line shoreline change model in a quasi-probabilistic manner to test the effects of both wave climate
and sediment supply variability on decadal-scale hindcasts and forecasts. Although
their modeling exercises indicated that shoreline change is most sensitive to changes in
wave direction, the effect of an increasingly intense future wave climate had significant
impacts on erosion estimates.
However, at present we do not conclusively understand the climate controls on
changing patterns of storminess and wave heights and therefore have relatively low confidence in our ability to project future trends in coastal storm impacts. For example, the
magnitude and frequency of major El Niños has significant implications, but at this time
we are unable to assess whether or not these will increase in the future due to climate
change. Given the importance of waves along U.S. coastlines for essentially all planning
and design considerations, more studies are needed to quantify these effects.
Ocean Circulation
Our understanding of the role of climate change in changing patterns of ocean circulation is relatively uncertain. Most studies to date have centered on the Atlantic basin
because this is where ice melt in Greenland most directly affects key elements of the
circulation. In this basin, the thermohaline circulation (THC) is manifested primarily
through the meridional overturning circulation (MOC). Few direct measurements of the
MOC exist, so quantifying the characteristics of its natural low-frequency variation is
difficult. Instead, much of the variation is inferred from either indirect linkages to ocean
temperature patterns, expected variations in stratification related to fresh water from
ice melt, and coupled models of the atmosphere-ocean system (Latif et al., 2005). Using reconstructed sea surface temperature datasets and century-long ocean and atmosphere reanalysis products, Wu et al. (2012) recently found that the post-1900 surface
ocean warming rate over the path of subtropical western boundary currents, including
the Gulf Stream, is two to three times faster than the global mean surface ocean warming rate. The accelerated warming is associated with a synchronous poleward shift and/
or intensification of global subtropical western boundary currents in conjunction with a
systematic change in winds over both hemispheres. Wu et al. (2012) speculate that this
enhanced warming may reduce the ability of the oceans to absorb anthropogenic carbon
dioxide over these regions.
Increased freshwater inflows due to projections of Greenland Ice Sheet melting are
expected to decrease the strength of the MOC due to changes in ocean salinity and temperature; however, as pointed out by Hu et al. (2009, 2011) the impact of this weakening
will likely not significantly alter the strength of the MOC this century. Overall, these
studies suggest that the combined effects of sea level due to both steric density changes
and ocean dynamics might be significant in some regions of the world. The Hu et al.
results are relatively consistent with the predictions of Yin et al. (2009) that indicate that
the overall impact of steric and dynamic components of the ocean circulation on sea
level might be in the range of 15-21 centimeters by the end of this century. However, as
pointed out by Toggweiler and Russell (2008), the role of wind forcing on ocean circulation appears to be somewhat inconsistent with the historical observations, and because
much of the ocean circulation is related directly or indirectly to wind forcing, resolving
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this difference in understanding the quantitative value of the current model predictions
is important.

2.5 Relative Vulnerability of Coasts
The key factors governing the relative vulnerability of U.S. coastal regions include the
physical setting of specific areas, including their geology, geomorphology, and oceanographic characteristics, and the relevant climate and non-climate drivers. The coastline
of the U.S. and its territories is highly diverse, ranging from arctic permafrost cliffs to
mid-latitude barrier islands to low-lying tropical atolls. The broad geographic distribution of U.S. and territorial coastal environments also means that climate and non-climate
change drivers are similarly diverse, varying in form and magnitude at regional scales.
Assessing coastal vulnerability in this context is challenging because of the many factors
involved. Understanding how the coast will change in the future requires knowledge of
physical, chemical, biological, and social processes that describe landscape and habitat
changes and of societal adaptation abilities. Coastal vulnerability assessments thus require a multidisciplinary approach that evaluates the joint probability of a wide variety
of global change impacts and societal responses; however, current vulnerability assessments typically focus on only one variable such as elevation or rate of shoreline change.
Physical Setting
A number of studies have classified the physical setting of the U.S. coastal zone for purposes of developing vulnerability assessments (Gornitz, 1990, 1991; Shaw et al., 1998;
Thieler & Hammar-Klose, 1999, 2000a, b). Variables such as geology, geomorphology, elevation, shoreline change rate, sea-level rise rate, and wave and tide regime among other factors are used to describe the coast according to increasing vulnerability to change
due to sea-level rise. A simple mathematical formula relates the different variables and
is used to calculate an index value. This method combines estimates of the coastal system’s susceptibility to change with its natural ability to adapt to changing environmental conditions, yielding an objective, quantitative measure of the system’s vulnerability
to sea-level rise. This approach has been applied to a number of locations worldwide;
some applications include the addition of societal data and location-specific physical
variables (Aboudha & Woodroffe, 2010; Boruff et al., 2005; Ozyurt & Ergin, 2010; Pendleton et al., 2010).
Climate and Non-Climate Drivers
Coastal change is driven by a number of important factors (Table 2-3) that affect the
landscape as well as biological systems such as wetlands and coral reefs. The climate
drivers will have a non-uniform spatial and temporal influence across the U.S. and its
territories. For example, the location of future ice-sheet melting (e.g., Greenland vs. Antarctica) will affect the gravitational distribution of water in the oceans, such that some
areas far from the meltwater source will experience greater sea-level rise (Bamber et al.,
2009; Mitrovica et al., 2009; Riva et al., 2010). Regional variations in ocean warming and
circulation may also enhance or reduce the amount of sea-level rise along the coast (Hu
et al., 2008; Yin et al., 2009). Other climate drivers such as CO2 concentration may change
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the rate at which coastal wetlands and coral reefs can accrete (Hoegh-Guldberg et al.,
2007; Langley et al., 2009).
Non-climate drivers (Table 2-3) will have largely regional effects. For example, dam
construction in the Mississippi River basin has reduced sediment loads such that the
Mississippi delta may experience significant future land loss (Blum & Roberts, 2009).
Near-instantaneous events such as earthquakes can result in a meter or more of vertical
land movement and associated shoreline displacement (Peterson et al., 2000).

Table 2-3: Climate and non-climate drivers of coastal change
Climate Drivers

Non-Climate Drivers

Sea level change
• Waves and Currents
• Winds
• Storminess (frequency, intensity,
track)
Atmospheric CO2 Concentration
Atmospheric Temperature
Water Properties (temperature, pH,
turbidity, salinity)
Sediment Supply
Groundwater Availability

Tides
Vertical Land Movement (tectonic, glacial
isostatic, sediment compaction, fluid
withdrawal)
Coseismic Uplift or Subsidence
Tsunami
Human Development and Management
Actions

Assessment Results
Most current global and U.S.-based coastal vulnerability assessments have focused on
sea-level rise (Nicholls et al., 2007). Initial assessments of the relative vulnerability of U.S.
coastal environments to future sea-level rise (Gornitz, 1990; Thieler & Hammar-Klose,
1999, 2000a, b) were based on index values determined from coastal characteristics and
did not explicitly incorporate future sea-level change or other climate and non-climate
drivers. More recently, as large and consistent datasets have become available, assessments have focused on coastal elevations relative to potential future sea-level rise (Weiss
et al., 2011; Figure 2-12). Knowles (2010) used both elevation data and a model of hydrodynamic forcing to assess potential future inundation in the San Francisco Bay region;
however, a number of limitations of the simple-inundation approach should be noted,
including lack of vertical accuracy in coastal elevation data and inability to distinguish
locations where inundation will not be the principal response to sea-level rise (Gesch,
2009; Gesch et al., 2009; Knowles, 2010; Weiss et al., 2010).
Vulnerability assessments of coastal environments such as cliffed coasts are not currently widespread, but the data and modeling frameworks exist to develop future assessments (Ashton et al., 2011; Hampton & Griggs, 2004; Hapke & Plant, 2010). Recent work
(Gutierrez et al., 2011; Figures 2-8 and 2-9) has sought to present coastal vulnerability
assessment in a probabilistic fashion. This approach takes advantage of the uncertainty
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in input data and outcomes and uses descriptive terminology that is familiar to coastal
managers. Such an approach could also be extended to include multiple stressors.
Vulnerability assessment for climate change decision making is an emerging discipline (USGCRP, 2011). To improve these assessments in the coastal zone, multiple factors need to be incorporated so that potential outcomes can be examined in a holistic
framework (Nicholls et al., 2008). The vulnerability of a specific location, ecosystem, or
community to climate change impacts is determined by a mix of environmental, social,
economic, and other non-climate factors that influence its overall exposure and adaptive capacity (NSTC, 2005; Marra et al., 2007); however, current vulnerability assessments typically fail to meet this goal (Harvey & Woodroffe, 2008). For the most part,
they focus on only one exposure element such as elevation or rate of shoreline change.
Sensitivity and adaptive capacity are often explored in similarly isolated ways (Hinkel,

Figure 2-8. Coastal elevation analysis for the U.S. Pacific coast, showing areas within 1-6 meters
of NAVD88. Source: Weiss et al., 2011; http://dx.doi.org/10.1007/s10584-011-0024-x, Supplemental
Figure 2.
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Figure 2-9 Example of a vulnerability assessment for shoreline change due to sea-level rise. Maps of
the U.S. Atlantic coast show (a) the posterior probability of shoreline change <–1 meter/year and (b) the
maximum posterior probability for each location. The probabilities are color-coded and labeled using
IPCC likelihood terminology that is familiar to coastal managers. Source: Gutierrez et al., 2011; http://
dx.doi.org/10.1029/2010JF001891, Figure 10.

2011; Swaney et al., 2012). For example, some locations may not experience direct physical effects such as coastal erosion but may experience changes in ecosystem services
or resource availability that impact coastal management decisions (Doney et al., 2012;
Hinkel, 2011).

2.6 Changes in Precipitation Patterns
Evidence is mounting regarding existing trends in and projections for increases in
heavy precipitation in some coastal areas particularly the northeastern U.S. that is consistent with an ongoing intensification of the hydrologic cycle. Climate change involves
many changes to the physical environment that affect coastal systems as noted in earlier
sections of this chapter. Changes in precipitation patterns include seasonal and annual
amounts, intensity (millimeters/hour), frequency, storm duration, severity and duration
of droughts, variability, locations of storm tracks, and the occurrence of major storms
such as hurricanes. Changes in precipitation patterns in turn can affect runoff, flooding,
erosion, sedimentation, water quality, vegetation, navigation, and many other processes
and factors important to the sustainability of coastal ecosystems and human health.
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Intensification of the Hydrologic Cycle
One of the primary drivers for ongoing and expected future changes in precipitation
patterns is a warming-induced intensification of the hydrologic cycle (Held & Soden,
2006; Trenberth, 1999). Intensification of the hydrologic cycle is a consequence warmer
air holding more moisture following the Clausius-Clapeyron relation (see Figure 2-10
and Box 2-1). Evidence has been reported for an ongoing intensification of the hydrologic cycle based on the observational record on a global basis (Giorgi et al., 2011; Huntington, 2006, 2010; Rawlins et al., 2010; Syed et al., 2010; Wentz et al., 2007). Intensification
of the hydrologic cycle heightens the likelihood that the rates of evapotranspiration and
precipitation will both increase on a global scale; however, wet areas are likely to get
wetter and drier areas may get drier (Trenberth, 2011).
One concern relating to climate change impacts is the resiliency of a system under
changes in weather forcings. Two types of climate change forcings are of importance
in examining the resiliency of a system. The first is examining the ability of the system
to endure or adapt given long term gradual trends. As the more likely precipitation
return period events slowly change, study is required to determine whether the hydrologic/ecologic/anthropogenic system is able to cope and maintain its identity or whether
opportunistic actors external to the system are able to invade and change the system.
The second climate change effect lies in the ability of the system to cope with extreme

Figure 2-10 Linear trends in annual
total precipitation amount over the
20th century at 643 stations across
the USA, where the trend magnitude
and significance is computed using
(a) Kendall’s tau statistic and (b)
bootstrapping of the OLSR residuals.
The changes are expressed as a
change in percent per decade. In each
frame, the diameter of the symbol
scales linearly with the magnitude
of the trend. If the symbol is a filled
blue dot, the trend is positive; if it is
a red circle, the trend is negative; a
grey cross is shown, if the trend is
not statistically significant at the 90th
confidence level. Source: Pryor et al.,
2009.
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Box 2-1
The Clausius-Clapeyron Relation
The Clausius-Clapeyron relation is a basic physical
law that characterizes the transition between two
given phases of matter, which, in this context, is
the transition between water vapor and liquid
water. As a consequence of this relation, the waterholding capacity of Earth’s atmosphere increases
by about 7 percent° C-1 increase in air temperature
(Held & Soden, 2000). In other words, warmer air
holds more water; thus, more moisture is available
to supply heavier and longer-lasting precipitation
events (Kundzewicz et al., 2007). However, the

actual sensitivity of the relation, or how the “real
world” will respond to warming, is uncertain
because of energy limitations (Allen & Ingram,
2001). In addition to the obvious implications for
increasing storm intensity two other important
consequences should be noted: (1) amplification
of warming through the water vapor feedback,
and (2) increases in heat stress due to increases in
specific humidity.

events. Extreme events can precipitate sudden and significant change in fundamental physical processes that promulgate throughout the system. Groundwater impacts
to drought are an example of this effect studied by Peterson and colleagues (2009)
who found that a significant enough drought period could fundamentally change
a stable groundwater level enough such that plant communities dependent upon
the groundwater would not be able to adapt or survive. These two modes of climate
change impacts bear significance on all aspects of the anthropogenic and ecologic
uses of water.
Changes in Precipitation Amount
The use of different metrics to describe “extreme” precipitation and analyses over
different time periods and different criteria for including or excluding individual
station data complicates an assessment of regional trends and comparisons among
studies. Pryor et al. (2009) analyzed the spatial coherence of changes in annual and
extreme precipitation patterns across the U.S. over the 20th century. The results show
that changes in precipitation patterns vary both at the regional scale and the state
scale. General trends shown from the analysis are that annual total precipitation,
number of precipitation days, and extreme event precipitation amounts are increasing in the coastal areas of the Great Lakes, the Texas/Louisiana coast, and, to a lesser
extent, in northern California/Oregon/Washington and in the New England states.
The southeast region generally had relatively stable precipitation statistics. Douglas
and Fairbank (2011) analyzed trend in extreme precipitation in New England and
found evidence for a trend towards increasing maximum annual precipitation in
a 24-hour period from 1970 to 2008 at some stations, especially in coastal areas of
southern New England. Douglas and Fairbank compared the 100-year precipitation
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depth quantiles for the 1954-2005 record with NOAA’s Technical Paper No. 40 (NOAA,
1961) 100-year, 24-hour precipitation values. Estimates for stations along coastal Massachusetts, New Hampshire, and Maine all exceeded 7 inches and exceeded TP-40 by 1
inch or more. These findings indicate that TP-40 under represents coastal-storm depths.
Observed long-term trends in annual precipitation amounts in coastal areas of the
U.S. are quite variable. Generally, between 1958 and 2007, increases were observed in
California, the northeastern states, the Great Lakes, the Gulf Coast of Texas, and Louisiana, and decreases were observed in the Pacific Northwest and in the southeastern
U.S. (GCCI, 2009). Hodgkins and Dudley (2007) reported increases in precipitation and
runoff in the Great Lakes Basin during 1915 to 2004. In 1958-2007, the largest increases
in heavy precipitation occurred in the northeastern states and surrounding the Great
Lakes (GCCI, 2009). Significant increases in heavy daily precipitation above the 99.7th
percentile during 1908 to 2000 on an annual basis occurred in the Great Lakes region and
the Gulf of Mexico coastal regions throughout Texas to Louisiana and in the winter in
the northeastern states (Groisman et al., 2004). Increases in extreme rainfall in the Great
Lakes regions also were reported by Kling et al. (2003) for the period of 1931 to 1996.
Changes in precipitation amount annually and seasonally will influence stream and
river runoff as well as the potential for flooding and drought. Changes in the volume,
timing, and quality of available water may increase the vulnerability of water supplies
and water quality (Aggarwal & Singh, 2010; Buonaiuto et al., 2010; Delpla et al., 2009;
Park et al., 2010; Whitehead et al., 2009). Increasing runoff can reduce salinity in estuaries and the near-coastal ocean, which, when coupled with warmer surface water,
increases the difference in density between surface and bottom waters, thus preventing
the replacement of oxygen in the deeper waters (GCCI, 2009).
Extreme precipitation events can have many impacts on the integrity of coastal wetland systems, including direct effects on vegetation that have indirect effects on wetland
geomorphology by affecting stability of soils and the erosion, transport, and deposition
of sediments (Cahoon, 2006). Extreme precipitation can cause local rivers to jump their
channels and carve new channels through the upland, mobilizing millions of tons of
sediment that are deposited in downstream wetlands, which occurred in the Tijuana
River during the 1993 El Niño storm in southern California (Cahoon et al., 1996).
Late 21st century projections of precipitation changes for the winter and summer
seasons from the CMIP3 models are shown in the IPCC AR4 (see Fig. 10.9 and TS.30 of
the Working Group I report). Those results suggest that making confident projections of
regional precipitation changes over the U.S. is difficult. The most robust global changes
include a tendency for increased precipitation in high latitudes and decreased precipitation in many parts of the subtropical dry zones around the globe. On the other hand, the
continental U.S. tends to lie between these two broad zones, leading to lower confidence
in precipitation projections than for some other regions around the globe. The highest
level of model agreement for the U.S. is the projection of an increase in precipitation
in the Alaska region. Washington and Oregon lie in a relatively small region of high
inter-model agreement on reduced summertime precipitation. Most of the CMIP3 models project increased winter precipitation along the Northeast coastal regions of the U.S.
In a recent study of the Great Lakes region, climate model projections indicated
increases in winter and spring precipitation of up to 20 percent under lower and 30
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percent under higher emissions scenarios by the end of the 21st century, while projections for summer and fall were inconsistent. Competing effects of shifting precipitation
and warmer temperatures suggested little change in Great Lake levels over much of the
century until the end of the century, when net decreases were projected under higher
emissions (Hayhoe et al., 2010).
Increasing Variability in Precipitation
An increase in the spatial and temporal variability and the amount of precipitation will
result in major challenges for water resource managers. Most water resource management infrastructure and planning is based on assumptions of stationarity and the concept that historical variability in precipitation can be used to predict future variability
in the design and management of water systems (Milly et al., 2008). If climate change
is accompanied by substantial changes in the variability of precipitation as is projected
(Bates et al., 2008; Gutowski et al., 2008), water resource availability will be affected unless resource managers develop adaption plans that can accommodate such changes.
The historical record suggests that variability is increasing (Madsen & Figdor, 2007;
Medvigy & Beaulieu, 2012; Tebaldi et al., 2006). Pryor et al. (2009) analyzed eight metrics of precipitation in century-long records throughout the contiguous U.S. and found
that statistically significant trends generally indicated increases in the intensity of events
above the 95th percentile. Medvigy and Beaulieu (2012) reported changes between 1997
and 2007 in variability in daily precipitation amount for some U.S. regions. Increases
in variability were reported for coastal New England, Washington state, Hawaii, and
most of coastal Alaska, and decreases were reported for parts of southeastern and southwestern continental U.S. Studies indicate medium high confidence in the range of 67 to
90 percent probability that variability in the amount, intensity, and spatial distribution
of precipitation, especially in extreme weather events will increase in the 21st century
(Bates et al., 2008; Gutowski et al., 2008).
Changes in Ratio of Snow to Total Precipitation
Studies show that the ratio of snow to total precipitation has decreased in the northeastern U.S. (Huntington et al., 2004), northwestern U.S. (Knowles et al., 2006), and in the
Alaskan Arctic region (Screen & Simmonds, 2011). These changes have implications for
the timing and volume of spring runoff during the snowmelt period.
Changes in Precipitation in Coastal Alaska
Sparse historical records for total precipitation indicate that trends in Alaska vary by
region and time period but do not show major trends in total annual amounts as have
been reported over many areas of the contiguous U.S. (GCCI, 2009; Kunkel et al., 2008;
Muskett & Romanovsky, 2011). Arctic regions have experienced decreases in snowfall
amounts in recent decades (Derksen & Brown, 2011) and decreases in the fraction of
total precipitation occurring as snow (Screen & Simmonds, 2011). Mixed results have
been reported for changes in frequency of heavy precipitation events in Alaska; however, more increasing trends have appeared since 1980, especially in southern Alaska
(Stewart, 2011). Climate projections for Alaska indicate high confidence in increasing
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precipitation and increasing frequency of heavy precipitation (IPCC AR4 WGII, 2007;
IPCC, 2011). Changes in precipitation regime could influence permafrost temperature,
which has generally been increasing in Alaska (Derksen & Brown, 2011; Osterkamp,
2007; Smith et al., 2010), thus affecting soil water content (Muskett & Romanovsky, 2011)
and presumably the stability of permafrost in coastal regions (Buonaiuto et al., 2010).
Changes in Storm Tracks
According to the recently released summary of the IPCC report on extreme events
(IPCC, 2011: pg. 5), “It is likely that there has been a poleward shift in the main Northern
and Southern Hemisphere extra-tropical storm tracks.” As a result, some regions will experience increased or decreased storm frequency due to the poleward shift of the tracks.
According to a recent assessment report on tropical cyclones and climate change (Knutson et al., 2010: pg. 2), there is “low confidence in projected changes in tropical cyclone
genesis location, tracks, duration, and areas of impact.” Existing model projections do
not show dramatic large-scale changes in these features.
Droughts
An increase in the proportion of land area in drought since the 1970s is reported by
Burke et al. (2006). Dai et al. (2004) reported increases in the area in both drought and
wet areas in the conterminous U.S. Trends are highly variable among regions and are
attributed to both ENSO-induced decreases in precipitation and to warming-induced increases in evaporation. The changes are consistent with increasing risk of more frequent
and more intense drought over some regions (Dai et al., 2004). During 1967 to 2006, the
mean duration of prolonged dry episodes, 1 month or longer in the eastern U.S. and
2 months or longer in the southwestern U.S., has significantly increased (Groisman &
Knight, 2008). Increasing drought in some coastal areas could lead to water shortages
and soil moisture deficits, called agricultural drought, leading to reduced crop yield,
greater risk of wildfire, and greater susceptibility to some pests (Hatfield et al., 2008).
In some regions drought will likely be compounded by higher rates of evapotranspiration, which could result in increased groundwater withdrawals because of higher water
demands (Hatfield et al., 2008). Cumulatively, these climatic changes, sea-level rise, and
human adaptations could result in depletion of coastal aquifers and saltwater intrusion
(Conrads et al., 2010).
Heavy Rainfall and Floods
Climate change has the potential to substantially affect risk of flooding and associated
impacts to human health, infrastructure, and agriculture. Coastal U.S. cities have far
lower populations at risk than cities in Southeast Asia, but New York and Miami rank
highly in assets exposed to risks from storm and flood damage (Hanson et al., 2011).
Floods can cause population- and community-level changes in ecosystems superimposed on a background of more gradual trends (Thibault & Brown, 2008). Saltmarshes,
mangroves, and coral reefs are expected to be particularly vulnerable to impacts of extreme events associated with major coastal storms (Bertness & Ewanchuk, 2002; Fischlin
et al., 2007; Hughes et al., 2003). Heavier rainfall, combined with sea-level rise and storm
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surge, is expected to substantially increase the frequency of flooding in major metropolitan areas in the U.S. northeast in the 21st century (Kirschen et al., 2008) and in California
(Moser & Tribbia, 2006).
Flooding and erosion are significant problems for many Native American villages in
Alaska from the combined effects of sea-level rise, loss of protective sea ice (ACIA, 2005;
Polyak et al., 2009), major storms, heavy inland rainfall that causes rivers to flood downstream, and accelerated melting of snow and ice (GAO, 2003, 2009).

2.7 Temperature Change Impacts with a Focus on Alaska
Temperature Trends
In Alaska, temperature increases melt permafrost and sea ice, which will exacerbate accelerating coastal erosion rates, especially on the North and West Coast.
Temperature increases affect coasts due to sea-level rise associated with ocean thermal expansion and terrestrial ice melt (see section 2.2). In addition to multi-year trends,
water temperature variations occur seasonally. Changes can be small and difficult to
detect (Willis et al., 2008), but they do contribute to overall coastal water level and, when
combined with other factors, could contribute to increased water levels. Biological activity (section 3.1) in coastal regions is likely to be adversely affected by temperature
increases (Vaquer-Sunyer & Duarte, 2011). When combined with other stressors, coastal
marine productivity could become increasingly threatened.
Much of the ocean off of the U.S. West Coast is an upwelling zone. The eastern Pacific Ocean circulation is manifested in this region as the southward-flowing California
current. The southward movement of an ocean current along a western coastal margin
results in surface waters moving away from the coast, which draws cool water up from
deeper waters. Altering the strength of the ocean circulation will alter the upwelling
regime; this linkage to atmospheric circulation represents the primary mechanism for
altering West Coast ocean temperature. Currently, the response of this circulation regime to projected climate forcing is not well known. For most West Coast areas, data
suggest no change or a decrease in sea surface temperatures, measured by season. Only
in southern California are increasing trends observed, and only during the strongest
season, autumn, and the weaker season, winter (Pardo et al., 2011); however, decreasing
coastal ocean temperatures could result in decreased regional precipitation by reducing
evaporation and, in the same manner as a temperature increase, could act to stress the
marine biota. At the same time, a cooler ocean surface could act to reduce the intensity of
coastal storms. Finally, cooler waters could also lead to an increase in the occurrence of
fog, which impacts the transportation sector.
The nearshore waters of the U.S. Atlantic and Gulf of Mexico coasts are much warmer
waters than the waters of the U.S. West Coast. Like the West Coast, ocean temperatures
along the U.S. East Coast are largely a function of ocean circulation patterns, in this case,
the Gulf Stream. In the Atlantic, a primary response to a change in ocean temperatures
is a change in hurricane formation and trajectory. Warmer waters favor hurricane formation, longevity, and power, but recent work suggests that atmospheric responses to
warm waters of the “Atlantic Warm Pool,” which include the Gulf of Mexico, Caribbean
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Sea and western tropical North Atlantic, can act to steer hurricanes farther to the east,
away from land (Wang et al., 2011). Increased temperatures in the Atlantic Warm Pool,
although possibly causing a reduction in U.S. landfalling hurricane activity, could increase the potential strength and precipitation amounts from winter/spring “bombs,”
which are powerful storms that move up the Eastern Seaboard, and could result in
stronger lines of late winter/spring lines of tornado-bearing storms. One un-published
investigation does suggest an increase in early-season tornados (Burnett et al., 2008).
Other work suggests a potential increase in atmospheric convective conditions that favor severe storm outbreak under “business as usual” future climates (van Klooster &
Roebber, 2009), a response that would depend in large part on warming coastal waters.
Rise in temperature can benefit some organisms. For example, mangrove forests,
important to coastal fisheries and providing coastline stabilization and inundation reduction functions, generally thrive with higher temperatures and can respond to sealevel rise by migrating inland. However, this comes at the expense of inland freshwater
marshes such as those found in Florida. Furthermore, where human responses include
sea walls to limit marine encroachment, mangroves, deprived of a region to retreat into,
will be squeezed out.

Figure 2-11 Damaged
infrastructure in an Alaskan
coastal community. This
represents the juxtaposition
of problems caused by
increasing temperatures:
permafrost melt destabilizing
the ground combined with
increased water temperature
that reduces protective ice
cover and allows waves to
melt the base of permafrost
bluffs and increase coastal
erosion. Photo by Ned
Rozell, Geophysical Institute/
University of Alaska Fairbanks.

Northern Coastal Response
Arguably, the most immediate impacts arising from temperature change are being felt
along the coastlines of Alaska. Alaska coasts represent important locations along which
isolated communities, sensitive habitats, and industrial operations are situated. Various
types of coastline are found here: the rocky coasts with pocket beaches of the panhandle,
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South Coast, and Aleutians; eroding bluffs along the West and North Coasts; wide, flat
deltas in many areas; and barrier island chains. A key distinction of the Alaska coasts is
the presence of ice, both in the ground as permafrost and on the ocean as sea ice. This is
unique among U.S. coastal systems.
Accordingly, the primary driver of environmental change in Alaska is temperature.
Ice makes northern regions particularly susceptible to temperature change; for example,
an increase of two degrees Celsius could take a system from frozen to unfrozen with
extensive implications. This is not the case for coastal regimes anywhere else in the U.S.
and represents a major additional stressor in addition to sea-level rise, waves, and storm
surge.
Earlier work (Serreze et al., 2000; Polyakov et al., 2003) established a 20th century
temperature increase in the Alaska region, and recent work by various authors (Lopezde-Lacalle, 2011; Shulski, 2010; Wendler & Shulski, 2009; Wendler et al., 2010) has reinforced these findings. The second U.S. National Assessment (Karl et al., 2009) concluded
that the Alaska region has warmed at twice the rate of the lower 48; over the last 50
years, mean annual air temperature in Alaska has increased by 3.4°C. Winter and Spring
have experienced the largest increases in air temperature: approximately 6.3°C in the
last 50 years, which is almost twice the rate of the average annual increase.
Increasing temperature affects ice-dominated systems in Alaska, including glaciers,
sea ice, snow cover, and permafrost. Arendt et al. (2009) considered regional impacts on
Alaska glaciers; most are losing mass due largely to summer temperature increase that is
more apparent at higher elevations. In other words, the freezing line is higher up on the
mountains, which causes greater melt at lower elevations.
Another important measure of change for Alaska is ground temperature and snow
cover. When frozen, permafrost is stable and strong. When thawed, it can have the consistency of thick soup and retains virtually no strength; it can also cause a lowering of
the land surface. Weakened coastal sediments are much more susceptible to erosion,
and a lower land surface is more susceptible to inundation by storm surge. Changes in
snow cover can affect ground temperatures and sea-ice formation. One implication of
weakened permafrost surfaces and changes to snow cover are impacts on tundra travel.
Atkinson (2005) indicated a general increase in circum-Arctic coastal-storm activity
generated largely due to a major atmospheric circulation shift that occurred in the mid1970s. A reduced sea-ice cover will result in increased potential for storm damage due
to surge and erosion, which is further detailed below. Storms also exert an impact on
temperature via advection; that is, their strong winds can move warm or cold air over
a region. A particularly strong coastal storm in 2000 caused widespread decreases in
ground temperatures in the North Slope region (Atkinson & Hinzman, 2008).
Coastal impacts, including erosion and damage to infrastructure, are strongly dependent upon coastal sea ice, which can both amplify or mitigate damage depending on
the processes at work. Ice driven onshore by winds or currents can bulldoze shore sediments or damage structures (Christensen, 1994). Shore-fast ice frozen onto structures
can cause considerable damage during surges or break-out events (Atkinson et al., 2011).
Also, by entraining sea-floor sediments, sea ice is a highly effective erosion and transport agent (Are et al., 2008). Recent reductions in Arctic sea-ice extent and thickness may
result in substantial increases in the amount of material removed from the coastal zone
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by sea ice (Eicken et al., 2005). Such ice-mediated export of nearshore sediments also
plays a role in enhancing the impacts of wave action that drives erosion and thawing of
coastal permafrost, amplified by recent changes in the length of the open water season
(Overeem et al., 2011). At the same time, formation of nearshore ice well in advance of
the appearance of the ice pack can provide protection to the coastline through the formation of ice berms in the surf zone (Atkinson, 2011). The complicated interplay between
these different factors that serve to amplify or dampen the effects of climate change on
ice action in the nearshore zone is at present not well understood. For the entire Arctic
region, sea-ice area and thickness are decreasing, with summer ice-extent reductions on
the order of 12 percent per decade for the past three decades (Stroeve et al., 2011). At
present, projections from climate models suggest that the Arctic Ocean may be ice-free
during summer by about 2040 (Wang & Overland, 2009). However, even a substantially
reduced summer ice cover will have major implications for all the processes discussed
above.
An important feature of northern ecosystems is their capacity to store large quantities of methane and carbon dioxide in the frozen ground of the tundra, boreal forest,
and near-coastal regions. Methane emission in the Arctic is dependent, in part, on the
changes in area of wetland and lakes in the North Slope of Alaska during the snow-free
season. Ground thaw due to climate warming will increase the formation of thaw-induced wetlands, enhancing release of greenhouse gases, which will exacerbate existing
global warming trends. Current Arctic contributions to global methane emissions are
small, however recent increasing trends have been noted (Bloom et al., 2010). Methane
emission had been thought to be a warm-season phenomenon in the Arctic because atmospheric methane is unusually oxidized in the soil during winter season; however, recent field measurements indicate that tussock tundra, which covers more than 6 million
square kilometres of the Northern Hemisphere, is an unexpected winter methane source
in tundra and boreal forest ecozones (Kim et al., 2007). This indicates winter methane
emission should not be overlooked in estimation of regional or global methane budgets.
Finally, large reserves of methane are found in nearshore permafrost (Shakhova et al.,
2008), which is susceptible to disturbance if coastal temperatures warm; Siberian field
data suggests strong methane release in the near-coastal marine region (Shakhova and
Semiletov, 2007).
Impact of Climate Change on Coastal Processes
Coastal processes and erosion in Arctic settings differ from coastal processes in sub-arctic settings in that both thermal and mechanical processes are important. In the Arctic,
coastal sediments are normally locked in place by ice, and thawing of the ice is necessary
before mechanical processes such as waves, currents, and wind can transport the sediments. As well, shore fast, bottom fast, and sea ice often protect the coastal zone from
wave action. For example, coastal villages on the Chukchi Sea such as Shishmarev and
Kivalina were historically protected from the brunt of large late-fall storms due to the
presence of nearshore and sea ice, but these villages have been subject in the last decade
to the full brunt of these storm waves and surge flooding due to diminished sea-ice coverage in the late fall.
Two process sequences are responsible for much of the coastal erosion in Arctic
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Alaska: (1) niche erosion followed by block collapse and (2) thaw slumping. The term
“niche erosion” refers to the cutting of a niche at the base of the coastal bluff. Niche erosion/block collapse is a four-process sequence (Figure 2-12).

Figure 2-12 Conceptual model of the processes
responsible for niche-erosion/block-collapse in
Arctic Alaska. Source: Ravens et al., 2012.

Storms raise water levels and allow the sea to directly contact the base of the bluff.
Waves and currents thermally and mechanically erode a niche at the base of the bluff.
The niche grows until the overburden exceeds the bluff strength and block collapse results. The fallen block is then eroded thermally and mechanically by waves and currents. Niche erosion/block collapse is the dominant erosion mechanism in locations
dominated by coastal bluffs. Beach survey measurements (Jones et al., 2009a, b; Mars &
Houseknecht, 2007) and modeling (Ravens et al., 2012) have documented the rapid and
accelerating coastal retreat in locations where this erosion sequence is dominant. Ravens et al. (2012) indicate that the main driver in the acceleration of erosion is increasing
nearshore water temperature, which weakens the permafrost sediments. Recent observations have shown significant erosion even in the absence of storms.
Thaw slumping is predominant in coastal bluffs with significant coarse material. The
term “thaw slumping” refers to the slumping or sloughing of the bluff face following
thaw due to radiation or convective heating. Bluff thaw slumping is the predominant
erosion mechanism in locations with significant coarse material such as Barter Island in
the Beaufort Sea. Bluff erosion in these areas leaves a significant lag deposit that heightens the beach before the bluff and reduces the frequency of niche erosion.
Three main aspects of climate change in Arctic Alaska directly affect coastal erosion:
1) increased temporal and spatial extent of open water and reduced sea ice concentrations, 2) increased water temperatures, and 3) increased air temperatures. The niche erosion/block collapse sequence will accelerate due to factors 1, 2, and 3. Increased water
temperature, increased wave height due to more open water, and increased temporal
extent of open water (factors 1 and 2) will intensify and prolong the niche erosion process. Also, these process changes along with increasing air temperatures (factor 3) will
accelerate the erosion of fallen blocks. Hence, continued increasing erosion rates due to
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niche erosion/block collapse are expected. Thaw slumping will also accelerate due to
warming of the atmosphere (factor 3), but this process would not be directly changed by
oceanic changes.
A final Arctic coastal process that appears to be affected by climate change is the
migration of barrier islands in the Alaska Beaufort Sea in the Arctic Ocean. In the past,
these barrier islands have been observed to migrate westward due to the predominant
eastern winds and waves. Ravens and Lee (2007) provide evidence that the western end
of one of these islands, Narwhal Island, is migrating at an accelerating rate. According
to GIS analysis and GPS surveys, between 1955 and 1990, the western end of the island
moved at about 5 meters/year. However, in the last two decades between 1990 and 2007,
it has moved at 25 meters/year on average.
The recently published IPCC Special Report on Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation “Report for Policy Makers” (IPCC, 2012) indicates that temperature increases and increased variability, including greater potential for extremes, will continue to be strong for coastal regions. This
IPCC result is based on an average of results from a series of climate projection models
operated by different research groups and represents the benchmark for assessing what
is likely to occur with continued climate warming.
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Vulnerability and Impacts on Natural
Resources
Key Findings
ff Multiple stressors interact at the coast, which directly impacts natural resources.
The responses of natural coastal systems to climate change are complex and
subject to nonlinear changes and tipping points. Many of these responses
are heavily influenced by the way they are linked with human systems. High
Confidence.
ff Wetland ecosystems are vulnerable to relative rise in water levels and projected
increases in storm activity in zones of significant human use. High Confidence.
ff Mangrove range will expand as minimum temperatures increase. High
Confidence.
ff Coastal forests will tend to migrate upslope and poleward where they are able to
keep pace with changing habitat conditions. High Confidence.
ff The structure and functioning of estuary and coastal lagoon systems will change
with alterations in habitat suitability and the timing of long-standing processes.
High Confidence.
ff Dynamic barrier island landscapes naturally migrate in response to storm
activity and sea-level rise. This process will be confounded by human alterations. High Confidence.
ff Because of altered sediment supplies and local subsidence, deltas, and the
biodiversity they support, are at risk to drowning during rising sea levels. High
Confidence.
ff Mudflats are susceptible to threshold changes caused by the combined effects
of sea-level rise, temperature, land use, altered flows, and increased nutrient
runoff. High Confidence.
ff Complex interactions between physical and biological factors, which make
responses to climate change difficult to predict, have been demonstrated in
rocky shore communities. High Confidence.
ff Sea ice ecosystems are already being adversely affected by the loss of summer
sea ice. Further changes are expected. High Confidence.
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3.1 Multiple Stressors Interact at the Coast
Climate change-mediated impacts originating from terrestrial and marine sources interact at the coast to influence coastal habitats (Nicholls et al., 2007; Rosenzweig et al.,
2007; Figure 3-1; Table 3-1). On the landward side, increased temperatures and altered
precipitation patterns interact with changing land-use and land-cover practices to affect
soil moisture, ground water levels, hydrology, sediment supply, salinity, and pollution
in watersheds. On the marine side, sea-level rise, changing ocean currents, increased
wave heights, and intensification of coastal storms interact with changes in land use and
land cover to exacerbate coastal erosion, flooding, and saltwater intrusion. As a result of
these interactions, complex changes in coastal freshwater availability and water quality
are also occurring.

Figure 3-1 Major physical climate forces that affect coastal regions either directly or indirectly through
external marine and terrestrial influences. Source: Nicholls et al., 2007.

Coastal Freshwater Availability Threatened by Multi-stressor Interactions
Climatic changes to atmospheric conditions and sea-level rise interact to affect the
availability of fresh surface water in coastal regions. Cloern et al. (2011) used a series
of linked models under two GCM scenarios to infer the impact of climatic changes on
water and habitat quality in the California San Francisco Bay-Delta estuary where water
is extracted for human use. Earlier and more extreme spring streamflow combined with
reduced flows in the low-flow season as well as sea-level rise led to increased Delta salinity (Figure 3-2). These changes have important implications for decisions regarding
water releases, which will need to balance drinking and irrigation water quality with
support for native fisheries that rely on specific water temperature and salinity ranges
and flushing regimes.
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Table 3-1:Examples of impacts of climate change and human exacerbating factors on
coastal ecosystems
Indirect/Interactive
Impacts

Exacerbating HumanDevelopment Impacts

• Altered patterns of
flooding
• Upstream salinity
changes
• Soil salinity changes

• Freshwater
extraction
• Sea walls/coastal
armoring

• Wetland drowning
and migration
• Reduced viability of
mangroves
• Beach and mudflat
loss

• Flooding
• Altered flushing
and residence times

• Sea walls/coastal
armoring
• Urban
development/
impervious surfaces

• Beach and mudflat
loss
• Habitat destruction
• Altered food webs

• Soil moisture
• Hydrologic
changes

• Salinity changes
• Altered water
residence times
• Increased nutrient
loading and
eutrophication
• Reduced stream
flows

• Urban
development/
impervious surfaces
• Altered
nutrient runoff
concentrations
• Altered sediment
delivery
• Agriculture/
fertilizers and
pesticides

• Changes in
distribution of fresh
and salt water biota
• Altered productivity
of fisheries species
• Increased harmful
algal blooms

Temperature

• Soil moisture
• Salinity changes
• Permafrost
thawing

• Freshwater
• Reduced stream
extraction
flows
• Altered nutrient and • Urban
development/heat
toxin concentrations
islands
• Eutrophication

• Altered metabolism
and growth rates
• Altered plant and
animal distributions
• Local extinctions
• Increased harmful
algal blooms

Wave regimes

• Shoreline retreat
• Erosion

• Altered patterns of
flooding

• Beach and mudflat
loss
• Wetland edge loss

Climate Factor

Direct Impacts

Sea level

• Inundation
• Erosion
• Saltwater
intrusion

Extreme events

•
•
•
•
•

Precipitation

Storm surge
Waves
Wind scour
Erosion
Drought

• Sea walls/coastal
armoring

Ecosystem Responses
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Figure 3-2 Trends in climatic forcing (air temperature, precipitation, sea level), subsequent hydrology,
and water quality response in the San Francisco Estuary. Source: Cloern et al., 2011.

Climatic changes that decrease surface water availability and/or increase water demand will increase salinity intrusion in coastal aquifers through direct and indirect effects. Loáiciga et al. (2011) assessed salinity intrusion scenarios in a modeling study of
the Seaside Area groundwater aquifer near Monterey, California. They found that the
position of the human-use threshold level of 10,000 mg/L isohaline was more sensitive
to groundwater extraction rates than sea-level rise. This indicates that in some cases, atmospheric factors including precipitation and snow thickness, and socio-economic factors such as population and land use, diminish total water supply and increase demand,
which may increase salinity intrusion more than sea-level rise.
Estuarine Water Quality Compromised by Multiple Climate Drivers
Estuarine water quality, in terms of eutrophication and hypoxia, is greatly affected by
multi-stressor interactions. Currently, approximately 250 hypoxic, or low-dissolved oxygen, dead zones exist in U.S. coastal and Great Lake waters (Figure 3-3). Hypoxia may
be initiated and/or worsened by high rates of primary productivity spurred by increases in nutrient loading, called eutrophication. After studying a number of watersheds,
Howarth et al. (2011) indicated that riverine-discharge increases due to climate change
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will increase net anthropogenic nitrogen inputs to coastal waters, thereby increasing eutrophication and hypoxia. Climate change, especially warming, may also make systems
more susceptible to development of hypoxia through enhanced water column stratification, decreased solubility of oxygen, and increased metabolism and mineralization
rates. High-precipitation storms, which are on the increase (see Chapter 2 section 7 this
report), increase stratification and organic matter flushed into estuarine and coastal systems from the watershed; algal blooms can result from the nutrient pulses they inject
into estuarine and coastal ecosystems (Paerl et al., 2006a) and massive hypoxia can be
triggered by such events (Justic et al., 2007; Paerl et al., 2006b). For the Mississippi River
basin associated with the northern Gulf of Mexico seasonal dead zone, climate predictions suggest a 20 percent increase in river discharge (Miller & Russell, 1992) that would
lead to elevated nutrient loading, a 50 percent increase in primary production, and expansion of the oxygen-depleted area (Justic et al., 1996). All factors related to climate
change will progressively lead to an onset of hypoxia earlier in the season and longer
periods of hypoxia over time (Boesch et al., 2007)

Figure 3-3 Overall eutrophic condition of the nation’s estuaries and change. Source: Bricker et al.,
2007.
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3.2 Biota, Habitats, and Coastal Landforms that are Impacted by
Complex Stressor Interactions and Subject to Nonlinear Changes
and Tipping Points
Coastlines are dynamic systems subject to complex interactions of climate and non-climate stressors. When multiple stressors act in combination on an ecosystem, nonlinear
instabilities may be triggered (Burkett et al., 2005; CCSP, 2009a; Nicholls et al., 2007).
Such nonlinear responses can be amplified and accelerated by synergies and positive
feedbacks that increase the alteration of the system and cause a domino-like propagation of potentially-irreversible change. Synergies and feedbacks occur when the impact
of one stressor is either strengthened or weakened by variation in another, and the combined influence of multiple stressors can result in nonlinear ecological changes if populations or ecosystems are pushed beyond a critical threshold or tipping point (Harley
et al., 2006; Lubchenco & Petes, 2010). In some cases, threshold shifts can be caused by
gradual climate change if that change is occurring at a rate beyond which the ecosystem
can adapt (McNeall et al., 2011). A threshold is defined as “the point at which there is
an abrupt change in an ecosystem quality, property or phenomenon, or where small
changes in one or more external conditions produce large and persistent responses in an
ecosystem” (CCSP, 2009b: pg. vii).
Multi-stressor interactions and resulting nonlinear changes in ecosystems, which can
manifest over varying spatial and temporal scales, add further complexity (Groffman
et al., 2006). Research on identifying and predicting thresholds in ecosystems is still nascent but is growing rapidly (Groffman et al., 2006; Scheffer et al., 2009). Both theoretical
and empirically-based examples of thresholds are on the rise and signal an increasing
understanding of how climate and non-climate stressors interact to propel sudden shifts
in ecosystems.
Wetlands: These ecosystems are vulnerable to relative rise in water levels together with projected increase in storm activity in zones of significant human use.
Salt marshes have considerable capacity to adjust to sea-level rise under favorable conditions of hydrology and sediment supply (Cahoon et al., 2009). Wetlands build soil
by a combination of trapping fine-grained cohesive mineral sediments carried by tidal
waters and accumulation of plant matter generated onsite. Fine-grained sediment budgets are often poorly understood (Cahoon el al., 2009). The supply of mineral sediments
can vary widely from high loads in deltaic and back-barrier systems to minimal inputs
in extensive estuarine marshes.Increasing inundation can lead to higher rates of sediment deposition (Marion et al., 2009), sediment trapping, and organic matter accretion
(Morris et al., 2002). However, the ability of these ecogeomorphic feedbacks to preserve
salt marshes under climate change is limited. Based on simulations from five numerical
models, Kirwan et al. (2010) concluded that coastal marshes would likely survive conservative projections of sea-level rise but would be vulnerable under scenarios of rapid
sea-level rise linked to ice sheet melting.
The regional and sub-regional marshes in North America differ significantly in their
ability to build elevation. Northeastern U.S. marshes exhibit high rates of accretion,
while southeastern Atlantic, Gulf of Mexico, and Pacific salt marshes exhibit lower rates
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(Cahoon et al., 2006). Even within a single estuary, tidal marshes can be more or less
susceptible to sea-level rise depending on local sediment availability (Stralberg et al.,
2011). Marshes with low accretion rates are vulnerable to present and future sea-level
rise, with the exception of those in areas where the land surface is rising, such as on the
Pacific Northwest coast of the U.S.
The natural supply of mineral sediments contributing to wetland accretion can be
significantly altered by human activities. The interruption of sediment supply to wetlands caused by diking along the Mississippi River is the classic example. Organic
matter deposition can be significant in highly productive wetland systems, but decomposition processes moderate the relative importance of this source. Chemical components in saltwater increase the rate that organic matter decomposes and thus reduce the
contribution of organic sediments to soil-building processes in salt marshes compared to
freshwater systems. Disturbance to vegetation on an otherwise stable marsh could also
lead to submergence beyond depths capable of supporting emergent vegetation, with a
consequent shift to an alternative state such as subtidal open water (Kirwan et al., 2008;
Marani et al., 2007). Recent vulnerability assessments carried out for the San Francisco
Bay and Massachusetts Bays regions (EPA, 2012a, b) supplement these findings. Local
experts identified the potential for wetlands to drop below a threshold for sustainability
by mid-century in both locations. In California, this could be caused by the effects of sealevel rise in combination with increased wind-driven waves and sediment starvation. In
Massachusetts, wetland loss could result from changes in hydrology and land use along
with increased nutrient runoff.
Mangroves: Mangrove range will expand as minimum temperatures increase.
Mangroves in the southern U.S. have been affected by lapses in freeze events and extreme drought events in recent decades. These represent a threshold change in climate
pattern that may account for unprecedented mangrove expansion into subtropical saltmarsh and freshwater ecosystems along the northern Gulf of Mexico. Mangrove populations have long persisted along the coasts of Texas, Louisiana, and Florida but are
undergoing more recent expansion in latitudes above the tropical Everglades region
(Doyle et al., 2010; Michot et al., 2010). An abrupt increase in establishment of black
mangrove, Avicennia germinans, was observed in 2009 based on aerial surveys begun
less than a decade earlier, with ground studies showing increased area and density of
local populations since the last damaging freeze two decades ago (Michot et al., 2010).
As the periodicity of freeze events lengthens, mangrove expansion is expected to proceed landward and poleward along the northern Gulf Coast, changing the proportion of
saltmarsh area. Recent field and mapping studies in the northern Everglades have documented upslope migration of mangroves into tidal freshwater wetlands over the last
century, concomitant with historical rates of sea-level rise (Doyle et al., 2010; Krauss et
al., 2011). Landscape simulation models have been used to reconstruct historical migration and forecast expansion of mangrove systems in relation to tropical storms and sealevel rise along with decreased freeze events and increased drought frequencies under
climate change (Doyle & Girod 1997; Doyle et al., 2003, 2010).
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Figure 3-4 Regional variation in three factors that contribute
to wetland vulnerability as sea-level rises: (a) Vertical
accretion, the potential for wetland surfaces to build up
as sea-level rises (from Reed et al., 2008); (b) topographic
vulnerability, the area of dry land sufficiently low to be
available for new wetlands to form, relative to the area of
existing tidal wetlands (from Titus & Wang, 2008); (c) future
land use, whether lowlands are expected to be developed
and protected from the rising sea or remain vacant and
available for wetland formation (from Titus et al., 2009).
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Coastal Forests: Coastal forests will tend to migrate upslope and poleward where
they are able to keep pace with changing habitat conditions.
Tidal freshwater forests lie at the interface of migrating coastal marsh/mangrove and
fixed upland forest (Doyle et al., 2007a), and those of the Gulf and Atlantic coasts are
undergoing dieback and retreat due to increasing saltwater intrusion attributed to periodic storm tides, droughts, and tidal inundation from high sea level anomalies and
chronic sea-level rise (Conner et al., 2007a, b; Doyle et al., 2007b; Williams et al., 1999,
2007). Research in coastal forests of Louisiana following Hurricanes Katrina and Rita
in 2005 found an acute threshold link of coincidental drought and storm surge inundation abruptly raising soil salinities; this contributed to mortality of less salt-tolerant tree
species and advancing forest dieback and displacement by more salt-tolerant marsh/
mangrove species (Doyle et al., 2007c; Krauss et al., 2009). The cumulative impact of a
subsiding coast, rising sea level, elevated tropical cyclone activity, and reduced freshwater flow will result in accelerated forest dieback and coastal retreat as the intertidal zone
and associated marsh/mangrove migrate upslope (Doyle et al., 2010).
Estuaries and Coastal Lagoons: The structure and the functioning of these
systems will change as habitat suitability is modified and the timing of longstanding processes is altered.
In estuaries, climate-driven changes in freshwater inflows can have major effects on
turbidity, salinity gradients, water column stratification, and nutrient, sediment, and
pollutant loads. In the northeastern U.S., peak springtime streamflow is projected to increase (Hayhoe et al., 2006) and will likely increase turbidity in coastal systems. Turbidity caused by sediment directly modulates light penetration through the water column
and therefore affects primary production by phytoplankton and submerged aquatic
vegetation (Cloern, 1987). Sea-level rise compounds the impacts of increased turbidity
and stresses vulnerable seagrass habitats that are already threatened due to eutrophication and light-limitation (Orth et al., 2006).
In contrast, in Suisun Bay, California, Ganju and Schoellhamer (2010) quantified future changes in potential productivity as a function of light penetration and found that,
under future scenarios of sea-level rise and decreased sediment supply due to reservoir trapping upstream, light penetration would increase slightly. Schoellhamer (2011)
has since demonstrated that reductions in sediment supply to date have already led to
a sudden clearing of waters in San Francisco Bay, potentially reducing levels of light
limitation. Cloern et al. (2007) reported new seasonal algal blooms in San Francisco Bay;
these may become recurrent events as turbidity continues to decline in that system.
At the same time, changes in temperature influence water-column stratification, alter
chemical and biological process rates, and cue behaviors such as timing of fish spawning runs (Pankhurst & Munday, 2011). Modest changes in annual temperature patterns
can be correlated with changes in abundance and distribution of many estuarine organisms including submerged aquatic vegetation, finfish, shellfish, and plankton. Moore
and Jarvis (2008) identified increased duration of summer water temperature maxima
as a causative factor in the disappearance of eelgrass in portions of the Chesapeake Bay,
which is near the southern limit of the plant’s current distribution. Although poleward
range shifts are anticipated for many fish species along the mid-Atlantic coast (Najjar et
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al., 2010), the abundance of endemic species is also clearly linked to shifts in temperature patterns. Moderating winter temperatures increase the overwintering survival of
juvenile fish like the Atlantic croaker (Hare & Able, 2007) and the blue crab (Bauer, 2006).
The interactive effects of climate-driven changes in temperature and freshwater flows
can reverberate throughout the food web. Increased temperatures combined with high
nutrient loads, higher salinities, reduced flushing times, and greater stratification favor
cyanobacterial blooms (Paerl & Huisman, 2008). Altered patterns of freshwater inflows
and temperatures also create the potential for trophic uncoupling of the timing of spring
phytoplankton blooms and juvenile fish hatching (Edwards & Richardson, 2004; Kimmel et al., 2006). Purcell and Decker (2005) determined that temperature and freshwater
flows were important factors in the abundance of the scyphomedusan Chrysaora quinquecirrha in the Chesapeake Bay. This jellyfish feeds on copepods but also eats another,
more voracious copepod predator, the ctenophore Mnemiopsis leidyi. When jellyfish are
abundant in warm dry years, they limit the abundance of ctenophores and, despite their
own predation, generate a net positive effect on the copepod stock available for juvenile
fish.
Coastal lagoons are shallow water bodies separated from the open ocean by barriers
with restricted inlets that limit flushing (Kjerfve, 1994). They tend to be productive systems, but they are susceptible to eutrophication and accumulation of pollutants (Kennish & Paerl, 2010). They are vulnerable to a number of climate-related factors, including
1) sea-level rise, which can accelerate roll-over of the barriers or simply submerge the entire system, 2) increased air temperatures, which elevate water temperatures and reduce
dissolved oxygen concentrations, and 3) increased variability in timing and intensity
of precipitation, which affects spatial and temporal patterns of salinity and dissolved
oxygen (Anthony et al., 2009). The combination of increased temperature and drought
raises concerns for increasing salinities, which could decrease the habitat suitability for
key species such as mangroves and seagrasses.
Studies have documented acidification of coastal waters (Doney et al., 2009; Feeley et
al., 2009) and raised concerns for impacts in estuarine and lagoonal systems. The solubility of carbonate minerals that are important for shell-forming organisms is particularly
responsive to pH. Relatively minor increases in acidity of coastal waters could make
those minerals more likely to dissolve than precipitate. Acidification of estuarine and
coastal waters can be exacerbated by eutrophication (Howarth et al., 2011). Studies suggest that pH declines in some estuaries are already capable of causing “death by dissolution” in juvenile bivalves (Green et al., 2009).
Barrier Islands: These dynamic coastal landscapes naturally migrate in response
to storm activity and sea-level rise, a process confounded by human alterations.
Barrier islands occur along nearly all of the Atlantic and Gulf coastal plains (FitzGerald et al., 2008), provide a buffer against waves and storm surge, and create essential
nursery and juvenile habitat for many species. They are in an almost continual state of
change, responding to sediment supply, waves, currents, and water levels (Gutierrez et
al., 2009) that shape beach and dune morphology. Large and rapid alterations to barrier islands can be driven by storm events such as nor’easters or hurricanes where high
waves move large quantities of sand. Over the longer term, barrier islands also move in
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response to changes in sea level by migrating landward and conserving mass through
onshore sediment transport.
As the effects of storm events and sea-level rise intensify under climate change, the
response of barrier island systems will depend largely upon sand supply and transport
processes (Gutierrez et al., 2009). Human development in the form of coastal construction and shoreline engineering structures such as seawalls and jetties have significantly
altered sediment-transport processes in some locations, exacerbating erosion at local
sites and compromising the sustainability of beaches and barriers. For example, the extensive barrier system along the North Carolina coast is dependent on storm surges and
waves for movement of the large quantities of sand critical for building and maintaining island elevation and width (FitzGerald et al., 2008; Riggs et al., 2011). Hardening
of shorelines to protect roads, residential development, and other infrastructure has already resulted in reduced sand supply and compromised the capacity of the natural
barrier island system to adapt to sea-level rise.
Considerable evidence suggests that the abovementioned effects of human development in combination with sea-level rise and storm-driven waves can lead to the crossing of a geomorphic threshold and consequent irreversible changes to coastal barriers
that can no longer keep pace with environmental changes (Gutierrez et al., 2009). These
changes may include rapid landward migration; decreased barrier width and height;
barrier breaching and inlet formation; and barrier segmentation and disintegration.
Examples of observed or projected threshold crossings for barrier islands have been
documented in Louisiana (FitzGerald et al., 2008; Sallenger et al., 2007) and Maryland
(Morton et al., 2003; Gutierrez et al., 2009). The potential for threshold behavior will increase along many of the mid-Atlantic barrier islands under scenarios of future climate
change (Gutierrez et al., 2009).
Deltas: Because of altered sediment supplies and local subsidence, deltas, and
the biodiversity they support, are at risk to drowning during rising sea levels.
Coastal deltas are formed where rivers empty into the ocean and deposit sediments,
building a shallow, nutrient-rich platform and providing a fertile environment for diverse populations of marine organisms. The morphology is determined by a combination of physical processes driven by the river, waves, and tides (Bird, 2011). A changing
climate, particularly rises in sea level, and the impacts of human development along rivers and coasts are now playing a significant role in the behavior and evolution of delta
regions.
In a changing climate, deltaic environments will experience impacts similar to those
in estuaries, mangrove forests, and wetlands (Table 1). Changes in temperature and precipitation will affect water quality and ultimately, the viability of delta-supported biota
and fisheries (Overeem & Syvitski, 2009). For example, in the San Francisco Bay-Delta
system, increasing water temperatures threaten the sustainability of two endangered
species: 1) deltaic smelt due to mean daily temperature threshold of 25°C for high adult
mortality and 2) Chinook salmon due to spawning and rearing temperature exceedances (Cloern et al., 2011; Yates et al., 2008). Habitat and water quality are also impacted
by altered patterns of precipitation, which affect deltaic hydrology and the input of sediments and pollutants.
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Delta survival requires equilibrium between sediment supply and rising sea levels.
Deltas naturally degrade as sediments subside and get reworked by storms, and, over
the longer term, deltas, like barrier islands, are generally self-sustaining systems under natural conditions given an adequate supply of sediment. However, the construction of levees and dams, and navigation activities along major U.S. rivers have altered
natural sediment flows and, in some cases, starved the natural environment of the sediment supply necessary to keep pace with changing water levels. Deltas world-wide are
experiencing land-loss due to the combined effects of increased human development,
subsidence, and rising sea levels (Nicholls et al., 2007; Syvitski et al., 2009). The Bird’sFoot Delta of the Mississippi River provides one of the more striking examples of these
compounding impacts. Here, sea levels are rising at three times the rate of sediment
accumulation on the delta, which portends the inevitable drowning of this delta system
(Blum & Roberts, 2009).
Mudflats: Mudflats are susceptible to threshold changes due to the combined
effects of sea-level rise, temperature, land use, altered flows, and increased
nutrient runoff.
Sea-level rise is already reducing the intertidal area of mudflat feeding habitat for wading
birds within estuaries, especially in locations constrained by coastal protective barriers
(Galbraith et al., 2005). In a recent assessment of the sensitivities of mudflat communities
to climate change in the San Francisco Bay estuary (EPA, 2012a), local experts identified
the potential for nonlinear losses within benthic communities due to a combination of
nutrient runoff and increased temperatures that drive dissolved oxygen levels below a
threshold. They also anticipated precipitous losses of wading bird populations due to
reduced prey densities and shrinking feeding habitat resulting from sea-level rise and
sediment starvation. Although the potential for such thresholds may be high, patterns
of disturbance and recovery in mudflats are extremely patchy and context-dependent
and larger-scale behavioral responses of bird populations are unknown, which makes
predictions of exactly when and where a threshold change may occur difficult to offer
(EPA, 2012a; Norkko et al., 2010).
Rocky Shores: Complex interactions between physical and biological factors
have been demonstrated in rocky-shore communities, which makes responses to
climate change difficult to predict.
Although the impacts of sea-level rise are obvious for rocky-shore intertidal communities, temperature and ocean acidity are also potentially important. Hawkins et al. (2008)
have noted general changes in abundance and range of rocky-shore species that can be
attributed to climate warming. Although most of these changes involve range expansions, investigators caution that this may simply reflect the preponderance of studies at
the northern limits of species ranges compared to studies in lower latitudes. At a regional scale, long-term recruitment records for mussels and barnacles showed a relationship
to large-scale climate and upwelling patterns along the U.S. West Coast (Menge et al.,
2011a). The relationship explained approximately 40 percent of the variance in the recruitment record. At the local scale, Harley (2011) determined that climate warming had
the potential to drive changes in the community structure of rocky shores as it limited
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habitat suitability in the high intertidal zone for barnacles and mussels. Temperature
tolerances could force these keystone species to live in lower, cooler zones where they
are more vulnerable to predatory sea stars.
Increasing ocean acidity may make building and maintaining calcium carbonate
shells more difficult, and this may be detrimental to key shellfish species in rocky shore
communities (Gaylord et al., 2011). In addition to the loss of structural diversity this
might cause, diminished populations of filter feeders and rock-cleaning invertebrates
could lead to increased algal populations on rocky shores.
Although these findings suggest rocky intertidal communities are affected by climate, the complexity of key species’ individual and interactive responses to many other
environmental drivers make predicting community responses difficult (Menges et al.,
2001b).
Sea-ice systems: Sea-ice ecosystems are already being adversely affected by the
loss of summer sea ice and further changes are expected.
Perhaps most vulnerable of all to the impacts of warming are Arctic ecosystems such as
the Bering Sea. This area off the western coast of Alaska produces our nation’s largest
commercial fish harvests as well as providing food for many Native Alaskan peoples.
Sea ice, a critical component of this ecosystem, is vanishing more rapidly than earlier
projections and may disappear entirely in summertime within this century (ACIA, 2005;
Janetos et al., 2008; Royal Society, 2005). Fish populations depend on plankton blooms
that are regulated by the extent and location of the ice edge in spring. As sea ice continues to decline, the location, timing, and species composition of the blooms is changing.
The spring melt of sea ice in the Bering Sea has long provided material that feeds clams,
shrimp, and other life forms on the ocean floor that, in turn, provide food for walruses,
gray whales, bearded seals, eider ducks, and many fish; however, the earlier ice melt
resulting from warming leads to phytoplankton blooms that are largely consumed by
microscopic animals near the sea surface, which vastly decreases the amount of food
reaching the living things on the ocean floor. This will radically change the species composition of the fish and other creatures with significant repercussions for both subsistence and commercial fishing (Janetos et al., 2008).
Ringed seals give birth in snow caves on the sea ice, which protect their pups from
extreme cold and predators. Warming leads to earlier snow melt, which causes the snow
caves to collapse before the pups are weaned. The small, exposed pups may die of hypothermia or be vulnerable to predation by arctic foxes, polar bears, gulls, and ravens.
Gulls and ravens are also arriving earlier in the Arctic as springs become warmer, which
increases the birds’ opportunity to prey on the seal pups (Janetos et al., 2008).
Polar bears are the top predators of the sea-ice ecosystem and they use the ice as a
platform from which to hunt seals, their primary prey. Polar bears take advantage of the
fact that seals must surface to breathe in limited openings in the ice cover. In the open
ocean, successful hunting is rare because bears lack a hunting platform and seals are not
restricted in where they can surface. In addition, the rapid rate of warming in Alaska
and the rest of the Arctic is sharply reducing the snow cover in which polar bears build
dens. Female polar bears hibernate in dens for four to five months each year and, while
there, give birth to their cubs. Born weighing only about 1 pound, the tiny cubs depend

Vulnerability and Impacts on Natural Resources

on the snow den for warmth. About two-thirds of the world’s polar bears are projected
to be gone by the middle of this century. In 75 years, projections suggest that the wild
polar bear population will be gone entirely from Alaska (Janetos et al., 2008).

Conclusions
Threshold shifts in ecosystems can have severe negative consequences for ecosystem
services, economic sustainability, and human health and well-being (Harley et al., 2006;
Lubchenco & Petes, 2010; MEA, 2005). Recent papers have further advanced the dialogue on key research directions for elucidating threshold mechanisms and identifying
early-warning signals of impending abrupt transitions (Groffman et al., 2006; Scheffer
et al., 2009); however, even though single-species responses to particular stressors often
are fairly well known, mechanistic understanding of cumulative effects of multi-stressor
interactions, especially at the community level, remains elusive. A recent review of top
research priorities for conservation and management cites the need to expand scientific understanding of multi-stressor interactions and thresholds (Fleishman et al., 2011).
This includes methods to identify the triggers of threshold responses and to anticipate
the likely trajectory of post-threshold states under a range of future scenarios of climate
and land-use change (Briske et al., 2006). Such information will be key to managers’ ability to manage for change when threshold shifts occur (West et al., 2009).
As the natural resources of coastal systems respond to changing climatic conditions,
human modification and management of these systems is a major factor in the character
of the response. In many cases the capacity of coastal systems to reposition or reshape
themselves in response to climate drivers is constrained by the physical modifications
made to accommodate and sustain human uses. This adds an additional level of complexity to forecasts of ecosystem responses. It also highlights the need for system-level
thinking as we work to adapt to the evolving conditions.
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Vulnerability and Impacts on Human
Development
Key Findings
ff Expanding economic and population exposure along the coast significantly
increases the risk of harm and exposes already vulnerable communities to the
impacts of climate change. Since 1980, roughly half of the nation’s new residential
building permits were issued in coastal counties, which substantially increases
vulnerability and risk of loss and adds to already populated and densely developed metropolitan areas. High Confidence.
ff The full measure of human vulnerability and risk is comprised of the vulnerabilities of human development, economic sectors, associated livelihoods, and
human well-being. The interactions of climate-related vulnerabilities with other
stressors in the coastal zone pose analytical challenges when coupled with the
lack of quantitative, multi-stressor vulnerability assessments. High Confidence.
ff Storm surge flooding and sea-level rise pose significant threats to public and
private infrastructure that provides energy, sewage treatment, clean water, and
transportation of people and goods. These factors increase threats to public
health, safety, and employment in the coastal zone. High Confidence.
ff Systematic incorporation of climate risk into the insurance industry’s rate-setting
practices and other business investment decisions could present a cost-effective
way to deal with low probability, high severity weather events. Without reform,
the financial risks associated with both private and public hazard insurance are
expected to increase as a result of expected climate change and sea-level rise.
High Confidence.
ff Expected public health impacts include a decline in seafood quality, shifts in
disease patterns and increases in rates of heat-related morbidity. Better predictions of coastal related public health risks will require sustained multi-disciplinary collaboration among researchers and health practitioners in the climate,
oceanography, veterinary, and public health sciences. Moderate Confidence.
ff Although the Department of Defense (DoD) has started to consider the impacts
of climate change on coastal installations, operations, and military readiness, the
DoD requires actionable climate information and projections at mission-relevant
temporal and spatial scales to maintain effective training, deployment, and force
sustainment capabilities. High Confidence.
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4.1 Overview: Impacts on Human Development and Societal
Vulnerability
The societal vulnerability of U.S. coasts to climate change is multifaceted, including
vulnerabilities of economic sectors, cultural resources, and human well-being of a diverse concentration of people. In addition to the vulnerability and potential impacts of
a changing climate on natural resources and threats to ecosystem services described in
Chapter 3, homes and other human development in the coastal zone are also increasingly at risk. This expanded vulnerability has three dimensions: exposure, sensitivity,
and resilience or adaptive capacity. The interactions of climate-related vulnerabilities
with other stresses, such as economic downturn, environmental degradation, loss of
ecosystem services, and continued pressures for development pose further analytical
challenges. Current research on societal vulnerability in the coastal area does not yet
fully consider or capture these multifaceted attributes of societal vulnerability.
Rising sea levels will change accretion and erosion patterns and increase tidal and
storm-surge flooding in the coastal zone. Weiss and others (2011) report that 160 U.S.
municipalities with populations between 50,000 and 300,000 and 20 major cities with
populations greater than 300,000 have land areas at or below 6 meters and connectivity
to the ocean. Figure 4-1 shows the major cities with populations greater than 300,000
and the percent of land in those cities at elevations between 1 and 6 meters. The figure
suggests that the most vulnerable coastal cities in the U.S. are located in the southern
area of the Atlantic Ocean and the Gulf of Mexico.

Figure 4-1 Land area percentages
of major municipalities (2000 census
population greater than 300,000)
with elevations at or below 1-6 m
and connectivity to the sea. The
average land area percentage for
all 180 municipalities (200 census
population greater than 50,000) with
elevations at or below 1-6 meters and
connectivity to the sea is on the right.
Source: Weiss et al., 2011. Used with
permission from Climatic Change.

Neumann and others (2010) assessed the consequences of sea-level rise on developed
coastal areas of the continental U.S. and determined the cost of adaptation to increased
tidal flooding over time. They considered three adaptation options: retreat, beach

68

Coastal Impacts, Adaptation, and Vulnerabilities

nourishment, and sea walls (see also Chapter 5, Adaptation and Mitigation.) For the
period 2000 to 2100, they determined the value of each property on a 150 meter by 150
meter grid and calculated the long-term costs of adaptation. Their findings indicate that
the total discounted costs of adaptation range from $50 billion to $74 billion. The highest
costs are estimated in Florida due to the extent of flooding and the value of the property.
Costs in the North Atlantic are also relatively high due to property values. Although the
Gulf coast has much exposed property, the total costs of adaptation are relatively less
than the North Atlantic and Florida because of lower property values.
The following sections present an overview of the current understanding of the potential impacts of a changing climate on human developments and societal vulnerability
in the coastal zone. The first section considers the status of efforts to provide integrative
assessments of relative vulnerability, exposure, and human loss. Subsequent sections focus on topics of concentrated investigation including potential impacts on urban areas,
coastal communities, and infrastructure; water-resource infrastructure, transportation,
ports, and navigation; insurance; tourism and recreation; real estate; emergency management and recovery; coastal and nearshore oil and gas; human health; and military
facilities. Many of the studies are focused on the impacts of sea-level rise in conjunction
with historical and projected impacts from coastal storms and flooding. These are not intended to be comprehensive consideration of all human development impacts but rather
illustrative of socio-economic impacts and implications for key sectors.

4.2 Relative Vulnerability, Exposure, and Human Losses
The physical processes of weather and climate, including both extreme events and longterm changes in sea level, occur within a context of increasingly dense human development in the coastal regions. The growing human vulnerability in the coastal zone is a
function of these physical forces, but more significant is the expanding economic and
population exposure that increase risks that are not proportionally shared by those who
benefit from coastal living (Cutter et al., 2007). The body of research on the vulnerability
of coastal urban areas to climate change-related threats has increased over the past decade (Birkmann et al., 2010; Colleet et al., 2008; Kleinosky et al., 2007; Lowe et al., 2009).
The evidence suggests that societal losses associated with coastal hazards are increasing (Cutter et al., 2007; Hoffman et al., 2010; Pielke et al., 2008; Schmidt et al., 2010), but
some researchers have concluded that the pattern of loss is solely a function of increased
population growth and wealth (Pielke et al., 2008; Schmidt et al., 2010) with no long-term
climate signals on normalized damages associated with extreme events. One study has
challenged that assumption by showing that, when controlling for growth and wealth,
per capita losses have increased instead of remaining steady (Gall et al., 2011), which
indicates the role of other contributing factors such as more frequent disasters or larger
magnitude disasters, possibly due to climate variability and change, or changes in societal resilience. Hoffman et al. (2010) also show increases in average annualized losses
projected to 2030 from sea-level rise scenarios normalized by aggregate property value.
Other research efforts consider additional losses not often assessed through market valuation or fully integrated in studies. For example, Gopalakrishnan et al. (2010)
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evaluated the value of beach width using a hedonic pricing model8 and found that residential property values may decline substantially in places affected by increased erosion rates and costs of sand nourishment. The analysis suggests that residential housing
values in coastal regions may be sensitive to the availability of sand for maintaining
beaches. Chapter 3 of this report discusses some of the impacts on natural resources
systems that can also provide ecosystem services that benefit human systems (see also
Real Estate and Tax Revenue, section 4.4.5) Public listening sessions conducted in North
Carolina in 2010 raised concerns over anticipated community costs of adapting vulnerable infrastructure in response to potential climate change impacts as well as responding to increased job losses in fisheries, reduction of agricultural lands and the farming
industry, loss of manufacturing plants along the water, and declines in tourism (Brown
et al., 2010). On an individual level, inspirational and tacit values of coastal lagoons, or
sense of place, are difficult to value and often overlooked in evaluating impacts (Anthony et al., 2009).
Since the 2009 NCA, considerable advancements have been made towards understanding the links between environmental stressors and social vulnerability in coastal areas and developing the empirical basis for assessing differential impacts. Most of
the extant research examines a single stressor; for example, Lin and Morefield (2011)
produced a relative ranking of vulnerability for coastal communities in the National
Estuary Program, incorporating measures of estuary conditions such as water quality,
sediment, contaminants, benthic quality, coupled with human-induced land-use changes such as impervious surface and wetland loss, and socio-economics. In the context
of hurricanes, several recent papers examine the relationship between hurricane hazards such as windfields and storm surge and the differential impact on social groups
in coastal areas with case studies of the Mississippi coast after Hurricane Katrina (Burton, 2010), Miami (Bjarnadottir et al., 2011) and Sarasota, Florida (Frazier et al., 2010a).
Frazier and others (2010a) concluded that future sea-level rise contributes to the spatial extent of storm-surge impacts even without an increase in intensity or severity of
hurricanes. Bjarnadottir and others (2011) also examined storm surge-height and wind
speeds for various future climate scenarios and concluded that more deaths and injuries
will be expected because of hurricane frequency and higher intensities. As discussed in
preceding chapters, an increase in hurricane frequency is not indicated by recent climate
models and trends.
Another area of integrated hazard assessment examines the relationship between
populations displaced by hurricanes and their underlying vulnerability, resilience, and
hurricane risk (Mitchell et al., 2011). In the development of a comparative index of hurricane displacement, Esnard and others (2011) found that, of the 158 coastal counties
studied from Texas to North Carolina, coastal Florida counties are the most vulnerable,
especially those in South Florida because of the combination of hurricane risk probability and extant social vulnerability. Another study examined the relative vulnerability of

8 A hedonic model is based on price factors that are determined both by the internal characteristics of the
good being sold and the external factors affecting the value of those goods. One example is the housing
market in which the price of housing is affected by factors such as the size and characteristics of the house,
the neighborhood, proximity to schools and hospitals and mortgage interest rates.
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coastal counties in terms of the erosion hazard (Boruff et al., 2005) throughout the U.S.
based on physical process indicators such as tidal range, slope, shoreline erosion and accretion rates, and social vulnerability. The intersection of physical and social measures
highlighted the differences in relative vulnerability, with the Gulf Coast vulnerability
more reflective of social characteristics and the Pacific and Atlantic coast counties more
reflective of physical attributes.
Research demonstrates a paucity of multi-peril or multi-stressor vulnerability assessments. One of the most recent studies examined climate-sensitive hazards for the
southern U.S. using drought, flooding, hurricane winds, and sea-level rise (Emrich &
Cutter, 2011). The differential spatial impacts were determined as the intersection of
hazards and social vulnerability. Using a technique known as bivariate mapping, the
study found counties with high levels of social vulnerability and multiple hazard exposure; these were designated as hotspots. Many of these are located in coastal counties in
Texas, Louisiana, and Florida.

4.3 Socio-economic Impacts and Implications
Urban Centers
The impacts of Hurricane Katrina on New Orleans and other coastal communities exemplified the disparities among how people of different racial and socio-economic groups
might be affected differently by extreme weather events. Particular areas of disparity
included: who lived in neighborhoods that were vulnerable to flooding, which groups
were evacuated during the flood, how different groups were treated during the evacuation, which neighborhoods belonging to which groups were rebuilt, and who was represented in the decision-making process (Mohai et al., 2009). Heberger and others (2009)
also found that communities of color would be disproportionally impacted by coastal
flooding in San Francisco Bay, CA. Research in East Boston, MA, (Douglas et al., 2012;
Kirshen et al., 2012) found that recent, low income immigrants have few adaptation options because they are limited by economic, political, or social resources, but the participatory research found that participants appeared to be empowered by the knowledge
they gained during the process and wanted to take action.
Rosenzweig and others (2011) summarized potential storm-surge impacts on infrastructure in the New York City metro area under several scenarios of sea-level rise. These
include flooding of thermal power plants, wastewater treatment plants, transit systems
and basements, and increased combined sewer overflows. They report on a range of
hard and soft adaptation strategies under the planning framework of Flexible Adaptation Pathways, which is essentially a series of responses tied to changes in knowledge
of the climate and socio-economic conditions. They also propose the setting of Climate
Protection Levels for critical infrastructure; for instance, one proposal plans for 4 feet of
sea-level rise by 2080 with all critical infrastructure designed to be protected to this level.
The San Francisco Bay area has 7 million people, 9 counties, and 46 cities along the
shoreline. If sea level rises 55 inches, the new floodplain of the 100-year coastal storm
surge could potentially flood 270,000 people, over 90 percent of areas of airports, 20
percent of areas of ports, and 28 percent of areas of water-related industry in addition to
stressing public health, and flood wastewater treatment plants, rail lines, and beaches.
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The value of shoreline buildings and their contents at flood risk would be $62 billion
(Heberger et al., 2009). Under 16 inches of sea-level rise, the areas flooded would be reduced in some cases by less than 50 percent (San Francisco Bay Conservation and Development Commission (SFBCDC), 2011). In all cases, Bay ecosystems would be stressed.
In addition to impact on urban areas, smaller communities and working waterfronts
will face similar types of impacts due to sea-level rise, changes in storm patterns, and
impacts on local fisheries and other local economic sectors. Working waterfronts are valued both for their role as job centers and for their contributions to the cultural fabric of
their communities (Breen & Rigby, 1985; Colgan, 2004; see also Chapter 5). Many coastal
cities and communities are taking the lead in assessing their vulnerability and developing adaptation plans (see Box 4.1).

Box 4-1
Punta Gorda Adaptation Plan
The first phase of an adaptation plan has been
prepared for the City of Punta Gorda in Southwest Florida in a stakeholder-driven process by
Charlotte Harbor National Estuary Program and
the Southwest Florida Regional Planning Council
(summarized in Beever et al., 2009).
Punta Gorda has a population of 17,500 and
elevations varying from sea level to 15 feet above
sea level. Most development is located between 5
and 15 feet above sea level, most of which is residential. Already stressed by hurricanes and significant losses of mangroves, hurricane intensity
is expected to increase under climate change, sealevel rise will continue, fauna and flora will shift,
and droughts will be more frequent. Eight climate
change vulnerabilities were identified through a
stakeholder process including: Fish and Wildlife
Habitat Degradation; Inadequate Water Supply;

Flooding; Unchecked or Unmanaged Growth;
Water Quality Degradation; Education and Economy and Lack of Funds; Fire; and Availability of
Insurance.
The leading adaptation options identified
include: protecting and restoring sea grass; xeriscaping and native-plant landscaping; explicitly indicating in the comprehensive plan which
areas will retain natural shorelines; constraining
locations for certain high risk infrastructure; restricting fertilizer use; promoting green building
alternatives through education, taxing incentives,
and green lending; and preparing for drought.
The Growth Management Department of the
City is developing specific actions based upon the
Plan.

Transportation, Ports, and Navigation
Much of the nation’s transportation infrastructure services the population along the
coasts and terminates at or follows the coast. Very hot days, intense precipitation events,
hurricanes, rising sea levels, coupled with storm surges and land subsidence will all impact transportation infrastructure to varying degrees, but the greatest impacts are likely
to be flooding of roads, railways, transit systems, and runways (NRC, 2008; USGCRP,
2009). A study of potential transportation impacts in the central Gulf Coast between

71

72

Coastal Impacts, Adaptation, and Vulnerabilities

Galveston, TX and Mobile, AL found that 27 percent of major roads, 9 percent of rail
lines, and 72 percent of ports are at or below 122 centimeters. A 7-meter storm surge in
this area puts over half of the major highways, nearly half of the railways, 29 airports,
and nearly all of the ports at risk of flooding (Savonis et al., 2008).
Sea-level rise and an increase in the intensity of coastal storms could have substantial
impacts on U.S. port facilities (EPA, 2008; Moser et al., 2008; Savonis et al., 2008; USGCRP, 2009). Major storms cause many types of damage to ports, including: direct damage to port infrastructure, release of hazardous materials stored on the port, loss of jobs,
supply chain interruptions, downtime, debris on surrounding waterways and neighborhoods, damage to cargo, and others (Esteban et al., 2009; Fritz et al., 2008; Joint Legislative Committee on Performance Evaluation and Expenditure Review, 2006; Lewis et al.,
2006; Louisiana Department of Transportation and Development Office of Public Works
and Intermodal Transportation, 2006; Reeve, 2010). Port shutdowns in Mississippi after
Hurricane Katrina impacted commerce in 30 states (Joint Legislative Committee on Performance Evaluation and Expenditure Review, 2006).
Hurricane Ike caused $2.4 billion of damage to Texas ports and waterways (FEMA,
2008). Many ports may require modifications to berths and docks and associated infrastructure as sea level rises, though few ports have taken such actions yet (Becker et al.,
2011). A few ports have begun to conduct assessments of their facilities to evaluate the
kinds of impacts that may occur. Along the Gulf Coast, changes in sea levels and storminess are exacerbated by land subsidence, causing an even higher rate of relative rise.
Due to the linked nature of ports with inland networks and climate-sensitive goods,
they face a wide array of both direct and indirect threats (Stenek et al., 2011). A report
by the International Finance Corporation for The Port of Cartagena, Columbia (Stenek
et al., 2011) finds that ports are particularly vulnerable due to their long lifetimes and
their reliance on an extensive global supply chain. Ports in different U.S. regions will
face different types of issues due to local conditions and the types of products handled.
In the New England area, Kirshen et al. (2008) project that, by 2050, the current 1-in-100
year flooding event could become the 1-in-8 year event under the IPCC’s high-emissions
scenario, which would result in many more catastrophic events to critical port facilities
along this stretch of coast.
Port managers in the Great Lakes are concerned that decreasing lake levels could
have severe impacts on navigation (Becker et al., 2011). IPCC (2007) forecasts suggest
decreasing ice flows and increased snow fall in the winter months, which would result
in more significant seasonal fluctuations in lake levels. Lower lake levels would impact
the lake-shipping industry and could result in the cessation of shipping in very low
lake-level years.
Climate change impacts on the coastal-shipping industry are less clear. Shipping
routes may need to be altered with changes in storm tracks and bridge clearances for
large ships will be reduced as sea levels rise (Moser et al., 2008). Sea-level rise may result
in greater drafts in shipping channels, which would reduce dredging requirements in
some areas; however, this could be offset by increased sediment loads along the coast
resulting from increased precipitation and erosion from sea-level rise. Coastal storms
can have profound impacts on navigation channels. Wind- and precipitation-driven
currents can cause channels to fill in and navigational aids such as buoys and channel
markers can be driven off station. Marine debris such as tree limbs, damaged vessels, or
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pieces of shore-side structures can block a channel for days or more (Tirpak, 2009).
Melting sea ice will also present new opportunities for transport through areas historically blocked by sea ice. The opening of the Northwest Passage could shorten shipping times for some routes that currently utilize the Panama Canal; however, new ship
traffic in these pristine wilderness areas could also have consequences for the sensitive
arctic environment. In addition, significant legal hurdles need to be overcome before
this becomes a viable route (Emmerson, 2011).
Water Resources and Infrastructure
Warming associated with climate change is expected to intensify the hydrologic cycle
(see Chapter 2), which would increase precipitation in some coastal areas, geographic
shifts in hurricane and other storm tracks, and more frequent and intense droughts.
Changes in vulnerability to climate extremes in the water sector may result from changes in the volume, timing, and quality of available water (Aggarwal & Singh, 2010; Buonaiuto et al., 2010). These physical processes will have profound impacts on water quality
and quantity for coastal communities and serious implications for water-resources infrastructure and management regimes.
Water Supply and Drought. An increase in the variability of precipitation will

result in major challenges for water-resource managers. Most water resource-management infrastructure and planning is based on assumptions of stationarity and the concept that historical variability in precipitation can be used to predict future variability
in the design and management of water systems (Milly et al., 2008). If climate change
is accompanied by substantial changes in the variability of precipitation as is projected
(Bates et al., 2008; Gutowski et al., 2008), water-resource availability will be affected unless resource managers develop adaption plans that can accommodate such changes.
In some regions, drought will likely be compounded by higher rates evapotranspiration, which could result in increased groundwater withdrawals because of higher irrigation water demands (Hatfield et al., 2008). Together, these climatic changes and human
adaptations to drought could result in depletion of coastal aquifers and saltwater intrusion (Conrad et al., 2010).

Riverine and Coastal Flooding. Climate change has the potential to substantially affect risk of flooding and associated impacts to human health, infrastructure, and
agriculture in the Nation’s coastal communities. This includes storm surge, tidal, and
wave-driven flooding along open coasts and estuaries as well as flooding along rivers
other and inland waterways that eventually deposits floodwaters in the coastal zone.
The historic flooding in the Mississippi River and Tributaries system in 2011 illustrated the extent to which water infrastructure and management across hundreds of miles
from the coast can have profound impacts on coastal communities and resources. The
severity of the 2011 flooding necessitated emergency modifications to water management in the area affected by the Mississippi River and its tributaries to reduce flooding
of local communities. This included the U.S. Army Corps of Engineers’ (USACE’s) controlled breaching of the Birds Point Levee in Missouri, diverting floodwaters from Cairo,
IL onto Missouri farm lands. Floodwaters laden with nutrients such as nitrogen and
phosphorus and sediment derived from agricultural fields and other upland sources
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were delivered to the Gulf Coast, in some cases more rapidly than normal as the USACE operated emergency spillways at Morganza and Bonnet Carre in coastal Louisiana
(NOAA, 2011a). The floodwaters contributed to an increase in the Gulf’s hypoxic zone to
an area nearly equal to the land area of the state of New Jersey and threatened the Gulf’s
valuable commercial and recreational fisheries (NOAA, 2011b).
As noted above, increases in the frequency and intensity of extreme weather are also
expected to impact coastal infrastructure, services in coastal regions and particularly
ports, and key nodes of international supply chains (Oh & Reuveny, 2010). Heavier rainfall, combined with sea-level rise and storm surge is expected to substantially increase
the frequency of flooding in major metropolitan areas in the northeastern U.S. in the 21st
century (Kirschen et al., 2008) and in California (Moser & Tribbia, 2006).
Although only a single storm, Hurricane Katrina illustrated the vulnerabilities of the
nation’s coastal flood-protection infrastructure and the ongoing need to consider nonstationarity and/or previously unobserved environmental conditions including impacts
related to sea-level rise, coastal subsidence, and changes in storm characteristics. The
USACE recently updated the sea level-rise curves contained in its primary engineering
guidance for use in its civil works programs (USACE, 2011).
Water Quality, Wastewater , and Stormwater Management. Climate
change and associated effects on patterns of precipitation may result in deterioration of
water quality (Delpla et al., 2009; Park et al., 2010; Whitehead et al., 2009). Precipitation
increases on land have increased river runoff and polluted coastal waters with nitrogen
and phosphorous as well as sediments and other contaminants (Buonaiuto et al., 2010).
Storm-water drainage systems, designed with historical patterns of precipitation in
mind, may also prove inadequate to new environmental conditions (Mailhot & Duchesne, 2010; Rosenberg et al., 2010). Increased precipitation and especially increases in
extreme precipitation events in coastal areas could lead to an increased frequency of
combined sewer overflows (CSOs) that could result in beach closures and shellfish bed
closures (Bookman et al,. 1999). Mallin and others (2001) conclude that increasing rainfall and runoff on developed lands with higher impervious surfaces or more septic systems leads to the transport of more fecal coliform contaminant to shellfish beds and
subsequent closures (Line et al., 2008).
Increases in heavy precipitation combined with sea-level rise in New York could affect the heights of tide gates designed to prevent the inflow of seawater and backing up
of outfall sewers (NYCDEP, 2008). According to Buonaiuto et al. (2010: pg. 130), “[m]
ore tide gates may need to be installed at outflow locations to prevent such inflows,
and more frequent repairs of the gates may become necessary. If high tide levels during
storms cause backup of sewage, more could be forced into wastewater treatment plants,
necessitating the throttling of flows to protect the plants from flooding. Coastal flooding
could increase salinity of influent into wastewater pollution control plants (WPCPs) and
lead to corrosion of equipment.”

Tourism and Recreation
Climate change may have a significant impact on the global tourism and recreation industry. In 2010, the tourism and recreation industry constituted an estimated 9.3 percent
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of global gross domestic product (United Nations World Tourism Organization, 2009).
In the U.S. alone, total travel expenditures totaled $715.87 billion in 2010 and are projected to reach $815.7 billion in 2011 (U.S. Travel Association, 2011). Significant travel and
recreation activities in turn produce GHG emissions that are relatively significant and
likely to increase. The United Nations World Tourism Organization (2008) estimated
that international and domestic tourism represented between 3.9 and 6.0 percent, with a
best estimate of 4.9 percent, of global greenhouse emissions in 2005.
Climate change, coupled with other environmental, economic, and social factors,
could significantly impact travelers’ selection of tourist destinations and the quality of
those destination experiences. Broadly, these climate impacts can be characterized as
follows:
• Changes in the length and quality of seasons, which could affect climate-dependent tourism such as destinations offering beach vacations;
• Direct effects on key tourist attractions such as coral reefs through ocean acidification, which could reduce tourists’ demand for certain locations;
• Climate change-related impacts on water availability, biodiversity loss,
increased severity of extreme weather-related events, increasing incidences of
vector-borne diseases, and damages to infrastructure, all of which are likely to
hit coastal tourism destinations sensitive to such events particularly hard;
• Increased transportation and fuel costs associated with efforts to reduce GHG
emissions, which could reduce tourism and alter travel patterns; and
• Economic, political, and social instability in some coastal regions, which could in
turn negatively affect tourism in these areas.
Climate change impacts on tourism and recreation in coastal and other vulnerable
areas will vary significantly according to region. For instance, some of Florida’s top tourist attractions, including the Everglades and Florida Keys, are threatened by these challenges (Stanton & Ackerman, 2007). One recent study has estimated that lost tourism
revenue could total $9 billion by 2025 and $40 billion by 2050 (Stanton & Ackerman,
2007). The effects of climate change on the tourism industry will not be exclusively negative. In Maine, coastal tourism actually could increase due to warmer summer months in
which more individuals might visit the state’s beaches (Maine Department of Environmental Protection, 2011).
In 2010, the World Travel and Tourism Council (WTTC) released a report outlining a
coordinated effort by the industry to address climate change. The report included some
of the following recommendations for travel and tourism companies:
• Develop and implement sustainable business practices;
• Provide incentives for customers to reduce their energy usage;
• Adopt environmental management systems to continually measure energy
usage and greenhouse gas emissions; and
• Encourage the investment community to develop financial products that are
closely linked to sustainable projects in the sector.
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Real Estate
Since 1980, 43 percent of single-family building permits and 51 percent of multi-family
building permits in the U.S. were issued in coastal counties (Crossett et al., 2004), which
is nearshore real estate that is susceptible to damages tied to sea-level rise and coastal
storms. The assessment of economic impacts associated with accelerated sea-level rise
and increased storm intensity is an extension of shoreline-change modeling that has
been in effect since the 1980s with early studies at Galveston (Leatherman, 1984), Ocean
City (Titus, 1985), Sea Bright New Jersey (Kyper & Sorenson, 1985), Charleston (Davidson & Kana, 1988), and Myrtle Beach (London & Volonte, 1991). An early effort to expand to larger regional-scale assessments by the U.S. Environmental Protection Agency
entitled “Maps of Lands Vulnerable to Sea-level Rise” was developed to identify areas
along the Atlantic and Gulf coasts that are vulnerable to sea-level rise. At a 1.5 meter rise
it was estimated that 58,000 square kilometers along the Atlantic and Gulf Coasts would
be inundated (Titus & Richman, 2001).
A more recent interagency assessment entitled “Coastal Sensitivity to Sea-level rise:
A Focus on the Mid-Atlantic Region” simulated a 1 meter sea-level rise across the region
running from New York through Virginia (CCSP, 2009a). The assessment estimated that
a 1 meter sea-level rise would impact between 837,070 and 3,244,670 people in the region, assuming that the population is evenly distributed within the census units. A total
of between 439,480 and 1,769,710 owner- and renter-occupied houses would be affected
and between 34,720 and 66,590 hectares of land area would be inundated by a one meter
sea-level rise. The high and low estimates are attributed to uncertainty associated with
digital elevation maps that give a range of high and low elevations.
The difficulty in assessing real estate damages on a larger regional scale is tied to the
variability in capturing both physical and socio-economic change at that scale. Averaging damages across larger geographic areas is difficult because of regional-scale variations in population density and property values and inconsistencies between county
assessment data. Studies must advance the geographic coverage beyond local case studies to address state and regional policy issues.
In Florida, studies by Stanton and Ackerman (2007) and Harrington and Walton
(2007) estimate economic impacts of sea-level rise along the state’s coastline. The Stanton and Ackerman study estimates losses for the state as a whole with runs based on two
scenarios: 1) a business-as-usual scenario with a sea-level rise of 45 inches over the 2000
baseline by the year 2100 and 2) a rapid stabilization scenario that assumes a 50 percent
reduction in GHG emissions by the year 2050, which would result in a more modest seven inch sea-level rise. Incorporating trends from recent storm occurrences, Stanton and
Ackerman estimate $24 billion and 18 deaths in the year 2050 under the rapid response
scenario and $49 billion in damages and 37 deaths in the business-as-usual scenario.
The study by Harrington and Walton estimated impacts for six coastal counties:
Dade, Dixie, Duval, Escambia, Monroe, and Wakulla. The low sea level scenario is based
on historical tidal gauge data ranging from 9.96 to 13.56 inches and a high scenario of up
to 25.56 inches by the year 2080 based on IPCC high-end scenarios. The study estimated
the value of land at risk due to accelerated sea-level rise for three of the counties: Dade,
Duval, and Escambia. $70 billion would be at risk in populous Dade County; in Duval
and Escambia Counties, the property at risk is estimated to be worth $30.6 million and
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$210.8 million, respectively. In terms of storm damage to property, the estimates in the
six counties range from $0.08 million to $2.90 billion, with the highest figure in Dade
County.
In California, a study of the economic cost of sea-level rise on selected communities
by King, McGregor, and Whittet (2008) examines the implications of shoreline change
and increased storm vulnerability for five coastal communities: Ocean Beach in San
Francisco, Carpinteria City, Zuma and Broad Beach at Malibu, Venice Beach in Los Angeles, and Torrey Pines City and State Beach in San Diego. Sea-level rise scenarios of 1.0
meter, 1.4 meters, and 2.0 meters by the year 2100 were simulated to estimate shoreline
configurations and economic losses in each of the five communities. Baseline conditions
were established using elevation files as well as property boundaries and building footprints from tax maps. Shoreline retreat was then simulated for each of the five case study
areas under each of the three sea-level rise scenarios.
On top of the shoreline change scenarios, the second part of the analysis incorporated
storm surge from coastal storms as sea-level rise makes coastal areas more vulnerable
to storm damage by increasing the reach and depth of flooding. Under current conditions, populations, and building patterns, a 100-year storm would result in particularly
high losses at Ocean Beach ($6.5 million), Zuma Beach ($12.6 million), and Venice Beach
($12.6 million) in 2010 dollars. Those losses increase by the year 2100 under the 1.4 meter
sea-level rise scenario to $ 19.6 million at Ocean Beach, $28.6 million at Zuma Beach, and
$51.6 million at Venice Beach. Overall, losses to beachfront recreation as well as upland
property due both to shoreline retreat and increased storm damage along those stretches of the California Coast amount to an estimated $100 billion over the next century.
One of the methodological issues that arises from the California case for developing
this type of local impact assessment is the distortion of property values by new assessment rules. In California, Proposition 13 was enacted to dampen the effect of escalating
property values in the state. As such, local tax rolls undervalue properties. True market
prices are reflected only where properties have been sold, which forces researchers to
estimate true value. Other state property tax initiatives that may lead to a widening gap
between current market value and the values shown on local tax rolls are just starting to
take effect.
A study by Bin, Dumas, and Poulter (2007) estimates the economic impact of climate
change on selected coastal communities in North Carolina from the baseline year 2004.
Specific impacts include losses from sea-level rise on the coastal real-estate market, the
impacts of sea-level rise on coastal recreation and tourism, and the impacts of tropical
storms and hurricanes on business activity.
Inundation and storm impacts are assessed for four coastal counties ranging from
rural to urban in development intensity: New Hanover, Dare, Carteret, and Bertie. The
study used high-resolution topographic LIDAR data to establish baseline conditions
and shoreline change under alternative sea-level-rise scenarios assuming no adaptation.
The sea-level-rise scenarios are adjusted upward for regional subsidence and range from
a 0.11 meter increase in sea level by 2030 to a 0.81 meter increase by 2080. Shoreline
change is superimposed on local assessor’s data at the parcel level including property
value, lot size, building footprint, and other attributes. Elevation and distance to mean
sea level are calculated using GIS analysis (Bin et al., 2007).
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In addition to inundation, the North Carolina study projected storm intensity based
on the track of Hurricane Fran, which hit the North Carolina coast in 1996. Storm intensity was estimated based on increased sea-surface temperature and wind speeds mapped
spatially using a hurricane-wind-speed model. Maximum wind speeds and wind gusts
were averaged by county. A hedonic model was used to simulate the impacts of sealevel rise on property values for each of the four counties. The results vary across the
North Carolina coastline with the largest impact occurring in Dare County where potential residential property losses ranged from 2-12 percent of the total residential property
value. The property loss in Carteret County ranged from less than 1 percent to almost
3 percent. In both New Hanover and Bertie Counties, losses were less than one percent
of residential property value. In aggregate, the four counties that include the three most
populous counties on the coast account for $3.2 billion in lost residential property value in 2080 discounted at 2 percent. The discounted present value of lost nonresidential
property value in 2080 was estimated at $3.7 billion.
Information on the potential impact on local real estate provided in these case studies
is particularly useful in informing the public about current and projected vulnerabilities
under alternative sea-level-rise scenarios. Although the methodologies are similar, the
assumptions on which the scenarios are based include:
• Sea-level-rise scenarios;
• Time frame of assessment;
• Variability in property listings at county level;
• Approach to assessing partial and full property loss;
• Procedure for incorporating storm events: timing, flood and wind damage; and
• Discounting of future losses to present value.
Some methodological consistency in how assessments are prepared would provide
a basis to compare impacts across regions and help to aggregate results over larger geographic areas. Assessments to date have focused almost exclusively in a business-asusual framework. Future shoreline-change scenarios are overlaid on current real-estate
holdings. Given that development continues in most coastal areas and certainly in highly
developed coastal areas, projected future losses may underestimate actual losses. Conversely, except for the rapid stabilization scenario in Florida by Stanton and Ackerman
(2007), policy or market forces that reduce vulnerabilities over time are not incorporated
into the analysis. A much-needed extension to the methodology is the incorporation
of adapted response into the analysis including the impact of beach stabilization programs and retreat policies. In South Carolina, a recent study of shoreline change since
the state’s Beachfront Management Act was implemented found that the state lost 1467
acres along stretches of its shoreline. That loss was offset by a gain of 903 acres in more
developed areas of the shoreline including Myrtle Beach, North Myrtle Beach, Kiawah
Island, and Hilton Head (London et al., 2009). Differences in geomorphology mean that
responses, as well as the strategies and management costs, will differ across beaches.
In the face of retreating shorelines, communities that seek to minimize damages will
need to look to other adaptation measures that limit new development or encourage
strategic retreat. Those measures offer the potential to substantially reduce damages

Vulnerability and Impacts on Human Development

to near shore real estate relative to the business as usual development patterns. Better information of potential damages to coastal property, as well as figures on the cost
avoidance of alternative adaptation measures, will go a long way toward framing the
necessary dialogue on appropriate actions to address climate change in coastal regions.
Private and Public Insurance
Analyzing and understanding risks associated with climate change, particularly in
coastal regions, can better inform the pricing, capital, and reserves that are critical to
the insurance industry’s core business strategies (Geneva Association, 2009). Climate
implications also can play an important role in shaping the industry’s investment decisions. Incorporating climate risk into the insurance industry’s rate setting and investment decisions could send a strong price signal to other major industrial sectors; for
instance, imposing risk-based premiums for property construction in coastal regions
could both provide incentives for the adoption of flood-resilient measures and discourages development in vulnerable areas. Climate change-related response strategies that
do not include insurance solutions or discourage true risk-based pricing of insurance
mechanisms have the potential to exacerbate societal exposure to climate change impacts in coastal regions.
With regard to weather or climate-related risk in the U.S., the two principal categories of insurance in play are federal disaster relief programs such as the National Flood
Insurance Program (NFIP) and traditional private insurance (Nichols & Bruch, 2008).
Private insurance is largely categorized by the ex-ante financing structure by which premiums are collected and managed in a pool in advance of predicted events in amounts
sufficient to pay for losses at the time of their occurrence. The U.S. International Trade
Commission (2008: pg. 1) has described the purpose and value of private insurance as
follows:
Property and Casualty (P&C) insurers manage risk by assessing the likelihood and
cost of losses, pricing premiums sufficiently to cover all or part of predicted losses, and
risk pooling. P&C insurers also provide economic incentives, in the form of lower premiums, to encourage policyholders to reduce their exposure to loss.
The insurance and reinsurance industry have extensive experience in modeling, pricing,
and managing risk, which can be important in developing a better understanding of and
response to climate change risks faced by coastal communities (Nichols & Bruch, 2008).
Insurance can aid coastal communities in becoming more resilient by protecting
them against risk from low-frequency, high-severity weather events (Swiss Re, 2010).
Insurance reinforces risk-prevention measures by incentivizing investments in activities
with net economic benefits and freeing up resources for other capital intensive investments. Insurance also can support the construction of climate adaptation infrastructure
with engineering covers and surety bonds as well as the widespread adaptation to the
physical risks resulting from climate change by supporting the deployment of building
code requirements and new technologies (Swiss Re, 2010). In these ways, private insurance can play a valuable role in both the mitigation of and adaptation to climate-related
risk affecting coastal regions (Zurich Financial Services, 2009).
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Climate change has affected at least one core insurance industry assumption, which
is that understanding the past enables insurers to predict what will occur in the future.
Although historically the past has served as a fairly reliable indicator of future events
when calculating the risks associated with insurance coverage in coastal and other regions, climate change has introduced new and uncertain risks into these calculations
(Nichols & Bruch, 2008).
Over the last two decades, weather-related losses for the industry steadily increased
(Geneva Association, 2009); for instance, 2005 set a record for insured weather-related
losses of approximately $100 billion, largely attributable to Hurricanes Katrina, Rita, and
Wilma. In 2010, weather-related losses totaled $130 billion, $37 billion of which was insured (Munich Re, 2011). These damages make 2010 one of the six most loss-intensive
years for insurers over the last thirty years.
According to NOAA’s National Climatic Data Center, the economic damage costs
associated with weather and climate disasters for 2011 totals approximately $55 billion.
One major disaster that hit coastal areas particularly hard was Tropical Storm Lee. That
September 2011 storm inflicted wind and flood damage in both the U.S. Southeast and
Northeast, with total losses exceeding $1.0 billion. Another 2011 disaster, Hurricane
Irene, made landfall over coastal North Carolina in August of 2011 and moved northward along the Mid-Atlantic Coast through North Carolina, Virginia, Maryland, New
Jersey, New York, Connecticut, Rhode Island, Massachusetts, and Vermont and caused
torrential rainfall and flooding across the Northeast. The cost of the damages from Hurricane Irene exceeded $7.3 billion.
Where private insurance is not available to cover the full range of losses inflicted by
extreme weather events in coastal regions, which is particularly the case when flooding
is involved, government insurance programs like the National Flood Insurance Program
(NFIP) often are called upon to make up the difference. The sheer magnitude of the
losses associated with Tropical Storm Lee and Hurricane Irene have had a significant,
negative impact on the fiscal strength of the NFIP (Berkowitz, 2011). Congress continues
to work on a long-term reauthorization of the NFIP, which could provide significant reforms, including rate differentials for second homes, the phasing out of subsidized rates,
and measures to incentivize policyholders to move out of floodplains.
Private insurance companies have in some cases responded with financial strategies
to reduce risk in coastal areas, including by raising premiums, increasing deductibles,
and sometimes limiting or discontinuing coverage (Nichols & Bruch, 2008). Other insurers have begun adapting their business models to account for the potential impacts of
climate change by creating and delivering new products and services to customers and
by working to identify and fill market and coverage gaps. The challenges facing the insurance industry include a need for convergence between sustainability and disaster resilience, greater engagement by insurers in adaptation to unavoidable climate changes,
and clarification of the role that regulators will play in moving the market (Mills, 2009).
Public Insurance. The largest government or public insurance programs includ-

ing the NFIP, Florida Citizens Insurance, and Federal Emergency Management Agency
programs are largely based upon ex-post financing structures planning to pay for loss
after the occurrence of an extreme weather event. As such, these kinds of financing programs often place the risk and ultimate cost of loss with parties who have no control
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over the creation or management of the risk or the recovery of damages caused by the
risk. In some cases, the theory of the viability of ex-post financing is being challenged
by the economic reality of the imbalance between the risk created, measured as loss-cost
recovery and repayment needs, and the financial value and viability of the assets or impacted economies themselves (Scism, 2012).
In addition to changes in the private-sector insurance market described above, climate considerations are also being evaluated by insurance programs that are underwritten by the public sector. The U.S. Government Accountability Office (GAO, 2007)
issued a report recommending that the Secretaries of Agriculture and Homeland Security analyze the potential, long-term fiscal implications of climate change for the Federal Crop Insurance Corporation’s (FCIC’s) crop-insurance program and for the NFIP,
respectively. The FCIC report was completed by the Department of Agriculture’s Risk
Management Agency (USDA, 2010). An evaluation of the NFIP, which includes an examination of the impacts of sea-level rise and changes in storm characteristics on coastal
floodplains, is nearing completion.
At the state level, many coastal states have increased their participation in the insurance market as property owners in high-risk areas experience difficulty in obtaining
insurance in the regular private market. To make basic coverage more readily available, special insurance plans known as residual, shared, or involuntary markets have
been set up by state regulators working with the insurance industry (Insurance Information Institute, 2012). Between 1990 and 2010, total exposure to loss in the national residual property insurance market, comprised of Fair Access to Insurance Requirements
[FAIR] Plans, and state Beach and Windstorm Insurance Plans along the Atlantic and
Gulf Coasts, increased from $54.7 billion to $757.9 billion, while the number of policies
in force increased from more than 930,000 to 2.8 million (Insurance Information Institute, 2012). In terms of existing exposure to impacts of extreme events, which do not
include increased risks associated with climate change, many state insurance programs
are not prepared to cover expected losses. Of 10 state natural-disaster funds investigated
by GAO (2010), six charged rates that were not actuarially sound given today’s known
risks. With climate change expected to increase losses associated with coastal storms
and sea-level rise, the financial risks borne by the public sector through these residual
programs may, in fact, be much worse.
The current situation in Florida exemplifies this concern. Citizens Property Insurance
Corp. (CPIC), for example, has 1.5 million policyholders and a total exposure of $511
billion, which is about one-quarter of the Florida homeowners’ insurance market. The
Florida Hurricane Catastrophe Fund would be required to reimburse insurers operating
in the state up to $18.4 billion in the event of losses from major storms, despite having
only about $7 billion on its books from accumulated premiums. Observers are concerned
that, following a major hurricane, some insurers could become insolvent, homeowner
repair claims could go unpaid, and assessments and surcharges on policyholders statewide could damage the economy if these two entities were unable to sell post-disaster
bonds as planned (Scism, 2012).
At both the state and federal levels, some stakeholders have proposed granting these
entities greater authority to raise insurance rates. Current legislative proposals relating
to the NFIP, for example, would increase the annual limitation on premium increase
from the current 10 percent level to either 15 percent or 20 percent (U.S. Congress, 2011,
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H.R. 1309, proposed). Other measures being explored at the state level include seeking
to reduce the size of state disaster-relief funds and move more of the funding for losses
to the global reinsurance market (Scism, 2012). Risk can be moved to the global reinsurance market for a price that reflects the risk. As such, moving from public funding that
may subsidize risk takers to private insurance will likely require adaptive steps to increase resilience of the insured assets to have socially accepted premiums.
Historic experience in the insurance industry has shown that subsidies, as contrasted
with rights and liability creation, can result in business models that contain an unacceptable level of political risk (Cato Institute, 2001; Green, 2011). Subsidies may actually discourage active participation by the financial-services industry in innovative and
beneficial activities unless the business or technology supported can survive without the
subsidy (Zurich Financial Services, 2009).
Zurich Financial Services (2009) concluded that incentives to individually manage
risk are undercut by public disaster-relief schemes that are overly broad or significantly
underprice risks. The prevalence of such schemes may undermine the viability of a private insurance market and force governments to take on an above-optimal amount of
risk (Scism, 2012).
Emergency Response, Recovery, and Vulnerability Reduction
As discussed in Chapter 2, climate change can influence both slow-onset and acute natural hazards, including sea-level rise, coastal-storm flooding, melting permafrost and
coastal erosion, severe rainfall events and flooding, landslides, and drought, including
related wildfires and post-fire floods. Although disasters triggered by extreme weather
events are disruptive to coastal communities and economies, disaster recovery often
provides the greatest opportunities for communities to garner the necessary political
will and sufficient funding to implement actions that will reduce their long-term vulnerability to today’s hazards and the additional threats posed by climate change.
Economic losses resulting from natural disasters worldwide increased from $53.6 billion in the 1950s to $620.6 billion between 2000 and 2008, adjusted for inflation (Kunreuther & Michel-Kerjan, 2009a). In 2011, the U.S. experienced 12 disasters exceeding $1
billion in losses (NOAA, 2011). As discussed in the earlier sections of this chapter, the
dramatic increase in disaster costs reflects a combination of factors including increases
in the urbanization of the population and the value at risk and density of insurance
coverage as well as possible impacts of global warming on the frequency or severity of
hurricanes (Kunreuther & Michel-Kerjan, 2009b).
Climate change has significant implications for many aspects of emergency management and each phase of the disaster lifecycle (Box 4-2). A recent national evaluation of local disaster-risk-reduction plans shows that risk assessment findings are not effectively
driving the development of policies or the identification of projects intended to reduce
vulnerabilities (Berke et al., in press). Further, the ability to effectively link disaster-risk
reduction and climate change adaptation remains in the early stages of development.
More data are needed to demonstrate the return on investment associated with incorporating climate impacts into the planning, design, and implementation of long-term
risk-reduction measures, including data on losses avoided and social, economic, and
environmental benefits.
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Box 4-2
The Disaster Lifecycle
During discrete weather-related events and emergencies, climate change affects disaster preparedness, response, and recovery actions. One of the
most immediate and direct economic impacts of
climate-related changes in extreme events is in
the form of increased financial burden on governments, businesses, and individuals to react to and
respond more frequently. The Federal government, states, and communities incur substantial
costs when activating emergency operations and
services, including immediate pre-event preparedness actions such as evacuations and flood fighting. Evacuation estimates for the Northeastern

U.S. related to sea-level rise and storm flooding
during a single event range from $2 billion to $6.5
billion (Univ. of Maryland CIER, 2007). Hurricane
evacuation costs for ocean counties in North Carolina range from $1 to $50 million, depending on
storm intensity and emergency management policy (Whitehead, 2000). Climate change is expected
to double combined state and Federal costs for fire
preparedness and response activities in Washington State from a historical average of $62 million
annually to $124 million (Washington Department
of Ecology, 2006).

83

84

Coastal Impacts, Adaptation, and Vulnerabilities

During disasters, states and municipalities rely extensively on mutual aid agreements
with other jurisdictions, spreading the financial footprint of extreme weather events far
beyond the directly impacted communities. With more frequent events, communities
have a greater likelihood of having to respond to multiple events simultaneously, overtaxing these mutual-aid agreements and other emergency-response systems and funding (Washington Department of Ecology, 2006).
Recovery from weather-related extreme events, including those exacerbated by climate change, is a complicated, long-term process involving virtually every aspect of a
community’s social and economic fabric (see section 4.2). As with response, more intense and/or frequent events will lead to more damages and thus require more resources
for recovery, which will divert those resources from other community functions and potentially stifle economic growth. For example, although the construction sector benefits
from engagement in post-disaster rebuilding, the funds and workers supporting reconstruction are not available to new-building and infrastructure projects, limiting the community or state’s economic growth potential (University of Maryland, 2007). Although
insurance is a vital resource to fund recovery from disasters (see Section 4.4.6), it does
not cover all losses; the balance is borne by the public sector at Federal, state, and local
levels, the private sector, and individuals.
Coastal and Nearshore Oil and Gas
As climate change intensifies during the coming decades, changes in marine and coastal
systems are likely to affect the potential for energy resource development in the coastal
zone and the Outer Continental Shelf (OCS). The capacity for expanding and maintaining onshore and offshore support facilities and transportation networks is also likely to
be affected. The relative importance of climate variables and impacts to the energy sector will vary among regions and the context in which they are considered, and perspectives on the relative importance of climate change impacts will differ among those who
are responsible for developing adaptation strategies in sectors ranging from industry to
regulatory (Burkett, 2011).
In this section we summarize the potential energy-sector impacts and adaptation efforts with respect to the following climate drivers: temperature change, sea-level rise,
and changes in storm surge and wave patterns. Climate change impacts can cascade
among different oil and gas facilities and operations from exploration to processing and
transportation in a way that is similar to the cascading effects that have been observed in
many ecosystems with interactions and outcomes that are difficult to predict without a
purposeful assessment that considers all relevant drivers (Burkett, 2011).
Warming of the ocean can propagate into seafloor sediments. Methane clathrates occur on the continental shelf both in deep sedimentary structures and as outcrops on the
ocean floor. They are common in relatively shallow shelf sediments of the Arctic Ocean
and the Gulf of Mexico continental slope. The stability of methane clathrate in marine
sediments is controlled by the combination of pressure and temperature. Seafloor carbonate deposits reveal several ancient hydrate dissociation events that appear to have
occurred in connection with rapid global warming events (Archer, 2007; Dickens, 2001;
Sassen et al., 2002). Clathrate instability may lead to problems for oil and gas exploration
and development operations ranging from pipeline emplacement to the anchoring of

Vulnerability and Impacts on Human Development

drilling facilities.
The influence of rising temperatures on the rate of sea-ice decline and the thawing of
permafrost in the Arctic coastal zone are likely to result in a number of impacts on the
energy sector, including:
• Longer ice-free season for OCS exploration and production activities;
• Opening up of navigation routes through the Northwest and Northeast
Passages, even if ice simply thins to the point that shipping lanes can be
mechanically maintained by icebreakers (Valsson et al., 2011);
• Decline in the availability of ice-based transportation such as ice roads and
offshore loading facilities;
• Frost heave and settlement of pipelines set on pilings or buried in permafrost;
• Settlement of buildings set on piles or foundations laid directly upon permafrost or a decrease in load-bearing capacity of such structures;
• Rapid, widespread environmental impacts could have substantial effects on the
regulatory environment for OCS energy development (Ahmad et al., 2009);
• Damage to onshore support facilities, waste-disposal sites, and roads as coastal
erosion and land loss accelerates (Mars & Houseknect, 2007; Prowse et al.,
2009); and
• Hazards associated with the formation of thermokarst lakes in the coastal zone
and the stability of shelf and slope sediments due to thawing ice in sediments
and the release of gas from clathrates (Figure 4-2).
Alternate waste-disposal practices in the Arctic, including down-hole injection or
transportation of waste to more stable environments, are among the adaptations that
could offset impacts and allow continued energy-resource development (Burkett, 2011).
Several other adaptation strategies to the impacts of temperature change on Arctic exploration have been proposed; for example, recent exploratory drilling in the Beaufort
Sea suggests that decreasing sea-ice cover may require design changes to counter effects
of increased wave action and storm surges. The use of barges for production, rather than
a land-based facility, has been proposed for the Canadian coast (Prowse et al., 2009).
Domestic offshore and inshore oil and gas facilities are vulnerable to accelerated sealevel rise due largely to the fact that the more than 4000 platforms and onshore support
facilities that have been installed on the OCS in the Gulf of Mexico and along the western coast of the U.S. were not generally designed to accommodate a permanent increase
in mean sea level or an increase in storm intensity. Relative sea-level rise (see Chapter 2),
poses the greatest danger to the dense network of OCS marine and coastal facilities in
the central Gulf Coast region between Mobile Bay, AL and Galveston, TX. These facilities include ports, marinas, and OCS industry-support facilities such as tank batteries
and gas-processing plants. An increase in relative sea level of 61 centimeters has the potential to affect 64 percent of the region’s port facilities; a 122 centimeter rise in relative
sea level would affect nearly three-quarters of port facilities (CCSP, 2008).
Hurricanes have been shown to have substantial and costly impacts on offshore
platforms in the Gulf of Mexico. Storm surge effects include flooding and structural
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Figure 4-2 Increase in the rate of coastal erosion and thermokarst lake development along the North
Coast of Alaska between 1955-1985 and 1985-2005. Source: Mars & Houseknect, 2007.

damages to drilling and production platforms as well as onshore support facilities. Hurricanes Katrina and Rita made landfall in the central Gulf Coast in 2005, shutting down
hundreds of oil-drilling and production platforms, eight refineries, and many other
onshore oil and gas facilities (CCSP, 2008). The storms also caused a record number
of mobile offshore-drilling units to be set adrift. Subsequent to the 2005 hurricane season, changes were proposed in regulatory operating and emergency procedures, maintenance requirements, and design practices, including mooring techniques for mobile
offshore-drilling units (Cruz & Krausmann, 2008).
The oil and gas industry is investigating new designs for offshore platforms to reduce the potential impacts of changing storm patterns and hurricanes. Technologies
such as computational fluid dynamics are being used to evaluate the performance of
offshore platforms under extreme operating conditions. Computational fluid dynamics
has been used by some oil and gas companies to simulate storm surge, aerodynamic
effect of winds, and hydrodynamic effect of waves on platforms using super-computer
technology (Ferguson, 2007).
Storm surge and high winds historically have not had much impact on U.S. onshore
transmission lines or offshore pipelines because they are buried underground (CCSP,
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2008); however, offshore pipelines were damaged in relatively large numbers during
Hurricanes Andrew, Ivan, and Katrina. Hurricane Andrew damaged more than 480
pipelines and flow lines, most of which were in less than 30 meters of water. Hurricane
Ivan resulted in approximately 168 pipeline damage reports, although the vast majority of Gulf of Mexico offshore pipelines performed well during its passage. The Bureau
of Ocean Energy Management, formerly known as the U.S. Minerals Management Service, indicates that 457 offshore oil and gas pipelines were damaged as a result of Hurricanes Katrina and Rita (CCSP, 2008). Examples of the potential effects of increasing
wave heights and storm surge on energy-related operations in the OCS and coastal zone
include:
• Damage to offshore and coastal drilling and production platforms as well as
onshore support facilities due to higher surge, winds, and waves;
• Wave energy impacts on transportation infrastructure such as bridge decks and
supports; and
• Pipeline exposure and damage.

4.4 Human Health Impacts and Implications
Climate-driven changes in temperature, precipitation, sea level, and the hydrologic cycle affect coastal-related human health and well-being. Direct health impacts and risks
are those resulting from the climate-related environmental exposure itself, which include extreme weather events. Indirect health impacts and risks result from exposure to
climate-driven changes in ecological systems and habitats, which in turn affect human
health and well-being. Both direct and indirect pathways affect health and well-being
across time scales from days to decades and depend on complex interactions among and
between environmental exposures, human-risk factors, social behavior, and the cultural,
economic, and political contexts (Frumkin, 2008; Portier, 2010).
• Direct climate-related changes that affect coastal health outcomes include
extreme weather events such as heat and cold extremes; drought and flooding;
hurricanes, cyclones, and tropical storms; and sea-level rise and storm surges.
Health outcomes include changes in heat-related illness and death; illness and
injury during drought; flood or emergency response; injury and death from
hurricane, cyclones, sea level, and storm surge directly; and related impacts on
food supply and mental health during and after an emergency evacuation or
extreme weather event.
• Indirect climate-related changes that affect coastal health outcomes include
changes in coastal water temperature, quality, and chemistry; coastal watershed
runoff; coastal habitats and species; and land-use patterns. These can lead to
ecologically mediated health risks such as water-borne illnesses, vector-borne
disease, and altered availability and quality of the coastal food supply. In addition to these health outcomes, long-term changes can affect livelihoods, community structures, and aesthetic values, which can affect the local and regional
economies and community resilience in turn.
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Underpinning the extent of the human health impact of climate change are the social structure, which could include close family or community ties; the cultural context, which includes socio-economic status, cultural traditions, family and community
dynamics, gender, and religion; and the economic and political context, which include
population demographics, and the roles of community and political leaders. In addition
to long-term oceanographic and biological data, social and public health data including emergency room visits, reported illnesses, recreational usage of beaches and coastal
waters, livelihood and economic growth data, and household income is needed. The following discussion outlines the potential direct and indirect environmentally mediated
impacts of climate change on human health and well-being as well as sentinel species
and habitats that can serve as integrative indicators of ecosystem level risks to human
health.
Direct Impacts
Heat and Heat Waves. Health outcomes from increasingly frequent and severe

heat events include heat exhaustion, heat stroke, severe cramps, and death. Exposure
to increased average temperatures alone may exacerbate pre-existing conditions related
to chronic respiratory, neurological, or cardiovascular diseases (Luber, 2008). During
the 2006 California heat wave, over 160 Californians died, and 16,166 excess emergency room visits and 1,182 excess hospitalizations occurred statewide. Children aged 0-4
years of age and adults over 65 years of age were at greatest risk. Emergency room visits
also showed significant increases for acute renal failure, cardiovascular diseases, diabetes, electrolyte imbalance, and nephritis (Knowlton, 2006). Chronically ill individuals 65
and older are more susceptible to heat effects than the general population. As coastal
populations increase, and the demographics include higher risk populations, the health
effects from prolonged heat exposure can be expected to increase as well. This is well
demonstrated in coastal urban environments such as New York City, but additional research is needed to further differentiate expected impacts specifically in coastal environments (Knowlton et al., 2008).

Drought and Flood. In a recent report, the CDC (2010) noted that drought effects
can be manifested in a number of health-related impacts including compromised quality
and quantity of potable water and food, diminished living conditions, increased risks
associated with recreation, impacts to mental health, increased incidence of disease,
and additional stress on vulnerable populations. In addition, drought leads to parched
habitats, and some coastal areas may be more prone to forest fires, which can exacerbate
asthma and other aero-allergenic and respiratory diseases. In addition to the impacts to
human development discussed in the preceding sections, flooding events pose the direct
risk of death. Longer term human health impacts are related to infrastructure--ensuring
that hospitals and urgent care facilities are accessible to the local population during extreme events, that evacuation plans are in place and successfully communicated, and
that emergency personnel and first responders are prepared.
Hurricanes and Storm Surge. Coastal storm-related health outcomes include
changes in heat-related illness and death, injury and death from hurricane and storm
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surge directly, illness and injury during emergency response, and mental health effects
during and after an emergency evacuation or other extreme weather events. Longerterm health implications include potential effects on mental health and food supply.
Hurricanes and floods can lead to standing water and accumulated debris that create
new habitats for mosquitoes and other disease-carrying agents like rats or roaches that
humans had less exposure to and that were not abundant in that ecosystem before. Illness also increases in extreme situations in which local populations have to be housed
in large, temporary-living spaces such as the Superdome during and after Hurricane
Katrina. Existing water sanitation and hygiene systems are not generally designed to
provide clean water and handle waste under these circumstances. Given the chaos, disruption, dislocation, potential unemployment, and general uncertainty during extreme
climatic events, a potential longer-term impact is an increase in mental-health issues
associated with natural disasters and other sources of dislocation, unemployment, or
forced migration (Berry, 2010; Portier, 2010).
After hurricanes and floods, a lack of confidence in fish and coastal food supply can
affect both health and economic interests. After Hurricane Katrina, consumers had a
hard time believing that Gulf of Mexico seafood was safe to eat even though extensive
sampling and chemical analysis showed that was the case (Hom et al., 2008). A lack of
consumer confidence in fish and food from the sea, such as in the aftermath of Hurricane
Katrina, has both human health and economic consequences (see Sandifer et al., 2012 for
more details). Ensuring access to safe food supply from the sea necessitates establishing
baselines and trustworthy monitoring and evaluation and communication tools, especially as our habitats and ecosystems are impacted by more frequent or severe events.
Indirect Impacts
Water-Related Illness. Human-health risks include changes in the concentra-

tion, distribution, or virulence of pathogens, biological toxins, and chemical contaminants in our coastal waters. These can directly impact recreational use; drinking-water
quality: the quantity and quality of the food supply from coastal waters and wetlands;
the economic productivity and livelihoods of fisheries, tourism, and real estate; and aesthetic and cultural use (Portier, 2010).
Pathogens. The capacity of water sanitation and hygiene infrastructure is an important determinant of climate-related human-health impacts; for example, combined
sewer overflows (CSOs) occur when rainwater runoff, domestic sewage, and industrial
wastewater that are collected in the same pipe overflow during heavy precipitation or
storm surge events. Runoff during CSOs can contain pathogen and chemical contaminants that end up directly in our coastal waters (Fong, 2010). In addition, livestock and
agricultural feedlots are known sources of coastal pollution that directly affect coastal
water quality and recreational use. Water sanitation facilities are another source of pollutant. If the intensity of rainfall or flooding events are expected to increase, then coastal
pollution from these sources can be expected to increase as well unless management and
infrastructure changes are made.
Over 40 million Americans in approximately 772 cities rely on combined sewer systems for stormwater and snowpack runoff as well as untreated domestic and industrial
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waste management (EPA, 2011). In the Great Lakes, extreme precipitation events may
overwhelm the combined sewer systems and lead to overflow events that can threaten
both human health and recreation in the region. Projected increases in heavy rainfall
and lake water temperatures, in addition to decreased lake levels, would all be expected
to contribute to beach contamination in the future (McLellan, 2007; Patz, 2008).
Biological Toxins. Certain species of marine algae are considered harmful, either
through direct consumption or inhalation of aerosolized biological toxins like those that
occur during Red Tide events in Florida. Harmful algal blooms (HABs) are increasing
in frequency, intensity, and duration in freshwater and marine environments globally
(Gilbert, 2005; van Dolah, 2000). The role of climate change in this expansion is unclear
and the physical and biological ocean interactions are extremely complex, but current
research indicates that: 1) the range expansion of warm-water species occurs at the expense of cold-water species that are driven poleward; 2) the seasonal window of growth
of some species will increase, leading to earlier and, possibly longer and more intense
blooms; 3) these changes in the timing and location of blooms will have secondary effects for marine food webs and the transfer of toxins through marine food webs (Hallegraeff, 2010). A growing body of literature suggests that the geographic incidence,
frequency, and intensity of harmful algal blooms are likely to increase in the future as a
result of an anthropogenically changing climate (Moore et al., 2008, 2010, 2011). In the
Puget Sound, sea-surface temperatures affect the timing and onset of certain harmful
algae. The window of opportunity for harmful blooms of Alexandrium canenella, which
causes paralytic shellfish poisoning, is likely to shift by up to two months over the next
ten years based on climate-driven changes in the coastal ecosystem (Moore, 2010, 2011).
Some effects may be seen within the next 30 years and perhaps as early as the next decade (Moore et al., 2011). Understanding algae and related biotoxin production will lead
to better predictions of risks related to climate change (Moore, 2008).
Chemical Contaminants. Alterations in the timing and intensity of storm events
associated with climate change are expected to deliver different, and in many cases, increased loadings of chemical contaminants to surface waters (Kundzewicz et al., 2009).
These contaminants will be transported downstream and enter coastal ecosystems where
they can be taken up by marine fish and shellfish and both directly and indirectly affects
on human health and well-being. Dickhoff and others (2007) describe many direct risks
to human health posed by chemical contamination of seafood. These risks come primarily from persistent and bioaccumulative substances such as polychlorinated biphenyls
and methylmercury. In addition, the presence of contamination can often result in regulatory and advisory actions aimed at reducing consumption of seafood from affected
coastal areas. Because consumption of seafood is generally believed to confer substantial human-health benefits, reduced human consumption of seafood presumably has a
negative, indirect effect on human health (Dickhoff et al., 2007).
Vector-Borne and Zoonotic Disease (VBZD). The incidence of VBZD in the

U.S. will likely increase under anticipated climate change scenarios. Efficient vector and
reservoir life cycles and transmission dynamics depend on optimal temperatures, humidity levels, and habitats, including coastal waters and shoreline habitats. Changes in
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precipitation, temperature, and humidity will shift habitats that allow insect and animal vectors to survive and transmit disease in new, previously unsuitable areas. Coastal
and marine changes will affect ocean and coastal ecosystems by influencing community
structure, biodiversity, and the growth, survival, persistence, distribution, transmission,
and severity of disease-causing organisms, vectors, and marine and terrestrial animal
reservoirs (CDC, 2009).
Changes in climate will affect the habitat, reproduction rates, and transmission dynamics for: mosquitoes that carry malaria, yellow fever, and dengue; ticks that carry
Lyme disease; and rodents that carry a variety of diseases such as those related to Hanta
Virus and plague. As the habitats for these disease vectors are expected to shift northward, so too does the disease risk (Portier et al., 2010). The range of mosquito vectors
is expected to shift northward with warmer temperatures and humidity, coupled with
changes in coastal habitats and sea level. For instance, the habitat for two malaria vectors, Anopheles albimanus and Anopheles pseudopunctipennis, which is currently restricted
to warmer climates, will expand northward into the U.S., but extreme conditions such
as prolonged drought or excessively elevated temperatures can also bring that cycle to a
stop and reduce risk in those areas. With the loss of predators, which changes predatorprey relationships, insect and marine and terrestrial animal vectors and reservoirs may
increase or shift their range, which would necessitate either chemical or mechanical controls (CDC, 2009).
How much the recent dengue outbreaks in the U.S. are related to climate variability
is unclear, but climate is likely one of the drivers (CDC, 2012). Similarly, the role of
marine animals in zoonotic transmission under changing climate regimes is not well understood (Portier, 2010). A lack of understanding of these complex VBZD transmission
dynamics makes predicting climate-related changes difficult (CDC, 2009).
Food and Nutrition. Climate also poses several direct human-health risks specifically associated with food from oceans and estuaries from consumption of contaminated
food, decreased nutritional value of compromised or stressed food, lack of availability
or change of access to food, which will be especially impactful for subsistence-food animals (Portier et al., 2010). Climate change is expected to impair seafood safety through
changes in chemical and biological risks; in particular, toxic metals, organic chemicals
residues, algal toxins and pathogens of both humans and marine organisms (Marques,
2010). Climate change may lead to changes the occurrence of Vibrio species, a type of
bacteria ubiquitous in the marine environment, some of which can cause cholera, gastrointestinal illness, and serious, if not fatal, wound infections. Vibrio outbreaks have been
related to changes in water temperature and changes in salinity (Colwell ,2008; Emch
,2008; Johnson, 2010; Turner, 2009) and can be monitored and predicted with a combination of in-situ and satellite observations (Blackwell, 2008; Phillips, 2007).
The abundance and distribution of fish stocks are known to change as water temperatures and circulation patterns change. This affects human health directly in terms
of available protein as well as economic productivity and cultural or tribal aspects of
coastal-community health. In addition, little is known about the changes in nutritional
quality or health of the fish as related to climate (Portier et al., 2010).
Sentinel Habitats and Species. Key habitats and certain marine mammals can
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signal climate-related change in coastal conditions that can affect human health (Bossart,
2011; Rose, 2009). Sentinel marine mammals can serve as integrative integrators of human-health risks; for instance, domoic acid (DA) exposure and related stranding and
health risks in sea lions off the coast of California provide insight into human-health
risks of DA exposure (Goldstein, 2009). Information from monitoring sentinel tidal
creeks can demonstrate the need for screening of shellfish and other seafood for biotoxins, pathogens, or chemical pollutants (Garner, 2009).
In summary, the impacts on human health and well-being are complicated, are mediated by our individual- and social-behavioral constructs, and must be considered in
the larger social, political, and cultural context. Although scientific advances in this field
are being made, they are slow, incremental, and insufficient in size, scope, and duration
to inform the science and policy choices that lie ahead. This is due in large part to the
long-term nature and extent of the research collaborations required as well as the lack of
sustained assistance, which should include the collection and maintenance of long-term
physical, biological, and public health data that can be used for monitoring and research
to give us early warning indications and inform longer-term risk predictions (Jochens,
2010; Portier, 2010).

4.5: Implications for Coastal Military Installations and Readiness
Climate-related changes in global and regional temperatures, precipitation patterns, and
sea level, as well as increasing coastal storm extremes and extended polar ice melt seasons, can impact Department of Defense (DoD) coastal installations and associated military readiness in numerous ways, including:
• Diminished capacity to sustain troop combat operational readiness if training
and testing opportunities are reduced at coastal military installations;
• Comprised readiness, especially during extreme climatic events, of military
personnel, facilities, and materiel assets for global power projection via combat
service support, which is dependent, in part, on secure and properly functioning coastal installations and, in some cases, supporting civil transportation
infrastructure; and
• Increased costs, inefficiencies, and response time for military operations in the
coastal zone due to loss or degradation of natural resources and infrastructure
at coastal installations as a result of sea-level rise or changes in the intensity of
climate extremes.
In addition, sprawl, incompatible land use and other forms of encroachment on- and
off-installation may operate in synergistic combination with climate change and have
the potential to overwhelm the adaptive capacity of installations (DoD, 2011).
Coastal Military Installation Climate- and Global-change Challenges
The National Intelligence Council (NIC, 2008) explored the national security implications of climate change in select countries and regions to characterize the extent that
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anticipated effects may contribute to inter- and intra-state migrations, cause economic
hardships, result in escalated social tensions, and lead to state instabilities. The onset of
such crises has the potential for impacting and evolving DoD’s roles and missions. More
research and study is needed to assess climate-environment-migration relationships.
With a better understanding of these relationships, the readiness roles and missions of
supporting military installations may need re-alignment to maintain U.S. national security (NIC, 2008).
Coastal-installation readiness, in particular, can be challenged as a result of climaterelated environmental stressors and drivers that include:
• Changing weather patterns and extreme temperature, precipitation, and coastal
storm events;
• Rising sea levels and subsiding or eroding land masses;
• Disruptions to the biosphere that have complex repercussions on ecologic
sustainability;
• Evolving land and water resources use patterns and management practices on
and off installation;
• Production, accumulation, and migration of environmental contaminants on
lands and waters; and
• Loss and degradation of habitats for protected threatened and endangered fish
and wildlife species (DoD, 2011).
Although DoD leadership has recognized and is continuing to study these challenges, military commanders often are consumed with addressing daily tactical mission requirements, which limits the opportunity to strategically incorporate the issues
of climate change over extended future time scales. Technical guidance and capabilities
needed to distill climate change information, whether as explicit predictions of future
conditions or as scenarios, to the impact level at military installations is currently insufficient, although DoD is actively pursuing study of these needs. Recent interviews
among DoD personnel at selected installations including Fort Benning, GA and Naval
Base Norfolk, VA suggest that climate change is not fully realized as an inevitable threat
in the near future. Although climate change forecasts are being discussed with higher
frequency among DoD managers, a low level of awareness exists of the empirical knowledge base supporting global climate change predictions or scenario use nor any recognition of the need for contingency planning (Noblis, 2010). Moreover, climate change is
considered to be a regional phenomenon with insufficient relevance for consideration at
specific local installations; in other words, most DoD managers believed that not enough
information was available to implement climate change planning into current management activities (Noblis, 2010).
Deferring actions to manage potential climate change risks and uncertainties may
exacerbate future impacts; however, the impact of delayed action can be addressed to
enable:
1.

Sustaining development of effective plans, programs, and budgets;
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2.

Carrying out effective systems analysis;

3.

Developing credible cost estimates; and

4.

Creating timely and meaningful future defense plans (Cordesman, 2009).

A comprehensive, integrated, and science-based approach is needed to quantify systems-scale operational risks of climate change for achieving military decision-making
effectiveness (Noblis, 2010).
Coastal Installation Vulnerabilities and Combat Service Support Readiness
The 2010 Quadrennial Defense Review calls for a comprehensive assessment of all installations to assess the potential impacts of climate change on DoD missions and to
adapt as required (DoD, 2010). Vulnerabilities of coastal installations can be manifested
through impacts to natural resources that support operations and training exercises,
deterioration of built infrastructure and equipment that support combat service supply, and direct and indirect impacts of climate-related disasters (Pollner et al., 2009). All
of these vulnerabilities have practical implications for military readiness. Diminished
quality of training and testing could lead to degradation of military personnel understanding and skill in executing combat strategies and tactics, whereas impairments to a
coastal installation’s combat service supply mission has the potential to diminish globalpower projection capability during a crisis response.
Coastal storms and sea-level rise in combination have the potential to impair installation infrastructure that supports combat service support missions. Accelerated sea-level
rise will exacerbate the episodic effects of coastal storms, cause inundation of low-lying
land areas, induce sustained geomorphologic and environmental changes, and alter harbor topography, bathymetry, currents and salinity. These events may impact access to
and use of military installation assets and increase maintenance requirements for coastal
facilities. Resulting requirements may include increased dredging operations, dredged
materials placement needs, modification of dock facilities, and the need to harden facilities and coastal zones against hazard effects. Installations in which assets are located
close to current sea levels will be subject to increased groundwater salinity, higher water tables, and increases in periodic flooding, which will require increased stormwater pumping and drainage capacity, maintenance for corrosion control, and flood risk
reduction. In addition, the regional interdependency of installations during extreme
coastal-storm events with surrounding civil electrical power and communication networks, roads, railways, and potable water distribution systems may result in increased
installation vulnerability due to climate impacts on systems and facilities external to the
installation.
Coastal storm risk assessment and management of military assets can be informed by
the characterization of extreme storm events based on historical experience and stormsurge modeling. By contrast, sea-level rise is gradual even though the rates of change
that are expected this century (see Chapter 2) are unprecedented in terms of historical
U.S. military experience. Moreover, the uncertainties about future sea-level-rise rates
preclude the establishment of a best estimate of sea-level rise during the remainder of
this century; hence, a single, most probable trajectory for adaptation to sea-level rise is
not available. This poses a non-stationary risk to coastal military installations, because
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the fundamental operation requirements of many of these facilities are coastal- or waterside-dependent. A range of global sea-level change scenarios (see Chapter 2) was developed by an expert panel convened as part of the NCA to provide Assessment teams with
scenarios for risk-based vulnerability and impact assessment. The four sea-level-change
scenarios provided range from 0.2 meter to 2.0 meters through 2100. Based on the risk
tolerance of their decisions, stakeholders such as DoD can decide which of these scenarios to use to guide their vulnerability impact assessment and adaptation decisions.
Increasingly, many coastal installations are taking on additional missions and tenant units with force restructuring and demands of overseas contingency operations. Increased numbers of installation tenants and training mission requirements may further
exacerbate training capacity and scheduling flexibility limits imposed by ongoing climate change. The potential for climate change-related installation realignment or closure, which also could translate into regional economic losses, is also a risk.
Operations and Training Readiness and Natural Resource Impacts
Impacts of climate change on natural resources can reduce the capacity of military installations to support operations and training by changing training conditions and degrading the utility of these assets for training. Physical constraints on access to training lands
and waters resulting from extreme weather events have short-term effects on training
and operations and also can damage roads and other infrastructure. Extreme heat events
can require reductions in personnel activity levels. Extreme heat and drought events and
high fire risk conditions also can preclude use of pyrotechnics, grenade simulators, and
live-fire training with tracers to reduce the chance of wildfires. Extreme storm events
and associated lightning, wind, and flooding risks can temporarily limit access to and
degrade coastal lands and waters for training as well as personnel and materiel transit.
Impacts of climate change on installation natural resources can reduce the ability of
installations to meet environmental regulatory requirements, which can lead to restrictions on access to training and testing lands and waters. Because current research indicates that global climate change is already having significant impacts on both vegetation
patterns across North America (Coops & Waring, 2001; Waring et al., 2011) and global
bird-population distributions (Wormworth & Mallon, 2006), understanding this situation and providing better training and information to DoD managers is relevant. Habitat
transition or modification as a result of climate change may result in increased challenges for installation managers to maintain the population status of species that are
listed as endangered or threatened under the U.S. Endangered Species Act of 1973 (7
U.S.C. § 136, 16 U.S.C. § 1531 et seq.), while avoiding the increased potential for listings
of species that are not currently listed. The construction of compensatory natural resources management features can be costly and has the potential to escalate. Terrestrial
land management and training exercises could become restricted spatially and, as a result, cause increased local ground disturbances and changes that degrade water quality
by increasing waterway sedimentation and nutrient loading. In addition, amphibious
training space could become restricted as habitats and buffers critical for sea turtles and
shore birds decrease or as changes in barrier island and coastal marsh configuration due
to sea-level rise and storm activity reduce available training space. These changes in
quality, quantity, and distribution of natural assets may affect the DoD’s ability to meet
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operational tempos and reduce scheduling flexibility, such as in reduction of installation
capacity to support land-based and amphibious training exercises.
Increased temperatures and potential changes in precipitation patterns may require
modification of prescribed burn programs, which are an important component of listed
and at-risk species management on many installations. Increased coastal storm intensity
and sea-level rise may cause losses and conversions of wetlands, barrier islands, and
shorelines to open water and, if accompanied by high runoff events, could result in synergistic impacts to natural and built infrastructure.
DoD Requirements and Programs for Vulnerability and Impact Assessments and
Adaptation Planning
Three levels of risk-based impacts on DoD installations can be identified. At the highest level of impact, an installation may no longer be able to support current and future mission requirements. At an intermediate level of impact, missions could still be
accomplished but would require adaptive actions to prevent or remediate impacts,
which could carry high costs and require significant time for planning and implementation. Other impacts at this level could be acute, such as coastal-flooding events, with
high short-term costs and short-term disruption, but would not prevent mission accomplishment over the long-term. At the lowest level of impact, operations may need to be
modified but could be accomplished within established processes with no significant
commitment of additional resources.
DoD requires actionable climate information and projections at mission-relevant temporal and spatial scales for installation planning and adaptation. Climate information
and decision tools are needed to support priority installation functions for maintaining
effective testing, training, deployment, and force-sustainment capabilities, sustaining
the built environment, complying with regulatory requirements, and keeping personnel
safe. This will require increased understanding of the extent to which DoD planning and
decision processes are influenced by climatic and meteorological factors. For climate
data and analyses tools to be most relevant to DoD needs, they must be scalable across
all DoD command echelons and provide comprehensive and comparable analyses
across installations and regions for effective decision making. Effective use of available
and new information and decision-support capabilities will require inter-agency coordination regionally and nationally. In addition, interdependencies of installation facilities
with surrounding areas will require close coordination with other affected stakeholders.
With proactive vulnerability and impact assessment, asset vulnerabilities and their
sensitivities to changing stressors can be identified and serve as the necessary basis for
planning and implementing resilient and adaptive management actions. Challenges
include:
• Scientifically informing critical decisions that must be made through expert
analysis of spatial-temporal complexities and uncertainties of stressor impacts
on objectives-based installation mission performance that can serve the need for
baseline assessment characterization at both the screening and detailed levels;
• Formulation, technical evaluation, distinctive comparison, and selection of
competing alternative management actions;
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• Developing and transferring a decision-support framework for effective application in the military community of practice; and
• Specifying protocols for collection and management of site-specific monitoring
data and status metrics while minimizing time and expense requirements for
continual focusing and application in assessment and management cycles.
DoD is currently developing policy, guidance, and technical knowledge and capabilities to effectively assess vulnerabilities and impacts and to plan for and adapt to
potential climate change impacts. Development of technical support capabilities for vulnerability and impact assessment and adaptation planning have been initiated through
a range of efforts under the DoD Strategic Environmental Research and Development
Program, Legacy Resource Management Program, and the U.S. Army Corps of Engineers’ Institute of Water Resources and Engineer Research Development Center.
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Key Findings
ff Although adaptation planning activities in the coastal zone are increasing, they
generally occur in an adhoc manner and at varied spatial scales dictated by
on-the-ground needs and adaptation drivers in the particular area. Efficiency of
adaptation can be improved through integration into overall land use planning
and ocean and coastal management. High Confidence.
ff In some cases, adaptation is being directly integrated, or mainstreamed, into
existing decision-making frameworks regarding zoning and floodplain, coastal,
and emergency management, but these frameworks are not always perfect fit and
sometimes existing laws pose a barrier to implementation. Very High Confidence.
ff Tools and resources to support adaptation planning are increasing but technical and data gaps persist. As adaptation planning has evolved, recognition
has grown regarding the need for detailed information that is compatible with
organizational decision-making processes and management systems. Very High
Confidence.
ff Although adaptation planning has an increasingly rich portfolio of case studies
that contribute to shared learning, the implementation of adaptation plans has
proceeded at a much slower pace. Very High Confidence.
ff Elements commonly found in adaptation plans include vulnerability assessments, monitoring and indicators, capacity building, education and outreach,
regulatory and programmatic changes, implementation strategies, and a sectorby-sector approach. Very High Confidence.
ff Although state and federal governments play a major role in facilitating adaptation planning, most coastal adaptation will be implemented at the local level.
Local governments are the primary actors charged with making the critical,
basic land-use and public investment decisions and with working with community stakeholder groups to implement adaptive measures on the ground. Very
High Confidence.

5.1: Adaptation Planning in the Coastal Zone
In the ten years since the first National Assessment of the Potential Consequences of Climate
Variability and Change, the science and policy landscape for adaptation has evolved significantly. Adaptation is emerging as an essential strategy for managing climate risk and
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a broad range of adaptation initiatives are being pursued across a range of geopolitical
scales. This interest in adaptation has emerged from an increased awareness that climate
impacts are unavoidable (Wetherland et al., 2001); a growing availability of knowledge,
data, and tools for the assessment of climate risk; and the interest of government agencies, businesses, and communities in increasing their resilience to both current climate
variability as well as future climate change. However, adaptation strategies are not
generally mainstreamed into the policy apparatus of governments or the development
plans of the private sector; in other words, adaptation strategies supplement existing
planning efforts but often involve an effort on their own rather than being integrated
into existing management and policy regimes. Also, although adaptation planning has
an increasingly rich portfolio of case studies contributing to shared learning (Gregg et
al., 2011), the implementation of adaptation plans has proceeded at a much slower pace.
Background on Adaptation Planning
Coastal adaptation planning will generally identify vulnerable coastal resources and
likely impacts to these resources; define goals and specific adaptation actions based on
the best available information; outline an implementation strategy; and create a plan for
evaluating and monitoring results. Elements commonly found in adaptation plans are
included below (see Box 5-1; Hansen & Hoffman, 2011; Heller & Zavaleta, 2009).
Inventory of Adaptation Planning
Adaptation-planning processes vary across spatial and jurisdictional scales. Because impacts from climate change will cross jurisdictional and sectoral boundaries, both planning and implementation will generally require coordination at all levels of government
including state, local, regional, and national and among a range of public and private
entities. Planning processes typically involve coordination both vertically across local,
state, and federal offices and horizontally across agencies and between counties, municipalities, or states.
All major levels of government have an important role to play in facilitating adaptation. At the federal level, agencies develop climate science and models, initiate pilot
efforts with hundreds of local governments to plan for sea-level rise (Titus & Hudgens,
2010), and provide important technical support, data, and mapping that policymakers
need for planning. As detailed in examples below, the federal government also allocates
billions of dollars in public funds to pay for critical projects and services necessary for
adaptation throughout the coastal zone such as hazard preparedness, disaster response,
infrastructure development, and conservation projects. Similarly, state agencies distribute state funds and provide oversight and technical support for adaptation planning; often manage state-owned coastal lands and can acquire vulnerable properties; and have
regulatory authority in all or parts of the state’s coastal zone. However, most adaptation
will occur at the local level; local governments are the primary actors charged with making the basic land-use and public investment decisions that will be critical, along with
working with community stakeholder groups, to implementing adaptive measures on
the ground. The private sector also has a role; corporations, insurance companies, land
trusts, and private individuals will have to make changes in how they manage assets
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Box 5-1
Elements Commonly Found in Adaptation Plans
Adaptation plans employ several formats and include a variety of elements depending on the need
and context in which they are undertaken. Elements or outcomes that often characterize planning include:

Assessing Vulnerability
• The vulnerability of a system is the degree to
which it is susceptible to or unable to cope
with climate-change effects (See definitions on
page xviii of this report).
• Vulnerability assessments often focus on exposure and sensitivity to impacts as well as capacity to adapt. Demand for this is increased
in policy-relevant formats.

Monitoring and Indicators:
• Environmental indicators measure the effects
of natural and manmade stressors on a system
and convey scientific information on the current status of conditions as well as changes and
trends in these conditions over time (EPA Climate Ready Estuaries Progress Report, 2010).
• Indicators can measure progress of implementation of process-based adaptation measures
or the effectiveness of the outcome-based
adaptive policies and activities.
• Research, observations, and modeling will
continue to improve forecasts of regional- and
local-scale climate impacts and inform adaptation efforts.

Capacity Building, Education, and
Outreach
• The engagement of diverse stakeholders
throughout the process increases access to expert knowledge, technical skills, and financial
resources and helps build public support for
an adaptation plan.

Regulatory and Programmatic Changes
• Laws, regulations, and programmatic changes
can promote or remove barriers to adaptation;
however, regulations and policies must be responsive as the science and understanding of
climate change evolves, which is often a difficult task.
• Governments can adopt new policies such as
an Executive Order or use existing authority
by amending state regulations to account for
climate change.

Implementation Strategies
• Including elements for implementation is critical in moving a plan forward.

Sector-by-Sector Approach
• A sector-by-sector approach allows for the
breakdown of complex problems with plans
analyzing vulnerability and needs within sectors most important to the state or region.
• Common sectors include: Public Health, Habitat/Natural Resource Management, Water
Management, Agriculture, Forestry, Transportation and Energy Infrastructure, and Coastal
Communities.
• A sector-by-sector approach can also miss important between-sector linkages, resulting in
less effective actions or cross-purpose actions
between sectors.
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and lands, build facilities, and manage risks. Finally, the nongovernmental sector has
taken a lead role in gathering critical information and developing on-the-ground approaches to foster adaptation.
Because of differences in scale, adaptation planning has taken many different forms:
certain jurisdictions developed separate multi-sectoral adaptation plans (CA), developed adaptation plans for individual sectors or impacts (MD), or included adaptation
in plans to reduce greenhouse gas emissions (AK, FL, NY), while others mainstreamed
adaptation by including consideration of climate impacts in other types of planning
documents, laws, or regulations such as hazard-risk reduction plans (Lewes, DE) and
coastal plans (RI and San Francisco, CA) (Arroyo & Cruce, 2012). This section provides
examples of different types of planning efforts at several different spatial scales and levels of government. Because offering a comprehensive list is beyond the scope of this
report, the authors selected efforts that highlighted different approaches, regions, and
successes and challenges.
Federal: The Federal Interagency Climate change Adaptation Task Force. In a 2009 Ex-

ecutive Order, President Obama created the Task Force to coordinate adaptation planning among federal agencies, tribes, and communities and to recommend how federal
agencies can mainstream climate change considerations in programs and operations. In
a 2011 progress report, the Task Force made key recommendations to the federal government: 1) provide and translate data for decision-makers; 2) review the role of both
private insurance and the National Flood Insurance Program in promoting resilience;
3) encourage pilot projects where federal agencies support local adaptation initiatives
such as the EPA, HUD, and DOT Sustainable Communities Program; and (4) examine
cross-cutting issues related to ocean and coastal resilience, such as ocean acidification
and ecosystem-based management.

Regional: West Coast Governors’ Agreement on Ocean Health (WCGA). After recognizing
in September 2006 that adaptation will require a transboundary response, the governors
of California, Oregon, and Washington signed the WCGA and created a regional partnership for coastal management. The WCGA created ten Action Coordination Teams
composed of state-agency staff and federal partners to study and develop approaches
for cross-jurisdictional management of coastal resources. Teams are developing strategies to adapt to sea-level rise, coordinate on sediment management, and implement ecosystem-based management approaches. The three states combined financial resources
to commission an independent study of localized sea-level-rise projections from the National Research Council. This regional collaborative will be expanded to include Alaska
and British Columbia through the Pacific Coast Collaborative.
State: North Carolina—Sea-level-rise Risk Management Study. North Carolina and FEMA

are working to map future shoreline changes. This project will study hazard-mapping
tools to evaluate how sea-level rise will change flooding along the state’s coast and propose risk management strategies to reduce or avoid those flood risks.

Local: Southeast Florida Regional Climate Change Compact. Palm Beach, Broward,
Miami-Dade, and Monroe counties in Southeast Florida are collectively addressing
adaptation. The counties developed a uniform approach to estimating and mapping
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sea-level-rise scenarios and leveraged support from federal agencies that otherwise
might have been split between individual counties.
Tribal: Swinomish Tribe, Washington—Climate Adaptation Action Plan. The Swinomish
Tribe of Washington developed an adaptation plan for its reservation located where the
lower Skagit River empties into Puget Sound. The Swinomish used scenario- and riskbased planning to assess vulnerabilities to their natural and human systems and cultural
resources. Of particular concern to the Tribe are the impacts to natural resources from
hard-armored responses to sea-level rise. The Reservation has 2,900 acres of tidelands
that are integral to maintaining the Tribe’s fishing traditions. The plan recommends the
Tribe use long-term planning to avoid environmental impacts to these resources.
Private: Northrop Grumman—Climate Impacts on the Newport News Shipyard. Northrop

Grumman is studying vulnerabilities to its Hampton Roads, VA shipyard, which builds
and maintains nuclear aircraft carriers. Hampton Roads is considered one of the most
vulnerable regions to sea-level rise. The shipyard has 20,000 employees and has serviced
approximately 800 ships and 30 carriers. Potential impacts to the shipyard include flooding of dry-docks, and inundation of residences, business, and transportation facilities
The Status of Coastal Adaptation Planning
With adaptation planning proliferating as a strategy for managing the risks of climate
change to coastal systems, attention is beginning to shift toward evaluating how effective such planning has been. The following sections demonstrate some strengths of adaptation planning to date, the emerging practices that are advancing the practice, and
those aspects of adaptation planning that appear to be persistent challenges.
Strengths of Coastal Adaptation Planning
One of the most significant developments in coastal adaptation in recent years is the
emergence of guidance that can support state- and local-level adaptation planning. For
example, the International Council for Local Environmental Initiatives (ICLEI) – Local Governments for Sustainability, the University of Washington, and King County in
Washington state prepared a guide entitled Preparing for Climate Change to lead stakeholders through the adaptation-planning process (Snover et al., 2007). In addition, ICLEI
has developed an Adaptation Database and Planning Tool (ADAPT) to support adaptation planning in local governments. Similar guidance has been developed to address the
specific circumstances of coastal communities and ecosystems. For example, NOAA’s
(2010) report entitled Adapting to Climate Change: A Planning Guide for State Coastal Managers provides an overview of the implications of climate change for the coastal communities and outlines a range of key considerations for decision making. Other guidance,
such as the EPA’s report entitled Rolling Easements (Titus, 2011), is designed to provide
detailed information on specific coastal adaptation strategies. Despite variation among
these different types of guidance regarding the appropriate approach to take to adaptation planning (Preston et al., 2009), the availability and accessibility of such guidance
provides a foundation for enhancing the capacity of federal, state, and local organizations to take the first steps in planning for climate change on America’s coasts.
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By initiating coastal adaptation planning, government agencies and local communities are educating themselves and others while building networks to share that knowledge among researchers, decision makers, and community members. One of the areas in
which adaptation planning has been instrumental in expanding knowledge has been in
the assessment of vulnerabilities and risks associated with climate change. For example,
the Partnership for the Delaware Estuary undertook a series of case studies to examine
the estuary’s vulnerability to climate change (Kreeger et al., 2011). Meanwhile, the State
of New Jersey assessed the potential impacts of sea-level rise and coastal inundation
for the state’s coastline as well as the associated socio-economic impacts (Cooper et al.,
2005). Similar assessments have been conducted for individual municipalities including
the City of New York and the City of Punta Gorda, Florida (Beever et al., 2009; New Your
City Panel on Climate Change, 2010, also see Box 4.1).
Assessments of vulnerability and risk are also emerging from individual utilities and
infrastructure managers. For example, as part of its adaptation planning, the City of
New York’s Metropolitan Transit Authority assessed the potential impacts of climate
change to the agency’s infrastructure and operations (Jacob et al., 2008). Meanwhile,
King County, Washington assessed the implications of sea-level rise for waste-water
management infrastructure (King County, 2008). Although the goals of adaptation planning are broader than a simple assessment of potential vulnerabilities and risks associated with climate change, such assessment activities are a key entry point for adaptation
planning. Accordingly, researchers and practitioners have contributed to the expansion
of methods and tools for assessing coastal risk (also see Section 5.3).
Emerging Planning Practice
As adaptation planning has evolved, recognition has grown regarding the need for detailed information that is compatible with organizational decision-making processes
and management systems. In recent years, progress has been made in the integration of
adaptation into spatial planning at the state, regional, and local levels. This has allowed
adaptation planning to advance beyond the identification of potential policies and options to more practical explorations of those options at spatial scales relevant to decision
makers; for example, Miami/Dade County has developed a series of spatial flood-risk
and sea-level-rise visualizations. Increasingly, spatial planning is integrating information on coastal risk with land-use planning; for example, regional planning agencies in
Pennsylvania (Linn, 2010), Georgia (Concannon et al., 2010), and Florida (Merritt, 2010)
have collaborated with local governments to create maps depicting which lands are likely to receive shore protection and which lands would be given up to the rising sea. The
NOAA Sea Grant programs have conducted similar efforts in New York (Tanski, 2010)
and North Carolina (Clark & Kassakian, 2010). A spatial planning exercise conducted
by the U.S. Department of Transportation (U.S. DOT) in Cape Cod, Massachusetts explored multiple scenarios of future development on the cape to explore interactions
among coastal vulnerability, development, and maintenance of environmental amenity
(U.S. DOT, 2011). Integrated approaches to spatial planning have also been applied in
the cities of Punta Gorda, Florida (Beever et al., 2009); New York, New York (New York
City Panel on Climate Change, 2010); and Boston, Massachusetts (Adaptation Advisory
Committee, 2011).
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The aforementioned Cape Cod study highlights another advance in adaptation planning: the expansion of collaborative networks and stakeholder participation in the planning process. Robust adaptation planning necessitates both expert knowledge regarding
biophysical climate change impacts and regional and local knowledge regarding how
those changes might impact valued human and ecological systems and the range of
relevant policy responses. Adaptation planning is therefore increasingly undertaken
through partnerships among federal, state, and local government agencies, research institutions, and non-profit organizations. Such partnerships have facilitated knowledge
transfers and supported adaptation planning efforts in Oregon (State of Oregon, 2010)
and California (California Natural Resources Agency, 2009) as well as the cities of New
York (New York City Panel on Climate Change, 2010) and Boston (Adaptation Advisory
Committee, 2011). This has created greater opportunities for learning and enhanced the
practical utility of adaptation planning.
Adaptation Planning Challenges
Despite the rapid expansion of coastal adaptation planning, challenges remain in translating such planning efforts into increased coastal-systems resilience to the impacts of
climate change (Berrang-Ford et al., 2011; Preston et al., 2011a). A central challenge is
the availability of knowledge and tools that enable confident planning for the future;
for example, considerable uncertainty persists with respect to projections of future sealevel rise as well as information regarding future demographic and economic trajectories
(Preston et al., 2011b, see also Section 2.2). Guidance on flexible decision pathways is
needed to assist decision makers with evaluating and staging adaptation decisions while
recognizing that understanding of the future will always be imperfect. Constraints on
financial and human resources within organizations may hinder attempts to manage
such uncertainties (Moser & Ekstrom, 2010). Developing strategies for overcoming such
constraints is therefore an important but often overlooked component of adaptation
planning. In one constructive example, the City of Homer, Alaska intends to enact a sustainability fund to recruit staff and finance adaptation measures (City of Homer, 2011).
The challenges in implementing adaptation plans extend beyond the resourcing of
organizations. Although many adaptation actions for coastal areas can be categorized
as “no regrets” actions that pose few opportunity costs (California Natural Resources
Agency, 2009), more substantive actions may have larger policy or legal hurdles. For
example, restrictions on development in vulnerable areas or the implementation of
planned retreat may be challenged as regulatory “takings” that require just compensation (Craig, 2010), which may force tradeoffs between coastal protection and property
rights. Overlapping and sometimes conflicting laws, often designed without consideration of a changing climate, can prevent the adoption of adaptive measures. In the Alligator River National Wildlife Refuge/Albemarle-Pamlico Peninsula Climate Adaptation
Project, the Nature Conservancy and the U.S. Fish and Wildlife Service set out to evaluate the effects of different adaptation strategies on areas likely to be impacted by sea-level rise. The strategies included constructing oyster reefs to buffer shorelines from waves
and storm surges, restoring the natural hydrologic regime and associated wetland systems, and planting salt- and flood-tolerant species, several of which required federal and
state permits. The permit required through the state’s Coastal Area Management Act
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took eight months to acquire because the materials used to construct the oyster reef did
not conform to the state’s concept of fill material and the permit was elevated to a major
permit (Gregg et al., 2010).
Although some adaptation-planning efforts acknowledge these governance challenges and articulate the actors and actions needed to implement particular policies, more
comprehensive policy frameworks for adaptation implementation are needed to create
the enabling conditions for coastal adaptation. Finally, although available guidance for
adaptation planning emphasizes the need for monitoring and evaluation of implementation (Snover et al., 2007), these elements are often missing from adaptation plans in
practice (Preston et al., 2011a).

5.2 Coastal Resource Management and Restoration in the
Context of Climate Change
Many issues that coastal managers are dealing with already on a daily basis are likely
to be exacerbated by climate change; therefore, in a certain sense, planning for climate
change will not require a new set of tools or planning strategies but is rather a matter of
rethinking existing coastal management and restoration priorities in light of a new set of
climate endpoints or scenarios. Of major concern are:
• Ecosystems that are already experiencing stress associated with land-use change,
hydrologic alteration, and other non-climate perturbations;
• Already vulnerable coastal resources that are also highly sensitive to changes in
climate such as temperature increase and precipitation change; and
• Natural and cultural resources at risk due to their geography.
With an emphasis on the priorities listed above, coastal managers are beginning to
specifically consider climate change in planning and on-the-ground implementation of
coastal resource management and restoration efforts. In some instances, coastal managers are assessing how climate change will affect the ability of a given restoration project
to achieve existing restoration goals and objectives (NWF, 2011); in other cases, managers are thinking about climate change from a broader perspective with an aim towards
developing and implementing resource management or restoration practices to protect
against, remedy, or increase ecosystem resilience to the impacts of climate change.
Climate Change Considerations for Coastal Resource Management and
Restoration
Some of the most challenging elements associated with natural, cultural, and economic
coastal resource management in light of climate change are associated with coastal and
watershed influences of storms and extreme events, sediment management, and the
impacts of sea-level rise on tidal wetland ecosystems and cultural resources. Climate
change considerations for such management needs are highlighted below.
Managing for Storms and Extreme Events. Prudent coastal resource man-

agement and restoration strategies will consider the gradual change expected to occur
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due to climate change as well as likelihood of moderate-to-severe damage to result from
episodic extreme events such as hurricanes, tropical storms and nor’easters.
Although the damage to human infrastructure from hurricanes and tropical storms
can be substantial, both tropical and extra-tropical systems have the potential for significant damage to coastal natural resources as well. The persistent loss of more than 135
square miles of coastal wetland throughout the Louisiana coastal zone in the two years
between November 2004 and October 2006 is associated primarily with the passages
of Hurricanes Katrina and Rita (Couvillion et al., 2011). By October 2008, Hurricanes
Gustav and Ike resulted in the additional persistent loss of almost 95 square miles of
wetland in Louisiana (Couvillion et al., 2011).
Disruption of coastal resources from storms goes beyond the physical disruption
from storm surge. In 1972, a weak Hurricane Agnes, combined with a non-tropical low
pressure system over the U.S. Mid-Atlantic region, dumped more than 10 inches of rain
throughout much of the Chesapeake Bay watershed. Agnes-induced runoff delivered 32
million metric tons of dry sediment from the Susquehanna River into the Chesapeake
Bay and the Bay’s salinity gradient was moved downstream more than 30 miles (NOAA,
2003). The influx of nutrients and sediments killed upwards of two-thirds of the Bay’s
submerged aquatic vegetation and caused significant impacts to its oyster and clam
populations.
Sediment Management. The acceleration of global sea-level rise, coupled with

storm impacts and hydrologic alteration of rivers that drain to the coast, calls for a
greater emphasis on regional sediment management planning (Gulf of Mexico Alliance,
2009). Regional sediment management is a strategy employed to improve management
of sediment resources in many coastal areas. Strategies such as beach nourishment are
used in many areas to supplement natural-sediment transport mechanisms and maintain
buffers between public and private infrastructure and coastal waters. Additionally, the
relocation of sediment is a large element of many coastal management strategies. This
includes moving sediment out of undesirable places as well as placing sediment into
desirable areas. In general, improving the management of available sediment resources
could minimize costs for moving sediment while concurrently creating and maintaining
coastal features to decrease coastal risk. As our knowledge of climate, sea-level rise, and
sediment dynamics increases, and the tools available to identify and quantify sediment
resources improve, coastal regions will be able to more strategically manage available
sediment resources.
One significant climate change impact for the entire Gulf of Mexico coastal region
is increased sea-level rise leading to increased coastal erosion and wetland loss. The
need for sediments is substantial now and is likely to increase significantly in future
decades as sea-level rise accelerates over current rates (Gulf of Mexico Alliance, 2009).
In light of such climate forces, sediment is often viewed as a resource for building wetlands that offset the losses that many coastal areas are experiencing; for example, the
Coastal Protection and Restoration Authority (CPRA) of Louisiana has constructed increasingly larger and more comprehensive marsh creation projects utilizing a number
of sediment sources. Barrier islands are maintained and marsh areas are constructed in
areas that have eroded or degraded. These areas provide important ecosystem services
related to recreation and fisheries and storm-risk reduction for coastal communities and
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infrastructure. When deltaic processes are re-established by reconnecting these marsh
areas to the Mississippi River, evidence from past projects indicates that they may be
sustainable even under some accelerated sea-level rise scenarios (DeLaune et al., 2003;
Lane et al., 2006).
Tidal Wetland Restoration . By their nature, intertidal wetland ecosystems oc-

cur within a narrow tidal range and are extremely vulnerable to even small changes in
sea level. Coastal wetlands also sequester carbon at rates three to five times greater than
mature tropical forests (Murray et al., 2011); therefore, tidal wetland restoration has implications for minimizing the impacts of climate change on ecosystem services as well as
mitigating climate change caused by greenhouse gas emissions.
Recognizing this, Louisiana has been considering climate with regards to the sustainability and resilience of wetlands restoration projects (CPRA, 2012). In the mid-Atlantic,
coastal managers are strategically targeting restoration and protection efforts to ensure
space for wetlands to migrate inland as sea level rises and in many other areas of the
country, coastal managers are working to create or restore tidal marsh to protect communities and assets from some coastal storm risk (Gregg et al., 2011) and evaluating the
projected resilience of individual marsh restoration projects in the context of accelerated
sea-level rise and sediment availability projections (Stralberg et al., 2011).

Protecting Cultural Resources. The above strategies are key to protecting

built infrastructure in the coastal zone. Wetland restoration and the nourishment of barrier islands with sediment have the potential to reduce some of the impacts from sea-level rise and storms to cultural resources. Cultural resources require unique management
strategies because they are non-renewable. Some key areas of research, including materials vulnerability, change monitoring, cultural heritage management, and damage
prevention (UNESCO, 2008), are still needed to help identify the most relevant management strategies in the coastal zone. Increased flooding in the coastal zone will damage
buildings not designed to withstand prolonged immersion. Increases in storm intensity
and high winds can lead to structural damage (UNESCO, 2008). In coastal communities in Alaska, diminished sea ice and melting of thermal coastal features are leading
to increased rates of erosion and are increasing the vulnerability of communities like
Shishmaref and Kivilina. The challenges faced by some coastal communities and cultural resources will be to identify the relevant management strategy such as relocation/
retreat, undertaken for the Cape Hatteras Lighthouse in North Carolina; protect in place,
undertaken at Fort Massachusetts in Mississippi; or accommodate and allow coastal
processes to alter the configuration of the coast at the site of these coastal resources (Caffrey & Beavers, 2008).
Challenges, Needs, and Opportunities
The ability of institutions to conduct resource management and restoration in the context of climate change is determined by many factors that collectively affect the institution’s capacity for dealing with change. These factors include the institution’s structure
and mechanisms to affect change, ability to address complex technical information, recognition of ecosystem service values, and need for actionable climate science.
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Institutional Structure/Mechanisms.

It will be crucial to imbue all of our decisions (research, management, communications,
and policy) with clear recognition as to the role climate change will play in their success
or failure, and to incorporate uncertainty about the future into our planning.
Hansen & Hoffman, 2010: pg. 33
As discussed in the prior sections, consideration of climate change in coastal resource
management and restoration efforts is growing in practice through a range of focused
and exploratory efforts; however, in order to realize consideration of climate change,
policies and/or directives are necessary to institutionalize consideration of climate
change in coastal management and restoration. Policies and directives have been established, such as the Maryland Department of Natural Resources’ Climate Change Policy
that directs the agency to “proactively pursue, design and construct habitat restoration
projects to enhance the resilience of bay, aquatic and terrestrial ecosystems to the impacts of climate change and/or increase on-site carbon sequestration” (Maryland Department of Natural Resources, 2010: pg 14). Many more directives like this one will be
needed, particularly at the national scale, in order for climate resilience to be realized.
Technical Information. Understanding the interactions between climate

change and the range of physical, chemical, and biological characteristics of coastal resources is complex (see Chapters 2 and 3 for an explanation of the nature of these complexities). Likewise, ascertaining how to incorporate consideration of climate change
into coastal resource management and restoration efforts is difficult. Although sizable
scientific confidence supports the need for activities that reduce non-climate stressors,
the effectiveness of the measures that help systems adapt to climate change is not as evident, and their consideration requires a clear understanding of how a system functions
and how it might be affected by climate change (Julius & West, 2008). In recognition of
this need, a number of organizations, including non-profit, federal, state, and regional
partners, have begun to develop frameworks (Figure 5-1) and exploratory guides to support the integration of climate change considerations into the restoration efforts (Glick et
al., 2011; Hansen & Hoffman, 2010; Kane et al., 2011).

Valuing Ecosystem Services. Recently, emphasis has been placed on the ser-

vices that ecosystems provide, such as storm surge buffers, clean water, and migratory
bird habitat. In some cases an actual dollar value can be placed on the services provided,
which has created new incentives for financial investments by the government, private,
and corporate sectors in coastal resource protection and restoration (Cooley & Olander,
2011). When managed effectively, protection or restoration of coastal ecosystems can
provide mutual societal, ecological, and financial co-benefits. This is an important new
concept because connecting the ecosystem services provided for greenhouse gas mitigation purposes with adaptation needs is now conceptually possible. This may result in
new mechanisms to fund costly adaptation strategies; for example, salt marsh restoration designed to be eligible for financial benefits such as carbon offset credits must demonstrate, among other factors, a life-expectancy of 75-100 years. In order to meet these
criteria, the project design must take into account such external forces as sea-level rise,
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Figure 5-1 Framework for making restoration
projects in the Great Lakes climate smart.
Source: Glick et al., 2011.

which ensures long-term ecological benefits such as the ecological viability of the marsh.
The third concomitant benefit to ecosystem services realized by the salt marsh restoration is the societal benefit of living-shoreline protection provided to upland properties
by existence of the marsh.
Actionable Climate Science. With the growing awareness of the need for adap-

tation, coastal resource managers are searching for immediate guidance on how to consider the implications of climate change, including sea-level rise, temperature increase,
and precipitation change, on key resource management issues. Although many have
assumed that progressively higher resolution climate models will solve this problem,
information at the community, local, or site level is a long-term goal and ideal climate
information will likely not be available in the near future (Kerr, 2011). Another gap is
an understanding of how to make management decisions given the science we do have.

5.3 Tools and Resources
One of the recommendations from the 2009 NCA (pg. 154) was to “Expand capacity to
provide decision makers and the public with relevant information on climate change
and its impacts.” Improved tools and trainings are essential to acting on this recommendation, supporting process standardization, replicability, simplification, and streamlining, and enhancing stakeholder engagement.
In the context of climate change impacts and adaptation, the term “tools” has been
used to describe climate data, models, and sensitivity analysis to molecular markers and
assays, GIS methods, step-by-step decision-making frameworks, regulatory and policy
mechanisms, and more. Here, we do not attempt to catalogue or capture the breadth of
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climate-related decision support tools that exist and have not addressed more complex
general circulation models that project different climate scenarios. Instead, we focus on
policy tools and what might broadly be considered assessment and decision support
tools and attempt to categorize different types of tools, illustrate trends in their utility
and application and identify resources for helping to select appropriate tools.
Assessment and Implementation Tools
A decade ago, the absence of applicable tools was a major impediment to climate-related
efforts by coastal planners and managers; today, the issue is often a lack of familiarity
with available tools or the availability of an overwhelming number of tools. A growing
number of efforts seek to catalog, classify, and organize tools relevant to climate assessment and adaptation (Center for Ocean Solutions, 2011; EBM Tools Network; Hagemann et al., 2011; IPCC WG2, 2007). Below, we highlight four categories of tools geared
towards planning and implementation or towards assessment and analysis9.
1. Planning and Implementation: These tools help planners, decision makers, and
citizen groups step through a planning process that incorporates the information
needed to assess climate risks to assets of local or regional importance while engaging
a range of audiences.
• Process Management such as guidance instruments (see Section 5.1). Examples:
ICLEI ADAPT, NOAA CSC Roadmap for Adapting to Coastal Risk
• Communication and Engagement. Examples: CanViz,NOAA Coastal County
Snapshots, The Nature Conservancy’s Coastal Resilience Tool for New York/
Connecticut
2. Assessment and Analysis: These tools help planners and natural resource managers to investigate how current and future conditions for the built and natural environment may be affected by climate change.
• Mapping and Visualization. Examples: NOAA Sea-level rise and Coastal
Flooding Impacts Viewer; The Nature Conservancy’s Coastal Resilience Tool for
the Gulf of Mexico
• Data Access/Management/Analysis. Examples: Pacific Northwest Climate
Sensitivity Database, Northeast Climate Data tool, USGS Coastal Vulnerability
to Sea-level Rise Project
• Projection, Simulation, and Modeling. Examples: Sea Level Affecting Marshes
Model, Climate Wizard
• Vulnerability Assessment. Examples: NatureServe Climate Change Vulnerability Index, USFS System for Assessing Vulnerability of Species (reviewed in
Beardmore & Whitmore, 2011; Rowland et al., 2011)
• Scenario Development/Option Evaluation. Examples: MARXAN Software,
COAST

9

Inclusion of a specific tool as an example does not necessarily indicate endorsement.
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3. Advances in Technology: We highlight five trends in climate change tools. Table
4-1 shows examples of tools that typify each trend.
• Variety: The past three decades has seen a proliferation of tools used in a variety
of tasks from city planning to conservation. Much of this growth can be attributed to the rise of desktop computers and the introduction of geographic information systems (GIS).
• Accessibility. Web-based and open-source tools have to fill the “digital divide”
created by the need for proprietary GIS, software or highly specialized training.
(Rozum, et al., 2005)
• Sophistication of tools: Increasingly, tools address multiple factors such as
the combined effects of land use and climatic change on water quality or integrating information and assessment across biomes or taxa by exploring the
projected distribution of tree and bird species under several climate change
scenarios.
• Sophistication of tool use: Some users are combining tools into interoperable
toolkits for analyses and decision support that single tools cannot provide,
including assessing multiple scenarios for management decisions, outcomes, or
climate impacts.
4. Locally specific applications: Tools specifically addressing climate change in the
context of particular sectoral or regional needs are also being developed at a rapid
pace.
Selecting and Using Tools Appropriately
As more tools are developed, mechanisms to guide users to the most appropriate tools
for their context and question are increasingly important. The dearth of effective guidance has been frequently noted (e.g., Mcleod et al., 2010); common complaints include
outdated information or guidance that is either too generic, too specific to particular sectors or geographies, or too complex.
Growing attention has focused on addressing this need, including the development
of case studies focused on tool selection and use such as NOAA’s Digital Coast, EBM
Tools Network, workshops or “tools cafes” targeting particular sectors or regions (Culver et al., 2010, regional workshops in California and the Great Lakes, and tools cafes in
the National Conservation Training Center’s Vulnerability Assessment trainings), and
tools guidebooks (COS, 2011). The 2008 revision of UNFCCC’s Compendium on Methods
and Tools to Evaluate Impacts of, and Vulnerability and Adaptation to, Climate Change is the
most comprehensive effort to date, providing information on more than 100 tools in
a standardized format. The sheer scope of such a comprehensive compendium makes
it difficult to search in a static format; consequently, several groups have developed
searchable on-line tools databases such as the Climate Adaptation Knowledge Exchange
and the EBM Tools Online Database.
Despite the above efforts, few, if any, systematic assessments have been made of how
groups or individuals select and access tools or of the degree to which particular tools
are actually useful in various settings (Center for Ocean Solutions, 2011; Hagemann et
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Table 5-1: Examples of the trends in tool development for climate adaptation planning
Trend

Type

Tool

Reference

Habitat Modeling

Sea Level Affecting Marshes Model

Chu-Agor et al., 2011

Game-based engagement

Coast Ranger MS

Pontee and Morris, 2011

Climate Downscaling

ClimateWizard

Girvetz et al., 2009

Scenario Planning

Coastal Resilience Tool for New
York/Connecticut

Ferdaña et al., 2010

Multistressor

Nonpoint Source Pollution and
Erosion Comparison Tool
(NSPECT)

NOAA Coastal Service
Center

Multispecies

Climate Change Atlas

Iverson et al., 2011

Multihabitat

Marxan

Green et al., 2009, Game
et al., 2008

Communication and
Engagement

CommunityViz (Placeways),
NatureServe Vista, NOAA
Community Vulnerability
Assessment Tool

Crist et al., 2009

Oil spill remediation

Climate Assessment and Proactive
Response Initiative (CAPRI)

Industrial Economic,
Incorporated, 2011

Water Utilities

Climate Resilience Evaluation and
Awareness Tool (CREAT)

EPA, 2012c

Regional ecosystem
climate impacts

San Francisco Bay Sea-level Rise Tool Veloz et al., 2011

Variety

Accessibility

Sophistication of
Tools

Sophistication of
Tool Use

Specificity of Tools

Adaptation and Mitigation

al., 2011). Such systematic assessments will be essential to supporting informed tool selection by potential users (NRC, 2009).
Although specifics vary, most guidance on tool selection centers on roughly the same
core idea: the importance of selecting tools based on an assessment of user goals, objectives, context, resources, and skills rather than trying to make management or research
problems fit within the framework of a previously selected tool. Commonly expressed
concerns are that users will select inappropriate tools based on what sounds impressive, seems easy, or has been used by others they know (for example, using a ranking
tool when the management question is how to reduce the vulnerability of a particular
species), or will seek or put too much emphasis on projections for species distribution
changes or similar ecological shifts when data are insufficient to support such analyses.
These problems clearly occur; what is unclear is how common they are and how much
time is wasted, both of which could lead to poor decision-making. Further, no clear
threshold has been established for when data or analyses are too limited or flawed to be
valid; increasing guidance on how to decide when available data cannot support the desired tool or what caveats must be included with the outputs would be extremely useful.
Another commonly expressed concern relates to the need to provide support and
guidance for decision making under conditions of uncertainty. Tools can be designed
and used to facilitate and improve vulnerability assessment and adaptation planning regardless of gaps or flaws in the data (NRC, 2009). By using a variety of tools or running
them multiple times with a range of different parameters such as sea-level-rise rates,
exploring a range of plausible future scenarios is possible. Formal or informal sensitivity
analyses can help to identify the variables with the largest uncertainty as well as those
variable that have the greatest influence on the decisions at hand or, for purely scientific
endeavors, the variables with the greatest influence on the system under consideration
(Stralberg et al., 2011).
Policy and Regulatory Tools
Policy options for adapting to climate change include both a broad array of governmental authorities and a range of possible pathways. The governmental activities include
regulatory, taxation, planning, spending, and the general facilitation of private action
(Grannis, 2011). The possible pathways include protecting existing land uses from the
sea, which includes shoreline armoring; relocating human activities through retreat; and
modifying human activities to enhance adaptive natural capacity of ecosystems by reducing stressors).
Governments are evaluating how to factor climate change into spending decisions
to conserve public funds over the long-term and ensure that public assets such as roadways and wastewater treatment facilities are resilient. Maryland’s plan recognizes that
public investments in shore protection will be needed to protect critical facilities. Other
states, such as California, are examining how they can direct funding to protect coastal
resources to acquire vulnerable lands for conservation, to provide room for ecosystems
to migrate inland to keep pace with sea-level rise, to provide a buffer for infrastructure,
and to buy out vulnerable property owners.
Governments are also re-evaluating how they regulate coastal areas. Regulatory
options include using zoning powers to require additional setbacks from shorelines,
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density restrictions, clustered subdivisions, and building-size limits (NOAA, 2010). In
Maryland, the state is instituting regulatory measures through its Living Shorelines Protection Act to encourage landowners to use soft alternatives to shoreline armoring where
feasible. Some authors have suggested the use of the “rolling easement” approach in
which landowners are entitled to build and use their land as long as it remains dry but
have no expectation of preventing the rising sea from reclaiming their land (Titus, 1998).
Some states, such as Oregon, Texas, South Caroline, Rhode Island, Massachusetts, and
Maine, have applied this approach in statutes or regulations. A recent federal report emphasizes that rolling easements can also be implemented by the private sector through
conservation easements or traditional property law arrangements (Titus, 2011). These
reports acknowledge that the timing for implementing any regulatory approach will be
critical; although coastal armoring is well understood and generally requires a lead time
of a decade or less, nonstructural pathways, such as a gradual retreat from the coast, are
less tested and may require a lead time of several decades.
Governments are also considering tax- and market-based incentives to promote different pathways. Some examples include incentives such as conservation easements to
encourage landowners to conserve vulnerable lands, density bonuses and transferrable
development rights to develop sites upland, or tax rebates for homeowners who design structures to exceed building code requirements by elevating structures to increase
resiliency.
Several different approaches have been proposed for evaluating responses to employ
and evaluating the tradeoffs. In choosing options, some of the issues that policymakers
are weighing include: the relative economic costs and benefits of a particular responses;
how protective the response is for the health, safety, and welfare of the community;
and the environmental benefits or impacts of a response (NOAA, 2010). To be successful, chosen responses must also be administratively and legally feasible. Administrative challenges to this include budget and staffing constraints, and technical complexity
(IPCC, 1990; NOAA, 2010); government actors also must have legal authority to implement a response and responses must be consistent with existing laws and constitutions
(Grannis, 2011).

5.4 Coastal Mitigation Opportunities
The coastal zones of the U.S. have the potential to host many of our climate change
mitigation efforts. This includes siting of non-greenhouse emitting energy generation
through off-shore wind, tidal, and wave generation and ocean thermal conversion to
displace or replace fossil fuel combustion methods of generation. Recent Department
of Energy reports indicate that about one-third of the country’s annual electricity needs
could be generated through wave and tidal current (EPRI, 2011; Haas et al., 2011). Additionally, initial exploration of the concomitant carbon sequestration benefit may be realized when new resource management practices are employed in coastal habitats such as
salt marshes, seagrasses, and mangroves.
Coastal Renewable Technologies
As the U.S. develops strategies to reduce greenhouse gas emissions and foster energy
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independence, siting of renewable energy installations will become a growing issue.
Due to the density of coastal populations and the unique features of coastal systems,
much of this development will continue to occur on America’s coastlines and nearshore
waters. Some of this potential is discussed here.
Offshore Wind. U.S. offshore winds resources (Figure 5-2) have an estimated gross
potential to generate capacity of more than 4,000 GW or roughly four times the generating capacity currently carried on the U.S. electric grid (NREL, 2010). The National
Renewable Energy Laboratory (NREL, 2010) projects that U.S. coastline and Great Lakes
wind facilities could provide 20 percent of the nation’s electricity by 2030.

Figure 5-2 U.S. offshore
wind resource by region
and depth for annual
average wind speed sites
above 7.0 m/s. Source:
NREL, 2010.

Ocean Energy. Wave, tidal/current, and ocean thermal energy conversion (OTEC)

technologies remain an emerging, although relatively untapped, opportunity to diversify U.S. energy resources. Estimations of the energy available from these sources is
significant to the U.S. energy budget. Pilot generation projection of wave and tidal energy exists in the U.S., with over sixty more having received preliminary Federal Energy
Regulatory Commission permits (DOE, 2011).
Coastal Renewable Energy Science Gaps
In the report U.S. Marine and Hydrokinetic Renewable Energy Roadmap, the Ocean Renewable Energy Coalition (OREC, 2011) identified the following 6 priority research areas:
Seabed Attachments: Foundations, anchors, and mooring for floating and bottomfixed installations;
Engineering Design: Develop design standards and best practices for designs covering structural, mechanical, and electrical systems with failure modes analysis;
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Table 5-2: Total vs. recoverable wave energy in the U.S.
Total wave energy
(TWh/yr)

Recoverable wave energy
(TWh/yr)

Total

2,640

1170

West Coast

590

250

East Coast

240

160

Gulf of Mexico

80

60

Alaska

1570

620

Hawaii

130

80

Puerto Rico

30

20

Source: EPRI, 2011.

Materials: Develop environmentally friendly protection coatings, biodegradable
lubricants,and oils as well as advanced structural and foundation materials and characterize structural and fatigue properties;
Lifecycle and Manufacturing: Manufacturing processes for low-cost and high-volume transportation and handling as well as rapid low-cost assembly and installation;
Power Takeoff and Control: Develop highly efficient power take-off systems with innovative and adaptive control strategies to maximize energy capture and minimize
damaging loads; and
Installation, Operations and Maintenance (O&M): Develop low-cost rapid installation technologies for arrays, and methods to perform O&M during short weather
windows.
Managing Living Coastal Resources for Carbon Capture
In addition to technology-based climate change mitigation efforts, the adoption of new
resource management strategies (see section 5.3) for coastal and estuarine ecosystem
services, including habitat protection and active restoration efforts, may also result in
carbon sequestration.
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The variety of ecosystem services and ecological, economic, and societal benefits of
healthy coasts and estuaries are well-documented in a new report, Jobs and Dollars: Big
Returns from Coastal Habitat Restoration (Restore America’s Estuaries, 2011). Our nation
has lost more than half of its wetlands in the past 200 years (Dahl & Johnson, 1991), and
the planet has lost a quarter of its salt marshes and freshwater tidal marshes and continues to lose 1-2 percent per year, making these ecosystems some of the most threatened in
the world (Convention on Biological Diversity, 2010). Moreover, between 2004 and 2009,
the U.S. lost 110,000 acres of coastal wetlands (Dahl, 2011).
However, recent science has demonstrated that some of these same endangered
coastal resources—coastal marshes, mangroves and sea grasses—may be able to sequester and store large quantities of carbon dioxide (CO2) in plants and the soils below them
in a process termed blue carbon (Crooks et al., 2011). In the first meter of coastal wetland
sediments alone, soil organic carbon averages 500 t CO2e/ha (tonnes of carbon dioxide
equivalent per hectare) for sea grasses, 917 t CO2e/ha for salt marshes, 1060 t CO2e/ha for
estuarine mangroves, and nearly 1800 t CO2e/ha for oceanic mangroves (Murray et al.,
2011). If destroyed, degraded, or lost, these coastal ecosystems become globally significant sources of carbon dioxide emitted into the atmosphere and the ocean. For example,
in California’s Sacramento/San Joaquin Delta, drainage of 1,800 kilometers2 of wetlands
has released 0.9 giga tons, or billion tons, of carbon dioxide over the last century. An additional 5 to 7.5 million tons of CO2 continue to be released on average from this Delta
each year (Crooks et al., 2011). Additionally, the stresses of climate change, increasing
temperature, sea-level rise, and acidification could challenge these ecosystems and lead
to the release of this carbon.
In addition to the loss of carbon stores, when wetlands are degraded or destroyed,
the ongoing sequestration capacity of wetlands is lost as well. Coastal wetlands sequester carbon at rates three to five times greater than global rates observed in mature tropical forests: 6 to 8 t CO2e/ha compared to 1.8–2.7 t CO2e/ha (Murray et al., 2011). Although
the capacity of the systems to sequester carbon may be diminished when the systems are
stressed by climate change. For example, when a coastal marsh is stressed due to rising
salinities associated with sea-level rise, the capacity for the wetland to store carbon may
diminish through time.
Protecting the remaining coastal wetlands in the U.S. and globally and restoring those
that have been degraded or destroyed (McLeod et al., 2011) may provide meaningful
contributions to climate change mitigation strategies. Carbon storage, when considered
as an ecosystem service provided by coastal wetlands, could provide a strong incentive
for protection and restoration through payments for blue carbon (Sifleet et al., 2011).
However many of these ecosystems have been shown to release greenhouse gases under
the conditions associated with climate change (Shindell et al., 2004; Vann & Megonigal,
2003), indicating that the permanence of coastal carbon must be carefully evaluated. Furthermore, oceans and coastal ecosystems have not been part of the policy dialogue for
reducing greenhouse gases (Nellemann et al., 2009).
A key impediment to coastal conservation such as wetlands protection and restoration efforts is adequate assistance to undertake projects. In the U.S., the restoration
community is well established but has a backlog of high-priority, shovel-ready projects that amount to billions of dollars; for example, under the American Recovery and

117

118

Coastal Impacts, Adaptation, and Vulnerabilities

Reinvestment Act of 2009, NOAA was provided $167 million for coastal habitat restoration but received project applications totaling more than $3 billion (NOAA press release,
June 7, 2011).
Carbon Sequestration and Capture Science Gaps
The following recommendations were developed by the International Working Group
on Coastal “Blue” Carbon (IWGCBC, 2011):10
• Develop inventory and accounting methodologies for coastal carbon to facilitate
their inclusion in incentive agreements for conservation and effective management of coastal systems;
• Conduct carbon inventories in coastal areas identified as likely having high
carbon storage and sequestration capacity. Include existing and at-risk potential
areas of high carbon emissions;
• Conduct targeted research and monitoring to more accurately quantify the
greenhouse gas emissions resulting from degradation, conversion, and destruction of all relevant coastal ecosystems;
• Establish a network of field projects that demonstrate:
1. The capacity for carbon storage in coastal systems and the emissions
resulting from degradation, conversion, and destruction of those systems;
and
2. The feasibility of community monitoring approaches, management intervention, and incentives for maintaining carbon-rich systems;
• Conduct research quantifying the consequences of different coastal restoration
and management approaches on carbon storage and emissions in coastal and
nearshore marine ecosystems; and
• Develop standards and methods to translate remote sensing measurements into
accurate estimates of carbon in coastal ecosystems, because remote sensing is
currently the only method to efficiently map and monitor mangrove and tidal
marshes at regional and global scales.
Additional gaps not mentioned in the IWGCBC report include:
• Assessing the effects of climate change on these coastal ecosystems, the potential
efficacy of adaptation measures to ameliorate these effects, and the permanence
of blue carbon due to the projected change;
• Evaluating the implications of coastal development plans on storage and
permanence; and
• Understanding the carbon cycle and residence times in coastal habitats.

10 This working group was formed in 2011 by Conservation International (CI), the International Union for
Conservation of Nature (IUCN), and the Intergovernmental Oceanic Commission (IOC) of UNESCO.

Chapter 6

Information Gaps and Science Needed
to Support Sustainable Coasts
As discussed in the prior chapters, climate change is altering ecosystems on a global
scale and impacting human welfare and health. The effects are highly varied and most
pronounced along coasts. Furthermore, impacts to coastal regions are likely to be highly
variable and accelerated in decades ahead. A key issue for coastal resource managers
is to identify how, where, and when to adapt to the changes that will result from sealevel rise and changes in climate. These require cost-effective methods that benefit or
minimize impacts to both the natural environment and human populations. Another important issue is deciding how to fund such measures. To facilitate adaptation decisions,
policy makers need credible scientific information. Predicting sea-level rise impacts
such as shoreline change, wetland loss, and other ecosystem impacts with a high degree
of confidence and precision is not possible at this time although the general scientific
understanding of coastal response to climate change is well established.
Related effects of climate change, including changed storm regimes, temperature,
precipitation, runoff, drought, and sediment supply add to the difficulty of providing
place-specific, accurate, and reliable information. Lack of understanding of cumulative
multi-stressor interactions in ecosystems and the mechanisms of thresholds shifts also
inhibits predictions of future conditions. An integrated scientific program of sea level
studies that seeks to learn from the historic and recent geologic past and monitors ongoing physical and environmental changes will improve the level of knowledge and
reduce the uncertainty about potential responses of coasts to sea-level rise and other
drivers of coastal change. Outcomes of both natural- and social-scientific research will
also support decision making and adaptive management for the coastal zone. The main
elements of a potential science strategy and their interrelationships are shown in Figure
6-1, which was adapted from CCSP 4.1, Thieler et al., Chapter 14 (CCSP, 2009), followed
by key research needs and tools for coastal adaptation planning that result from this assessment and/or are adapted from publications shown below.

Science Research Needs to Support Sustainable Coastal
Management 11
• An assessment of the potential impacts of climate change on coastal and
OCS energy development is confounded by a lack of baseline information,

11 (CCSP, 2009; Culver et al., 2010; NRC, 2010a,b; and resulting from this assessment and/or adapted from
Moser et al. in review;)
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Figure 6-1 Schematic flow
diagram summarizing a science
strategy for improvement
of scientific knowledge and
decision-making capability that
can address the impacts of
future sea-level rise. Source:
CCSP, 2009.

modeling uncertainties, and complex interactions among climate drivers and
impacts that are only partially understood. Considering the current importance
of coastal and offshore energy production to the social and economic security
of the U.S., a methodical climate change vulnerability and impact assessment is
needed to support adaptation in this sector of the national economy.
• Resolving uncertainties about the rates of land-ice decline is a major hindrance
in modeling the rate of future sea-level rise. Although advances in observing
and predicting the decline of major ice sheets have been made since the
publication of the last international assessment (IPCC, 2007), confidence in
predicting future sea-level rise has not increased substantially. The effect of
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this uncertainty is illustrated in the wide range of end points in the projected
amount of sea-level rise through the end of this century (described in Chapter
2.3). Confidence in predictions of regional change in mean sea level is even
lower, as are projections at decadal scales. Advancing our understanding of the
drivers of sea-level change and moving beyond the semi-empirical approach
presented in this report are research needs that are shared among all U.S.
coastal communities and sectors of the coastal economy described in Chapter 4
of this report.
• Improved monitoring and collection of baseline data for coastal environments
through linking networks of observing systems, developing time series data
on environmental and landscape changes, and assembling fully accessible
and searchable baseline data on coastal landforms, topography/bathymetry,
animals, and plants for the coastal zone. This includes data on processes, tides,
water level, waves, currents, precipitation, shoreline change, ocean circulation patterns, ocean chemistry, temperature, coastal processes, and sediment
budgets.
• Improved understanding of ecosystems’ and species’ responses to basic environmental forces such as changes in temperature, precipitation, and chemistry
of oceans and water bodies.
• Improved understanding of natural and human-influenced coastal systems
through use of historic and geologic records of coastal change, increased
knowledge of sea-level rise and coastal change over the past few millennia,
identification of tipping points in coastal systems, and records that more closely
relate past changes in climate to coastal change.
• Improvements in predictive capabilities of coastal change through improved
quantitative assessment methods and integrating studies of the past and
present into predictive models. Improved models are needed to assemble and
process environmental data and aid in analysis as well as to make reliable
projections of future conditions such as rates of sea-level rise and ice-sheet
melting, changes in storm characteristics, and rates of shoreline retreat and
wetland change.
• Improved place-based understanding of the societal drivers of vulnerability
and impacts of sea-level rise and related coastal changes through improved
data collection and integration, which must be followed up by communicating
these findings to decision-makers. This includes generating consistent sea-levelrise scenarios and projections across federal agencies to support local planning
and includes projection on the amount of sea-level rise within a region as well
as on storm information and the general time frame within which these changes
are anticipated.
• Research on adaptation, hazard risk reduction, and avoidance measures,
including the cost, feasibility, side-effects, barriers, and acceptability, to support
adaptation planning and decision making.
• Providing improved access to data, resources, and integrated assessments
for decision makers, thus facilitating the transfer of knowledge about risks,
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vulnerabilities, and adaptation choices, and educating the public about consequences and alternatives.
• Improved coastal vulnerability assessments, including human infrastructure
and ecosystems, by including all coastal regions and incorporating multiple
factors such as population, land use, critical infrastructure, natural resources,
economic information, social vulnerability and other community characteristics
so that potential outcomes can be examined in a holistic framework of environmental, social, economic, and other non-climate factors that influence overall
exposure and adaptive capacity.
• Research on the scientific understanding of cumulative multi-stressor interactions and threshold shifts in ecosystems. This includes methods to identify
the triggers of threshold responses and to anticipate the likely trajectory of
post-threshold states under a range of future scenarios of climate and land-use
change.
• Improved long-term, homogeneous, observational datasets and geologic proxy
records for monitoring and measuring climate changes. The science of understanding climate change and being able to make reliable projections of future
conditions will benefit from an array of linked observations and monitoring
of basic factors such as temperature, rainfall, ocean circulation, waves and
currents, ocean chemistry, sea level elevation, shoreline change, storm characteristics, and changes to glaciers and ice sheets. Maintaining an array of satellite
systems for observations is critical.
• Developing advanced statistical analysis techniques for examining observations
and models of the climate system and for rigorously comparing observations
with models results.
• Improving the integration of existing long-term climate, ocean, and ecosystem
observations with human-health surveillance is necessary to predict and reduce
human-health risks related to climate change in coastal areas.
• Providing collaboration teams of researchers and practitioners across multiple
disciplines including oceanography, climate, biology, and public health are
critical to develop and apply useful decision-support tools that reduce publichealth risks.
• Improving legal frameworks and administrative structure and tools as well as
data on zoning, permitting regimes, legislative restrictions, etc.
Science-Based Tools Needed for Coastal Management and Adaptation Planning
The tools necessary for adaptation planning are difficult to prioritize because they will
depend upon the community needs as well as where each community is in the planning
process. Adaptation tools need to be understood in terms of input data requirements,
assumptions of the method, and the reliability and utility of the outputs. A suite of tools
that work together to support planning and decision making is described below.
Communication Tools. The tools that can facilitate coastal stakeholder engage-

ment, visioning, and consensus building include:
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• Definitions to establish a common language to discuss climate impacts and
adaptation strategies;
• Tools to educate the public on the science, impacts, probability, and risk;
• Guidance and best practices for the planning process; and
• Tools for facilitation and conflict management.
Monitoring and Modeling Tools. Tools for monitoring and modeling current

and future environmental conditions include:

• Estimates of sea-level rise that are useful at regional and local levels for comparability across jurisdictional boundaries;
• Standards and data architecture to integrate existing databases of observations
of water levels and other relevant data;
• Advanced models to improve scientific understanding and allow for better
quantification of uncertainities:
−− Storm surge models with wave measurements;
−− Advanced climate and earth-system models;
−− Improved estimates of past and projected future climate-forcing agents;
−− Geomorphic models;
−− Geospatial models for sea-level rise;
−− Flooding/inundation models;
−− Habitat models;
−− Long-term erosion and accretion models; and
−− El Niño Southern Oscillation/climatological impact projections.
• Downscaling techniques for these models for use in regional or smaller scale
scenarios.
Visualization and Scenario-Building Tools. The tools that would help

communities identify and explore alternative adaptation solutions include:

• Visualizations using familiar viewers such as Google Earth for different sea-level
rise, storm frequency, and inundation scenarios that are interactive, offer planar
and oblique views, and show critical infrastructure, relevant landmarks, and
other information that allows communities to understand impacts;
• Definitions and analysis of economic impacts and loss;
• Conversions of vulnerability into risk information;
• Assessments of economic, social, and physical risk;
• Valuations of ecosystem services in monetary and nonmonetary terms; and
• Scenario evaluations that:
−− Identify key assumptions;
−− Test alternative outcomes;
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−− Identify signposts and thresholds based on monitoring data; and
−− Evaluate policy tradeoffs based on key unknowns.
Implementation Tools. Tools useful to build institutional capacity and imple-

ment adaptation include:

• Long-term policy analysis tools to help choose among options;
• Database of case studies and best practices that can be queried;
• Resources such as a clearinghouse or points of contact to understand agency
activities and potential funding sources;
• Evaluation tools to assess the effectiveness of adaptation strategies;
• Operational tools that address current conditions and short-term risk;
• Engineering tools for coastal protection, relocation, and restoration; and
• Evaluation tools to assess the effectiveness of implementation of adaptation
strategies.
Future Research – Local vs. Regional Studies, Infrastructure, Monitoring, and
Co-Benefits
The research on coastal vulnerability includes some regional studies using comparable
indicators and methods and an array of locally-oriented case studies. Although these
two approaches provide valuable information about social vulnerability, an important
research gap remains regarding their ability to inform decision making about risk-based
adaptation. The local case studies generally engage the more specific issues within a
community but fail to offer comparability across larger areas (Frazier et al., 2010b; Noss,
2011; Tang et al., 2011). The regional approaches provide that comparability by relying
on commonly collected indicators such as demographics, but they are simultaneously
limited in the types of locally-specific considerations they are able to incorporate consistently. Addressing the need for comparability and specificity to inform adaptation decision making at local, regional, and national scales is a key challenge in this area.
A robust coastal monitoring, surveillance, and observation system that integrates
physical, biological, and key social parameters, and delivers early warning and predictive information, will also be critical to better prepare for changes in climate across time
scales. A sustained integrated system establishes baseline information, which is sorely
needed to understand the impact of climate and to provide trustworthy guidance to
coastal populations following natural disasters and other climate-related changes (Jochens, 2010).
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Chesapeake Bay Case Study
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1: Introduction
The Chesapeake Bay (the Bay) is located in the Mid-Atlantic and is the largest estuary
in the U.S. The watershed is approximately 64,000 square miles and covers parts of the
District of Columbia and six states: New York, Pennsylvania, Delaware, Maryland, West
Virginia, and Virginia . About 17 million people live in the watershed, with approximately 10 million people along or near the shores.
Since the 1600s, land cover in the Bay has changed significantly due to development, with 1.7 million acres of the Bay watershed developed between 1600 and 1950 and
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another 2.7 million acres between 1950 and 1980. With development, the Bay has lost
half of the forested shorelines, over half of the wetlands, about 80 percent of underwater
grasses, and more than 98 percent of the oysters. The result has been a general decline in
the health of the Bay.
Several states in the watershed have made a voluntary pledge to “Save the Bay” by
creating a blueprint for restoring the Bay’s health. On May 12, 2009, President Obama
signed the Chesapeake Bay Protection and Restoration Executive Order (Executive Order 13508) to “protect and restore the health, heritage, natural resources, and social and
economic value of the Nation’s largest estuarine ecosystem and the natural sustainability of its watershed.” The restoration of the water quality and aquatic ecosystems in
the Bay has proven to be difficult and will only become more complex with the added
impacts of climate change.
The selection of the Bay as a case study in this chapter of the NCA was based on several factors. Managing the Bay requires coordination among several states, making it a
truly regional effort spanning a large geographic area. The Bay is a nationally important
resource that is in critical condition; a significant regulatory commitment has been made
to this area and substantial monitoring efforts are underway to support its restoration.
Although future climate conditions are likely to be warmer, the magnitude and rate
of warming over the 21st century is uncertain. The location of the Bay is also interesting from a precipitation standpoint, with considerable uncertainty surrounding future
conditions; in other words, the area could be wetter or drier. Given the enormity of the
Bay and the issues it faces, this case study focuses more narrowly on the climate change
impacts and adaptation measures relevant to managing water quality and aquatic ecosystems in Maryland, Pennsylvania, and Virginia.
The following sections provide an overview of the climate impacts anticipated to occur in the Bay (Section 2), a snapshot of a set of plausible climate futures (Section 3), and,
finally, an overview of state-level adaptation planning across the Bay (Section 4).

2: Climate Change Impacts on Water Quality and Equatic
Ecosystems for the Chesapeake Bay
2.1 Changes in Physical Climate
A high level overview of the projected changes in the Bay’s physical climate is shown
in Table A-1. These changes, along with related changes in streamflow, are discussed in
more detail below.
Temperature changes are relative to the 1971-2000 average, with results shown for
both the lower B2 and higher A2 emission scenarios, averaged from seven climate models (Najjar et al., 2009). Ranges represent the multi-model mean ±1 standard deviation.
For the earlier periods of 2010 to 2039 and 2040 to 2069, only the A2 are shown, because the differences between the multi-model averages for the two scenarios are less
than 0.2°C. These scenarios were examined by Najjar et al. (2009) because they bracket
the range of emissions from the IPCC Third Assessment Report (Nakićenović & Swart,
2000). Sea-level changes are relative to 1990. End-of-century projections are from Najjar
et al. (2010), which is based on the statistical model presented in Rahmstorf (2007). The
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Table A-1: Projected changes in the Bay’s temperature, precipitation, and sea level

Impact

Projected shortterm change
(2010-2039)

Projected mediumterm change (20402069)

Projected longterm change (20702099)

Remarks about Uncertainty

Temperature

+0.9°C to +1.5°C

+1.7°C to +3.7°C
+2.7°C to +6.7°C (A2)

+2.1°C to 4.9°C (B2)

Very likely; warming simulated
for all models in all future periods

Annual
Precipitation

-1% to +3%

-5% to -9%

-9% to +15% (A2)
-4% to +10% (B2)

Although annual precipitation
projections from single models
include both increases and
decreases, the consensus of
models calls for increases in the
winter and spring

Sea-level rise

Not available for
Chesapeake Bay

Not available for
Chesapeake Bay

700-1600 mm
(global+local
subsidence, by
2100)

Very likely; projection includes
Chesapeake Bay subsidence
(estimated at 2 mm/yr)

range in sea-level rise primarily reflects the range in warming projected by various emission scenarios. Uncertainty language in Table A-1 is taken from Najjar et al. (2010); “very
likely” corresponds to changes with 90-99% likelihood.
Temperature. Temperatures in the Bay are likely to increase throughout the 21st

century (Table A-1). The range of projected temperature changes reflects both differences in projected warming across climate models in response to a single greenhouse
gas emissions scenario and differences due to multiple emissions scenarios. The latter is
a particularly important driver of the relatively large range in the projections for the end
of the 21st century.
Although specific projections for water temperatures in Chesapeake Bay are not currently available, regional atmospheric temperatures are well correlated to water temperatures; therefore, increases in water temperature are also expected (Najjar et al., 2010).
In addition to changes in mean temperature, the frequency and intensity of extreme
heat events are likely to increase. Heat waves, defined as the longest period in the year
of at least five consecutive days with maximum temperature at least 5°C higher than the
climatology of the same calendar day, are projected to increase along the east coast of
North America, including the mid-Atlantic, by more than two standard deviations by
2100 under the A1B emissions scenario (Meehl et al., 2007).
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Precipitation . Although the means of several climate model projections show an

increase in annual precipitation in the Bay, the spread is relatively wide across the models (see Figure A-1). The range in precipitation projections is likely due to the Bay’s
location; the Mid-Atlantic region is positioned between subtropical areas expected to
become drier and higher-latitude regions expected to become wetter (Najjar et al., 2010).
Although most models project these broad changes, the precise latitude that divides
areas of increasing and decreasing precipitation is uncertain.

Figure A-1 Annual and seasonal temperature (top) and precipitation (bottom) changes averaged over
the Chesapeake Bay Watershed, 2070–2099. The period 1971–2000 is used as the baseline for calculating change. Projections correspond to the A2 emission scenario. (Source: Najjar et al., 2010, 2009).

Consensus among models exists regarding precipitation increases in the winter and
spring seasons. In addition, consensus exists that precipitation intensity, defined as the
amount of rain falling during a season or year divided by the number of rainy days,
will increase, consistent with expected changes for most of the mid- and high-latitudes
(Meehl et al., 2007). Projections also suggest a greater number of droughts arising from
an increase in the number of dry days and enhancement of evapotranspiration from
higher temperatures (Hayhoe et al., 2007; Najjar et al., 2010).
Sea level. Rates of local sea-level rise in the Bay in the 21st century are likely to be

greater than globally-averaged sea-level rise. During the 20th century, the average rate
of sea level in the Bay was 3.5 mm/yr with a range of 2.7 to 4.5 mm/yr, which was nearly
double the globally-averaged rate (Zervas, 2001). The enhanced rate of sea-level rise in
the Bay is likely due to long-term land subsidence (Davis & Mitrovica, 1996).
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Table A-1 presents sea-level-rise estimates for the Bay for the end of the 21st century.
The estimates of 700 to 1600 mm are based on the statistical model presented in Rahmstorf (2007), which equates the rate of sea-level rise to the amount of warming occurring
since the late 20th century. It also includes consideration of land subsidence around the
Bay of 2 mm/yr (Najjar et al., 2010). The relatively large range in the sea-level estimates
reflects the uncertainty in the magnitude of warming occurring by 2100, which stems
from the use of different emission scenarios.
Streamflow. Projections for streamflow span a wide range from decreases of 40 per-

cent to increases of 30 percent associated with a doubling of the concentration of carbon
dioxide (Najjar et al., 2010; Najjar et al., 2009). In part, this range reflects uncertainty
in projections of precipitation, which is the primary driver of interannual variability of
streamflow; however, it also reflects the large uncertainty in modeling the evapotranspiration response associated with higher temperatures, especially for scenarios involving
substantial temperature change (Najjar et al., 2010).
The seasonality of streamflow across the Northeast is likely to change, with higher
flows projected for the winter, earlier peak flows projected for the spring, and reduced
flows projected for the summer (Hayhoe et al., 2007). These changes arise from increased
winter rainfall, a shift to a greater proportion of precipitation as rain rather than snow in
the winter, earlier snow melt in the spring, less groundwater recharge in the spring, and
increased evapotranspiration across the seasons (Hayhoe et al., 2007). Najjar at al. (2010)
indicate that such a shift in peak streamflow might occur in the Bay, but such temporal
shifts have not been detected in the Chesapeake system and the role of snowmelt may
only be important for watersheds farther north of the Chesapeake (Murphy et al., 2011).
2.2 Impacts on Biogeochemistry and Water Quality

Nutrients. Nitrogen and phosphorus are important components of the biogeochemical processes in the Bay. Although these nutrients are important for aquatic life,
additions of these nutrients from non-point sources, especially those associated with
anthropogenic activities such as agriculture and runoff from impervious surfaces, represent a challenge to maintaining water quality. Temperature and precipitation can affect
the timing and amount of nutrients introduced to and transported through the Bay, giving climate a potentially important role in affecting the Bay’s biogeochemical cycles and
water quality.
Nutrient inputs to the Chesapeake Bay come from several pathways, each of which
can be affected by climate differently.

Nitrogen export from watersheds. Overall, the average nitrogen export flux to the Bay is
20-25% of the total anthropogenic inputs that occur within the watershed. Watersheds
that include agricultural operations and developed suburban and urban areas tend to
export more nitrogen than forested areas in the Bay (Kaushal et al., 2008). Streamflow
acts as an important modulator of export; lower rates of export have been observed during dry years such as 2002 because nutrient residence times are increased (Kaushal et al.,
2008). Conversely, higher flows, even those associated with individual weather events,
can increase export. In 2003, heavy rainfall and high flows associated with Hurricane
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Isabel led to relatively high export rates (Kaushal et al., 2008). Temperature can also
affect export because higher temperatures enhance rates of denitrification and lower export (Najjar et al., 2010).
The effects of future climate change on nitrogen export are somewhat uncertain because of the important role that streamflow plays. One study projects an increase in
nitrogen flux down the Susquehanna River of 17 percent by 2030 and 65 percent by 2095
with associated increases in precipitation of 4 percent and 15 percent, respectively (Howarth et al., 2006). Another study shows a decrease in nitrogen flux down the Susquehanna River by 20 percent with a projected increase in temperature of 3°C (Schaefer and
Alber, 2007). However, a study for the Patuxent River suggests that the sensitivity of
nitrogen export to changes in precipitation and temperature could be much smaller; a 5
percent increase in precipitation would be accompanied by only a 5 percent increase in
export while a 1°C warming was estimated to reduce export by only 3 percent (Johnson
& Kittle, 2007). Improving projections would require an improved representation of the
processes that control nitrogen exports in models (Najjar et al., 2010)
Nitrogen deposition. Atmospheric deposition of nitrogen occurs both directly on the
Bay and onto land within the watershed. The amount of nitrogen deposited into the
Bay is poorly known, with estimates ranging from 14 percent to 64 percent of the total
nitrogen load in the Bay (Najjar et al., 2010). Although projecting how deposition could
change in the future may be difficult, deposition is certainly sensitive to changes in precipitation and wind patterns. Also, climate’s effect on the types of tree species found in
the region’s forests could have implications for overall nitrogen cycling (Najjar et al.,
2010); for example, if forests shift toward more maple species and fewer oak species as
projected, (Najjar et al., 2010; Iverson et al., 2005), nitrate production in soils could be
enhanced.
Phosphorous and sediment loading. Unlike many other biogeochemical cycles, the atmosphere does not play a significant direct role in the movement of phosphorus. Phosphorus from non-point sources is mainly controlled by the rate of erosion. Increases in
precipitation and streamflow could lead to enhanced sediment loading and increased
phosphorous levels because sediment loading is a non-linear function of streamflow.
However, little has been done to test how climate change will affect erosion rates (Najjar
et al., 2010).
Dissolved Oxygen. Reductions in oxygen availability can stress aquatic ecosystems. Nutrient levels, as well as physical climate (the two of which are themselves related), can make the Bay more or less prone to hypoxic or anoxic events in several ways.

Nutrient loads. In general, waters with high nutrient levels can experience eutrophication, which can deplete dissolved oxygen. Policies including a ban on phosphate-based
detergents and the use of nitrogen removal systems in wastewater treatment plants have
facilitated the reduction of nutrient loading over the last several decades in some portions of the Bay (Kemp et al., 2009; Ruhl et al., 2010; Williams et al., 2010), but trends
in hypoxia and other measures of water quality have not necessarily shown much improvement. Murphy et al. (2011) suggest that significant increases observed in early
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summer hypoxia may reflect climate-driven changes in stratification (see below) while
slight decreases during late summer hypoxia may reflect reductions in nutrient loading.
Temperature and oxygen solubility. Warmer temperatures decrease the solubility of oxygen in water. During summertime conditions, oxygen saturation below the pycnocline
is sensitive to warming, with saturation concentrations dropping -0.16 mg/L for each
degree of warming. Thus, for 5°C of warming, waters that might be severely hypoxic (<1
mg/L) now would be anoxic (<0.2 mg/L) (Najjar et al., 2010).
Stratification. Stratification restricts water column mixing and results in a lower concentration of oxygen in bottom water (Murphy et al., 2011). Late spring and summer
stratification is well correlated with late winter and early spring streamflow; increases in
streamflow would likely lead to enhanced stratification (Najjar et al., 2010). Stratification
is also considered to be sensitive to atmospheric circulation (Scully, 2010; Kemp et al.,
2009) and the flux of salt (Kemp et al., 2009) into the Bay. Thus, changes in streamflow,
summertime wind patterns, and sea-level rise could all potentially alter the frequency
and severity of stratification.
Acidification. Increases in atmospheric concentrations of carbon dioxide have led
to decreases in pH and carbonate ion concentration. Globally, the surface ocean’s pH is
estimated to have been reduced by 0.1 units (~30% more acidic) (Orr et al., 2005).
Within the Bay, pH can be affected by a variety of factors in addition to atmospheric
carbon dioxide concentration, including eutrophication, chemical characteristics of input waters, and deposition of acid-forming compounds like sulfur and nitrogen (Waldbusser et al., 2009). Although statistically significant decreases in pH over the last several
decades have been measured in some polyhaline waters of the Bay, mesohaline waters
that have been sampled have shown either little change or increases in pH (Waldbusser
et al., 2009)

2.3 Impacts on Ecosystems
Harmful algal blooms. Harmful algal blooms are a recognized threat to Ches-

apeake Bay ecosystems (Anderson et al., 2010) and can constitute a threat to human
health (Najjar et al., 2010). Links between nutrient concentrations and some species of
harmful algae have been documented (Anderson et al., 2010), making blooms potentially sensitive to changes in regional precipitation and streamflow that could affect nutrient loads, as discussed above. Recently observed blooms provide evidence for this
sensitivity; for example, the bloom of Dinophysis acuminate in 2002 followed a period of
drought, which permitted the introduction of harmful oceanic species of algae to the Bay
(Marshall et al., 2004). Also, heavy rainfall following periods of drought elevated nutrient levels contributed to harmful algal blooms in 2007 (Mulholland et al., 2009).
Other forms of atmospheric and climate change could favor future harmful aglal
blooms. Increases in concentrations of carbon dioxide may enhance the growth of
bloom-forming dinoflagellates (Najjar et al., 2010). Increases in temperature, along with
a shift to more stratified conditions, has been observed to increase the growth of several
species of algae (Najjar et al., 2010; Peperzak 2003), but Anderson et al. (2010) show a
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negative relationship between temperature and algal blooms for Pseudo-nitzschia, which
is capable of producing the toxic domoic acid that poisons shellfish and causes neurological damage in humans.
Submerged aquatic vegetation. Submerged aquatic vegetation (SAV) serves

important functions in the Bay, providing habitats for many aquatic organisms, taking
up nutrients, and stabilizing sediments. SAV in the Bay is composed of numerous different plant species with variable tolerances for temperature, salinity, and other environmental conditions.
Climate can affect SAV directly, and through its influence on the Bay’s biogeochemistry, SAV can be detrimentally affected by high temperatures. In 2005, significant die-off
of Zostera marina occurred following a period of high summer temperatures (Orth et al.,
2010). SAV growth can also be retarded by high concentrations of suspended sediments
or by growth of microorganisms that block sunlight. As a result, increases in rainfall and
streamflow that raise sediment and nutrient levels can reduce water clarity and SAV
abundance (Najjar et al., 2010).
Salinity gradients within the Bay already influence the types of SAV species that
grow in different regions, with more salt-tolerant species found in the lower reaches of
the Bay. Changes in salinity due to sea-level rise or changes in precipitation could alter
the distribution of species (Najjar at al., 2010). Similarly, increases in carbon dioxide may
favor growth in some species of SAV provided sufficient light is available, which would
also contribute to changes in species distributions (Najjar et al., 2010).
Estuarine wetlands. The consequences of sea-level rise for wetlands are highly
uncertain. The extent to which accretion and migration of wetlands, which would act
to maintain or increase their acreage, will be offset by inundation of existing wetlands
is unclear (Najjar et al., 2010). Observations of vegetative changes suggest that loss may
be favored (Najjar et al., 2010; Perry & Hershner, 1999), although increases in carbon
dioxide and temperature could assist the growth of marsh vegetation and enhance wetland accretion (Najjar et al., 2010). Regardless of changes in acreage, more frequent inundation may alter species composition and favor the proliferation of invasive species
such as Phragmites australis (Najjar et al., 2010; U.S. EPA, 2008). Overall, changes for
wetlands will be strongly influenced by changes in human land use; development and
shoreline hardening can inhibit wetland migration (Najjar et al., 2010).
Fish. Climate change is likely to alter the distribution and abundances of the Bay’s vari-

ous fish species. For fish that are tolerant of warmer temperatures or are vulnerable to
particularly cold winters, warming could extend the length of the growing season and
act as a benefit (Najjar et al., 2010), but warming could contract the geographic range of
cold-temperature fish. Warming is also likely to have numerous indirect effects on fish;
for example, changes in habitat as well as the timing and availability of prey and predators could lead to shifts in species composition in the Bay. Recent observations show that
some fish pathogens have been more successful at surviving over the winter; if warming
continues this trend, then fish illness and mortality may increase (Najjar et al., 2010).
Like warming, changes in salinity could also have impacts on the distribution and
relative abundance of prey and predators. Najjar et al. (2010) note that sea nettles
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(Chrysaora quinquecirrha) could benefit from increases in salinity, which could have important implications for the survival of fish eggs and larva as well as the composition of
zooplankton communities that serve as food for many aquatic species.
Hypoxic conditions present serious threats to fish. Combined with warming, which
can raise fishes’ metabolic rates, low-dissolved oxygen levels can inhibit growth (Hanks
& Secor, 2010) and lead to mortality.
Shellfish . Warming may benefit some species of shellfish. Fewer cold winters could

reduce mortality of blue crabs (Callinectes sapidus, Hines et al., 2010) and less frequent
freezing of shoreline habitats could assist oysters as they form reefs (Najjar et al., 2010).
Warming could also allow blue crabs to increase reproduction by increasing the number of broods per season (Hines et al., 2010), but warming and changes in salinity are
likely to have many indirect effects on shellfish through changes in habitat as well as the
prevalence of pathogens and the timing and distribution of food and predators.
Specifically for shellfish, acidification of Bay waters could alter their ability to form
shells. The calcification process is significantly inhibited by reductions in pH, which
could lead to slower shell formation rates or weaker shells (Waldbusser et al., 2009).
However, experiments with the Eastern Oyster (Crassostrea virginica) show that increases in temperature and high levels of salinity can help minimize the impacts of lowering
pH on calcification (Waldbusser et al., 2009).

3. Climate Change Scenarios for the Chesapeake Bay
The available information on anticipated climate change impacts (summarized above)
can be used to develop a broad set of plausible futures or scenarios to facilitate consideration of adaptation options. The information presented below (see Table A-2) provides a
snapshot of climate drivers, plausible directions, and potential impacts of concern across
the Bay. It draws from projected conditions for the end of the 21st century to present
information describing likely changes from model projections that appear to converge,
which provides greater confidence, and uncertain changes from model projections that
diverge, which provides lower confidence.

4. Overview of State-level Adaptation Planning and
Implementation Across the Chesapeake Bay
The states in the Chesapeake Bay watershed are working together to help to improve the
water quality and health of aquatic ecosystems in the Bay. As of February 2012, Maryland and Pennsylvania have prepared state-wide adaptation plans that consider a range
of climate change impacts and Delaware has released a plan to address sea-level rise in
the state. The District of Columbia, New York, and Virginia have each published climate
action plans, which include adaptation recommendations as part of a larger approach
primarily focused on climate change mitigation by reducing greenhouse gas emissions.
All of the adaptation plans developed to date offer recommendations rather than mandates intended to inform practitioners and law-makers at both the state and local levels
on how to adapt.
This section provides a description of the adaptation activities in Maryland,
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Table A-2: Climate drivers, plausible directions, and potential impacts of concern
across the Bay
Climate
Drivers

Plausible Directions

Why this Matters/ Potential
Impacts

Sources
Drier/Wetter: Qualitative
examination of the
range of models for the
A2 scenario, 2070-2099
(Najjar et al. 2010, Fig.
4; reproduced as Fig. 1
above)
Intensity: Najjar et al., 2010;
discussing Lambert and
Fyfe (2006)

Precipitation

Projections for precipitation
Drier – Small decreases in
for the region are highly
annual precipitation (<5%),
uncertain, including both
with larger decreases in
increases and decreases.
summer and fall precipitation
(>10%), and longer periods of Scenarios will likely need to
involve some estimate of both
time without rain
drier and wetter conditions.
Wetter – Up to a 20% increase in
Precipitation is an important
annual precipitation; 10-20%
driver of streamflow, changes
increases in winter and spring
for which have broad
precipitation
impacts on water quality and
More intense heavy rainfall
ecosystems.
events – Strong winter storm
events could dump more rain
(not mutually exclusive with
either wetter/drier scenarios)

Temperature

Warmer – temperatures
moderately increase (e.g., 2°
C), with fewer extreme cold
days and more heat waves
Warmest – temperatures
increase more significantly
(e.g., 5° C), with many more
extreme hot weather events

Warming can directly impact
the species composition of the
Bay. Temperature-induced
changes in evaporation change
could interact with changes in
precipitation to have a significant
impact on regional hydrology.
Although temperatures are
likely to increase, the magnitude
of warming is uncertain.

Najjar et al. 2009 – many
values of warming could
be chosen. Warming of
2.3°C corresponds to the
one standard deviation
below the average of the
four “best” models for the
Chesapeake Bay for the B2
scenarios for 2070-2099.
Warming of 5°C represents
one standard deviation
above the same multimodel average for the A2
scenario.

Sea-level rise
(SLR)

Moderate acceleration in sealevel rise – 700 millimeters
by 2100.
Higher acceleration in sea-level
rise – 1600 millimeters by
2100.

Sea-level rise is anticipated to
accelerate in the 21st century.
Rates of observed sea-level rise
in the Bay have been greater
than global averages due to land
subsidence.
Sea-level Rise has implications
for habitat inundation and
salinity.

Najjar et al., 2010;
application of Rahmstorf
(2007) estimates for global
sea-level rise to local rates
of subsidence
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Pennsylvania, and Virginia related to water quality and/or aquatic ecosystems. Each
state’s plan is briefly discussed, including a summary of when and how the plan was
developed; the impacts and vulnerabilities the plan addresses; and examples of how
selected municipalities within these states are moving towards implementation of adaptation strategies related to water quality and aquatic ecosystems through actions that
will contribute to climate change adaptation. These plans have been developed within
the last year or several years, which may partially explain why implementation to date
of the strategies recommended within them has been fairly limited or not yet embarked
on at all. Many of the strategies are also quite broad and encompass activities that are
already underway to achieve water quality and aquatic-ecosystem management goals.
These activities will only become more important in the face of climate change and may
need to be reevaluated to address changing conditions.
Table A-3 below provides an overview of the climate change impacts and vulnerabilities identified across each of these plans as well as the types of adaptation strategies
considered to address water quality and aquatic ecosystem concerns.

Table A-3: Coverage of water quality and aquatic ecosystem concerns in climatechange adaptation plans for Maryland (MD), Pennsylvania (PA), and Virginia (VA)

PA

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Educate / Inform Public

x

Monitor / Audit

x

Incorporate climate change into planning

Extreme Storms (wetter winters)

x

Habitat Restoration

Impervious Surfaces (increased pollutants)

x

Stormwater Control

Aging Infrastructure

x

Land Use and Infrastructure

Increased Stream / River Temperatures

x

Extreme Heat Events

Changes to Stream Flow

x

Sea-level rise

Flooding

MD

VA

Categories of Water Quality and
Aquatic Ecosystem Adaptations

Climate Change Impacts and Vulnerabilities

Drought

State

x

136

Coastal Impacts, Adaptation, and Vulnerabilities

4.1 Maryland
Approach. The Comprehensive Strategy for Reducing Maryland’s Vulnerability to Climate
Change Phase II (referred to as the Phase II Adaptation Strategy hereinafter) predicts that
climate change is going to exacerbate existing stressors on aquatic ecosystems and water
resources. Consequently, many of the priority recommendations, particularly those that
will affect water quality and aquatic ecosystems, focus on reducing stressors, increasing
resiliency, and updating aging infrastructure.
To enhance resilience in aquatic ecosystems, the Phase II Adaptation Strategy recommends protecting a larger portfolio of habitats, employing stormwater best management
practices (BMPs), strengthening land-use regulations, enforcing pollution standards,
and incorporating climate change into the process of developing restoration priorities.
Additionally, to provide a sufficient and high quality water supply, the plan suggests
that local governments can adopt ordinances to protect water recharge areas.

Box A-1
Maryland
Comprehensive Strategy for Reducing Maryland’s Vulnerability to
Climate Change, Phase II: Building societal, economic, and ecological
resilience
Publication Date: January 2011
Authors: Maryland Commission on Climate Change Adaptation and Response and
Scientific Technical Working Groups
Sections:
• Agriculture
• Bay and aquatic ecosystems*
• Forest and terrestrial ecosystems
• Human health
• Population growth and infrastructure*
• Water resources*
* Sections of most relevance to this case study

Impacts and Vulnerabilities . The Phase II Adaptation Strategy focuses specifi-

cally on the potential impacts of changes in precipitation and temperature. The plan
projects that these two changes could interact with elements of the built environment,
including infrastructure, urbanized areas, and impervious surfaces, to exacerbate conditions that already threaten water quality and aquatic ecosystems. The plan includes
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consideration of increased droughts and extreme heat in the summer; increased flooding and intense precipitation events; changes to stream flow and water temperatures;
and how these changes could increase the sediments and pollutants that are carried to
local waterways.
Adaptation Recommendations. The Phase II Adaptation Strategy provides a

range of adaptation recommendations from incorporating climate change into wildlife management decisions to altering funding criteria to require environmental site
design (ESD) techniques, which are similar to green infrastructure, to specific habitatrestoration activities. The Phase II Adaptation Strategy recommends that the Department
of Natural Resources and its partners address water quality and aquatic ecosystems,
and focus primarily on policy recommendations that will change the way that localities
within the state consider climate change in developing long-range plans. The Maryland
Department of the Environment released the Environmental Site Design (ESD) Process and
Computations guidelines in 2010 to provide information to land developers to meet the
requirement to use ESD to the maximum extent practicable to control stormwater. Although not explicitly developed to address climate change impacts, ESD practices will
contribute to state-wide efforts to adapt to climate change.

Moving Towards Implementation : Baltimore Promotes a Watershed-Based Management Plan. The City of Baltimore is restoring water quality

in accordance with the federal Clean Water Act. Under the Baltimore Sustainability Plan,
six strategies are outlined to achieve this goal. The short- to long-term strategies include
restoring stream corridors, reducing and enhancing treatment of stormwater, and creating management plans for watershed-based natural resources. Baltimore is also expected to implement recommendations in the City County Watershed Agreement. The
Baltimore City County Watershed Phase 1 Action Plan has overarching goals to protect
water resources, enhance vegetation, and reduce water pollution, and provides specific
actions that can be taken to achieve the goals. These actions will become even more critical as the Bay increasingly experiences the climate change impacts described above.
4.2 Pennsylvania

Approach. The Pennsylvania Department of Environmental Protection released the
Pennsylvania Climate Adaptation Planning Report: Risks and Practical Recommendations in
2011 following the release of the December 2009 Pennsylvania Climate Change Action Plan.
The Pennsylvania Climate Adaptation Planning Report presents a list of strategies that
were prioritized based on evaluations of cost, timeliness of implementation, political
support, data availability, planning, risk level, co-benefits, and risks to health and safety.
The plan provides specific recommendations and suggests some cross-cutting practices
for both the built environment and natural resources to improve local water quality and
aquatic ecosystems.
Impacts and Vulnerabilities . The Pennsylvania Climate Adaptation Planning Re-

port is based on the climate concerns identified in the 2009 Pennsylvania Climate Impact Assessment. Based on general circulation models, the Pennsylvania Climate Impact Assessment
projected that the Pennsylvania climate would likely experience the following impacts:
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Box A-2
Pennsylvania
Pennsylvania Climate Adaptation Planning Report: Risks and Practical
Recommendations
Publication Date: January 2011
Authors: Pennsylvania Department of Environmental Protection
Sections:
• Infrastructure*
• Natural resources*
• Public health and safety
• Tourism and outdoor recreation
* Sections of most relevance to this case study

warmer temperatures, more precipitation, more frequent and intense storm events and
flooding, and longer dry periods and droughts. Additionally, this plan considers how
sea-level rise and resulting saltwater intrusion, as well as changes to stream flows, could
have adverse impacts on aquatic and wetland species.
Adaptation Recommendations . Three of the report’s seven broad and cross-

cutting strategies are relevant to local communities seeking to address water-quality and
aquatic-ecosystem concerns:
• Use green infrastructure to simultaneously capture stormwater and the amount
of polluted runoff that reaches the local waterways;
• Incorporate resilience into fish and wildlife habitat planning; and
• Integrate adaptation and mitigation strategies as part of planning operations for
both public and private institutions.

The Pennsylvania Climate Adaptation Planning Report also provides a range of sectorspecific adaptation recommendations such as: restricting impervious surfaces in key
watershed areas; revising stormwater regulations; accommodating increases in precipitation through expanding riparian buffers and encouraging homeowners, farmers, recreational, industry, and commercial users to use rainwater catchments; and lowering the
demand for groundwater and surface water systems. In addition to promoting monitoring, land-use changes, habitat restoration, stormwater control, and policy changes, this
plan also recommends educating, encouraging, and informing the public about how to
adapt to climate change.
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Moving Towards Implementation : Philadelphia Uses Stormwater
Fee to Incentivize Green Infrastructure. The Philadelphia Water Depart-

ment (PWD) introduced the Green City, Clean Waters, a 25-year plan to manage stormwater with green infrastructure, with the goal to make the city sustainable and resilient
to anticipated changes, including climate change. PWD is promoting green stormwater
infrastructure as a method of maximizing economic, social, and environmental benefits
for the city while managing flooding and pollution and improving the water quality and
aquatic ecosystems. PWD provides residents and businesses with information about incorporating green stormwater infrastructure into private developments. PWD is also
implementing BMPs on public property such as roads, schools, alleys, and parking lots.
Additionally, in 2009, PWD began to phase in a stormwater utility fee for non-residential properties. Fees are based on the estimated amount of runoff, which provides a financial incentive for land-owners to incorporate green practices into development.
4.3 Virginia

Approach. The Virginia Governor’s Commission on Climate Change released A Climate Change Action Plan in December 2008. The report focuses largely on reducing the
state’s greenhouse gas emissions and provides groundwork for the state to begin monitoring and reporting greenhouse gas emissions and observed climate change impacts. It
also includes a section that outlines the need to address likely climate change impacts as
well as possible high-level approaches for doing so.

Box A-3
Virginia
A Climate Change Action Plan
Publication Date: December 2008
Authors: Governor’s Commission on Climate Change
Sections:
• Recommendations that affect GHG emissions
• GHG reductions and cost effectiveness
• Recommendations to plan for and adapt to climate change*
* Sections of most relevance to this case study

Impacts and Vulnerabilities. The plan discusses some of the major impacts of
concern by focusing on sea-level rise and temperature increases with some references to
changes in the precipitation regime. It also notes the anticipated impacts of sea-level rise
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on the Bay region. It identifies several foundation species at risk of declining or disappearing if salinity and temperatures continue to rise and weather patterns continue to
fluctuate widely. The report also notes that increasing temperatures and storm runoff
would decrease oxygen levels and negatively impact aquatic species. Saltwater intrusion
caused by sea-level rise would also have a negative effect on Virginia’s coastal wetlands.
Adaptation Recommendations. The adaptation portion of A Climate Change
Action Plan primarily focuses on disseminating information on climate change adaptation and preparedness while also providing some suggestions to address climate change
in the future. The proposed preparedness strategies range from seeking recommendations that complement existing goals to collaboration with neighboring states and other
public and private sector partners. A Climate Change Action Plan also offers a series of
recommendations for how local governments can incorporate climate change into their
planning efforts. The plan recommends that all state discretionary funding programs
should require that infrastructure projects be designed to withstand climate changes
over the course of the project.
Four recommendations that could address water quality and aquatic ecosystems in
the Bay are of note:

• Adaptation policies and programs for the built environment should take into
consideration impacts on natural systems;
• The Virginia Department of Conservation and Recreation (DCR) should
monitor available forecasting tools and amend its stormwater regulation as
needed to ensure the implementation of stormwater management measures
that will continue to function effectively in an altered precipitation regime;
• DCR should assess the consequences of climate change on the effectiveness of
non-point source urban and agriculture best management practices; and
• The General Assembly should require local governments whose jurisdictions
encompass Virginia’s shoreline to develop integrated shoreline management
plans in coordination with Virginia Marine Resources Commission (VMRC).
Such planning efforts would integrate adaptation and response strategies for
coastal erosion, sea-level rise adaptation, and coastal storm surge into existing
state and local policies.
Moving Towards Implementation : Virginia Beach Incorporates
Climate Change into the Comprehensive Plan. The City of Virginia

Beach’s 2009 Comprehensive Plan includes climate change as a hazard that the City
should anticipate and calls for the continuation of practices that will contribute to climate
change adaptation. This plan recommends actions to protect and manage water resources. Water quality is to be maintained through: 1) the continuation of watershed restoration projects with partner agencies; 2) the achievement of the goals of the Southern
Watersheds Area Management Program; 3) the development of a Watershed Management Plan; and 3) the management of stormwater. These practices will help ensure water
quality for the benefits of habitat support, drinking, and water recreation. The City’s
Plan also provides recommendations for adaptation to sea-level rise and storm surges.

Appendix B
Northern Gulf of Mexico Case Study
The shores of the Gulf of Mexico support ecosystems and economies of national significance. According to the National Marine Fisheries Service, the commercial fish and
shellfish harvest from the five U.S. Gulf states was estimated to be 1.3 billion pounds
valued at $639 million in 2010. The Gulf also contains four of the nation’s top seven fishing ports by weight and eight of the nation’s top twenty fishing ports by dollar value.
Gulf landings of shrimp and harvest of oysters lead the nation and the Gulf also houses a
productive recreational fishery. In 2010, marine recreational participants took more than
20.7 million trips.
According to the Bureau of Ocean Energy Management, offshore operations in the
Gulf produce a quarter of the U.S. domestic natural gas and one-eighth of its oil. In addition, the offshore petroleum industry employs over 55,000 U.S. workers in the Gulf.
Coastal communities and ports maintain this energy production by supporting the operation of offshore and inshore production facilities as well as onshore pipelines and
processing plants.
Major Gulf ports include New Orleans, Baton Rouge, Houston, Mobile, and Lake
Charles. More than 220 million tons of cargo moved through the Port of Houston in
2009. In 2008, the Port of Mobile had a trade volume of over 67 million tons. The cargo
conveyed on the Mississippi River alone is estimated to have an approximately $115 billion annual impact on the nation’s economy.

Vulnerable Coastal Habitats and Communities
Global sea-level rise will have a disproportionate effect along the Gulf Coast shoreline because of its flat topography, regional land subsidence, extensive shoreline development,
and vulnerability to major storms. Considerable uncertainty remains about whether the
regional climate will become wetter or drier in the future, but future trends in rainfall,
runoff, and consequent soil moisture are critical to human and ecological well-being in
the Gulf Coast. Freshwater availability influences coastal ecosystems through salinity
gradients as well as agricultural production and many coastal industries and water supply for municipalities.
Climate changes could also result in potential shifts in El Niño/La Niña cycles, hurricanes, storms, and coastal ocean currents; however, even if storm intensities remain
constant disturbance from coastal flooding and erosion will increase because rising sea
levels will generate higher storm surges even from minor storms. The effects of recent
storms, including Katrina and Rita in 2005, have been dramatic and demonstrate the
vulnerability of large population centers like New Orleans and Houston.
However, in addition to the dramatic, newsworthy events associated with major
events, the rural communities of the Gulf Coast are also of concern due to their existing
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social vulnerability. The figure below (Figure B-1) shows how indices of coastal vulnerability (CVI) merged with indices of social vulnerability (CSoVI) produces a place vulnerability index (PVI) with high values in the counties of coastal Louisiana and Texas.

Figure B-1 Vulnerability of Gulf Coast counties based on physical (CVI) and social (CSoVl) indicators
and their integration into place vulnerability (PVI). Based on: Boruff et al., 2005; Pendleton et al., 2010.

A ‘Laboratory’ for Understanding Coastal Change and Testing
New Approaches
The northern Gulf of Mexico provides an excellent laboratory for considering the effects
of future climate change for several reasons:
• Adaptation and change are already integral. From ecosystems to communities, change is both inevitable and already happening. The deltaic wetlands
of coastal Louisiana are in a constant state of change associated with growth
and degradation of delta lobes, and a northward shift in the limit of persistent
mangrove growth is already underway. Although these changes are associated
with both gradual and pulsed forcing, coastal communities change in response
to storm events. Although the conventional wisdom tells us that relocating or
elevating coastal residents is difficult, post-storm efforts in coastal Louisiana and

Northern Gulf of Mexico Case Study

Mississippi that include financial assistance or incentives have proven successful
at least locally. The relocation aspects of the Mississippi Coastal Improvement
Program (MsCIP) have been over-subscribed, and the availability of generous
home elevation grants in Louisiana has stimulated growth in the ‘elevation’
industry, in which private contractors often help residents with paperwork and
grant applications.
• Interactions between coastal change and watershed change. Understanding the
consequences of climate change for coastal systems requires a parallel and integrated recognition of upstream changes. The northern Gulf provides an excellent opportunity to explore this relationship because of the range of watersheds
draining into the Gulf. The Mississippi is the 3rd largest watershed in the world
and integrates climate change effects on runoff at the continental scale and the
interaction with river management. At a small scale, the Pascagoula drainage
is one of the only unregulated drainage systems in the U.S. Between the two
in scale are watersheds that drain areas more likely subject to drought such as
Texas and areas where trends in precipitation are less clear such as the southeastern region.
• Continuing investment in coastal restoration. In addition to ongoing restoration efforts, such as Coastal Wetlands Planning, Protection, and Restoration
Act, better understanding of sea level change, sediment delivery, and temperature and precipitation regimes is essential if ecosystem restoration projects to
be implemented as a consequence of the 2010 British Petroleum oil spill are to
provide sustainable benefits.
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