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Preface

The U.S. Climate Change Science Program (CCSP) was launched in February 2002 as a
collaborative federal interagency program, under a new cabinet-level organization
designed to improve the government-wide management and dissemination of climate
change science and related technology development. The mission of the CCSP is to
“facilitate the creation and application of knowledge of the Earth’s global environment
through research, observations, decision support, and communication”. This Product is
one of 21 synthesis and assessment products (SAPS) identified in the 2003 Strategic Plan
for the U.S. Climate Change Science Program, written to help achieve this mission. The
SAPs are intended to support informed discussion and decisions by policymakers,
resource managers, stakeholders, the media, and the general public. The products help
meet the requirements of the Global Change Research Act of 1990, which directs
agencies to “produce information readily usable by policymakers attempting to formulate
effective strategies for preventing, mitigating, and adapting to the effects of global

change” and to undertake periodic scientific assessments.

One of the major goals within the mission is to understand the sensitivity and adaptability
of different natural and managed ecosystems and human systems to climate and related
global changes. This SAP (4.1), Coastal Sensitivity to Sea-Level Rise: A Focus on the
Mid-Atlantic Region, addresses this goal by providing a detailed assessment of the effects
of sea-level rise on coastal environments and presenting some of the challenges that need

to be addressed in order to adapt to sea-level rise while protecting environmental
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resources and sustaining economic growth. It is intended to provide the most current
knowledge of issues related to sea-level rise and to describe how relevant data has been
applied broadly, as well as specifically, in the mid-Atlantic region of the United States.
The results of this Product can be used as a starting point for audiences seeking
information about sea-level rise implications at the local level as well as for researchers

and planners looking to explore the topic from a regional or national perspective.

P.1 SCOPE AND APPROACH OF THIS PRODUCT

The focus of this Product is to identify and review the potential impacts of future sea-
level rise based on present scientific understanding. To do so, this Product evaluates
several aspects of sea-level rise impacts to the natural environment and examines the
impact to human land development along the coast. In addition, the Product addresses the
connection between sea-level rise impacts and current adaptation strategies, and assesses
the role of the existing coastal management policies in identifying and responding to

potential challenges.

This Product focuses on the U.S. mid-Atlantic coast, from Montauk, New York to Cape
Lookout, North Carolina. The Mid-Atlantic is a region where high population density and
extensive coastal development is likely to be at increased risk due to sea-level rise. Other
coastal regions in the United States, such as the Gulf of Mexico and the Florida coast, are
potentially as or even more vulnerable to sea-level rise and have been the focus of other

research and assessments, but are outside the scope of this Product.
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During the preparation of this Product, three regional meetings were held between the
author team and representatives from relevant local, county, state, and federal agencies,
as well non-governmental organizations. Many of the questions posed in the prospectus
for SAP 4.1 were discussed in detail and the feedback has been incorporated into the

Product.

Many of the findings included in this Product are expressed using common terms of
likelihood (e.g., very likely, unlikely), similar to those used in the 2007
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report, Climate
Change 2007: The Physical Science Basis. The likelihood determinations used in this
Product were established by the authors and modeled after other CCSP SAPs such as
CCSP SAP 1.1, Temperature Trends in the Lower Atmosphere: Steps for Understanding
and Reconciling Differences, based on the judgment of the authors and uncertainties from

published peer-reviewed literature (Figure P.1).

virtually certain
very likely
likely
- T about as likely as not
unlikely
very unlikely

virtually impossible

| 1 1 I | I 1
0 10 20 30 40 50 60 70 80 90 100

Degree of Likelihood (%)

Figure P.1 Likelihood terms and related probabilities used for this Product.
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The International System of Units (SI) have been used in this Product; with English units
often provided in parentheses. Where conversions are not provided, some readers may

wish to convert from Sl to English units using the following table:

Table P.1 Conversion from the International System of Units (SI) to English units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in)

millimeter (mm) 0.0394 inch (in)

meter (m) 3.2808 foot (ft)

kilometer (km) 0.6214 mile (mi)

meter (m) 1.0936 yard (yd)

Area

square meter (sq m) 0.000247 acres

hectare (ha) 247 acres

square kilometer (sq km) 247 acres

square meter (sq m) 10.7639 square foot (sq ft)
hectare (ha) 0.00386 square mile (sq mi)
square kilometer (sq km) 0.3861 square mile (sq mi)

Rate of Change

meters per year (m per year) 3.28084 foot per year (ft per year)
millimeters per year (mm per year) 0.03937 inch per year (in per year)
meters per second (m per sec) 1.943 knots

P.2 FUTURE SEA-LEVEL SCENARIOS ADDRESSED IN THIS PRODUCT

In this Product, the term “sea level” refers to mean sea level or the average level of tidal
waters, generally measured over a 20-year period. These measurements generally indicate
the water level relative to the land, and thus incorporate changes in the elevation of the
land (i.e., subsidence or uplift) as well as absolute changes in sea level (i.e., rise in sea
level caused by increasing its volume or adding water). For clarity, scientists often use

two different terms:
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“Global sea-level rise” is the average increase in the level of the world’s oceans
that occurs due to a variety of factors, the most significant being thermal
expansion of the oceans and the addition of water by melting of land-based ice
sheets, ice caps, and glaciers.

“Relative sea-level rise” refers to the change in sea level relative to the elevation
of the adjacent land, which can also subside or rise due to natural and human-
induced factors. Relative sea-level changes include both global sea-level rise and

changes in the vertical elevation of the land surface.

In this Product, both terms are used. Global sea-level rise is used when referring to the

worldwide average increase in sea level. Relative sea-level rise, or simply sea-level rise,

is used when referring to the scenarios used in this Product and effects on the coast.

This Product does not provide a forecast of future rates of sea-level rise. Rather, it

evaluates the implications of three relative sea-level rise scenarios over the next century

developed from a combination of the twentieth century relative sea-level rise rate and

either a 2 or 7 millimeter per year increase in global sea level:

Scenario 1: the twentieth century rate, which is generally 3 to 4 millimeters per
year in the mid-Atlantic region (30 to 40 centimeters total by the year 2100);
Scenario 2: the twentieth century rate plus 2 millimeters per year acceleration (up
to 50 centimeters total by 2100);

Scenario 3: the twentieth century rate plus 7 millimeters per year acceleration (up

to 100 centimeters total by 2100).
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The twentieth century rate of sea-level rise refers to the local long-term rate of relative
sea-level rise that has been observed at NOAA National Ocean Service (NOS) tide
gauges in the mid-Atlantic study region. Scenario 1 assesses the impacts if future sea-
level rise occurs at the same rate as was observed over the twentieth century at a
particular location. Scenarios 1 and 2 are within the range of those reported in the recent
IPCC Report Climate Change 2007: The Physical Science Basis, specifically in the
chapter Observations: Oceanic Climate Change and Sea Level, while Scenario 3 exceeds
the IPCC scenario range by up to 40 centimeters by 2100. Higher estimates, as suggested
by some recent publications, are the basis for Scenario 3. In addition to these three
scenarios, some chapters refer to even higher sea-level rise scenarios, such as a 200
centimeter rise over the next few hundred years (a high but plausible estimate if ice sheet

melting on Greenland and West Antarctica exceeds IPCC model estimates).

P.3 PRODUCT ORGANIZATION

This Product first provides context and then presents the results in six parts:

Part | addresses the effects of sea-level rise on the physical environment. Chapter 1
discusses the current knowledge and limitations in coastal elevation mapping. Chapter 2
describes the physical changes at the coast that will result in changes to coastal landforms
(e.g., barrier islands) and shoreline position in response to sea-level rise. Chapter 3

considers the ability of wetlands to accumulate sediments and survive in response to
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rising sea level. Chapter 4 examines the habitats and species that will be vulnerable to

sea-level rise related impacts.

Part 11 describes the societal impacts and implications of sea-level rise. Chapter 5
provides a framework for assessing shoreline protection options in response to sea-level
rise. Chapter 6 discusses the extent of vulnerable population and infrastructure, and
Chapter 7 addresses the implications for public access to the shore. Chapter 8 reviews the

impact of sea-level rise to flood hazards.

Part 11 examines strategies for coping with sea-level rise. Chapter 9 outlines key
considerations when making decisions to reduce vulnerability. Chapter 10 discusses what
organizations are currently doing to adapt to sea-level rise, and Chapter 11 examines

possible institutional barriers to adaptation.

Part IV provides state and local information to support Chapter 4 (vulnerable species) and

Chapters 9, 10, and 11 (coastal policies and adaptation to sea-level rise).

Part V discusses sea-level rise impacts and implications at a national scale and highlights

how coasts in other parts of the United States are vulnerable to sea-level rise.

Part VI presents opportunities for future efforts to reduce uncertainty and close gaps in

scientific knowledge and understanding.
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This Product also includes two appendices: Appendix 1 describes methodology used in
various chapters throughout the product. Appendix 2 reviews some of the basic
approaches that have been used to conduct shoreline change or land loss assessments in

the context of sea-level rise and some of the difficulties that arise in using these methods.

Technical and scientific terms are used throughout this Product. To aid readers with these
terms, a Glossary and a list of Acronyms and Abbreviations are included at the end of the

Product.
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Executive Summary

Authors: K. Eric Anderson, USGS; Donald R. Cahoon, USGS; Stephen K. Gill, NOAA;
Benjamin T. Gutierrez, USGS; E. Robert Thieler, USGS; James G. Titus, U.S. EPA; S.

Jeffress Williams, USGS (lead authors arranged in alphabetical order).

Global sea level is rising, and there is evidence that the rate is accelerating. Increasing
atmospheric concentrations of greenhouse gases, primarily from human contributions, are
very likely warming the atmosphere and oceans. The warmer temperatures raise sea level
by expanding ocean water, melting glaciers, and possibly increasing the rate at which ice
sheets discharge ice and water into the oceans. Rising sea level and the potential for
stronger storms pose an increasing threat to coastal cities, residential communities,
infrastructure, beaches, wetlands, and ecosystems. The potential impacts to the United
States extend across the entire country: ports provide gateways for transport of goods
domestically and abroad; coastal resorts and beaches are central to the U.S. economy;
wetlands provide valuable ecosystem services such as water filtering and spawning
grounds for commercially important fisheries. Human actions—or inactions—to respond
to sea-level rise in the coastal zone will have potentially large economic and

environmental costs.

This Synthesis and Assessment Product examines the implications of rising sea level,

with a focus on the mid-Atlantic region of the United States, where rates of sea-level rise
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are moderately high, storm impacts occur, and there is a large extent of critical habitat
(marshes), high population densities, and infrastructure in low-lying areas. Although
these issues apply to coastal regions across the country, the mid-Atlantic region was
selected as a focus area to explore how addressing both sensitive ecosystems and impacts
to humans will be a challenge. Using current scientific literature and expert panel
assessments, this Product examines potential risks, possible responses, and decisions that

may be sensitive to sea-level rise.

ES.1 WHY IS SEA LEVEL RISING? HOW MUCH WILL IT RISE?

During periods of climate warming, two major processes cause global mean sea-level rise
on centennial time scales: (1) as the ocean warms, the water expands and increases its
volume and (2) land reservoirs of ice and water, including glaciers and ice sheets,
contribute water to the oceans. In addition, the land in many coastal regions is subsiding,

adding to their vulnerability to the effects of sea-level rise.

Recent U.S. and international assessments of climate change show that global average sea
level rose approximately 1.7 millimeters per year through the twentieth century, after a
period of little change during the previous two thousand years. Observations suggest that
the rate of global sea-level rise may be accelerating. In 2007, the Intergovernmental Panel
on Climate Change (IPCC) projected that global sea level will likely rise between 19 and
59 centimeters (7 and 23 inches) by the end of the century (2090 to 2099), relative to the
base period (1980 to 1999), excluding any rapid changes in ice flow from Greenland and

Antarctica. According to the IPCC, the average rate of global sea-level rise during the
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twenty-first century is very likely to exceed the average rate over the last four decades.
Recently observed accelerated ice flow and melting in some Greenland outlet glaciers
and West Antarctic ice streams could substantially increase the contribution from the ice
sheets to rates of global sea-level rise. Understanding of the magnitude and timing of
these processes is limited and, thus, there is currently no consensus on the upper bound of

global sea-level rise rates.

In the mid-Atlantic region from New York to North Carolina, tide-gauge observations
indicate that relative sea-level rise (the combination of global sea-level rise and land
subsidence) rates were higher than the global mean and generally ranged between 2.4 and

4.4 millimeters per year, or about 0.3 meters (1 foot) over the twentieth century.

ES.2 WHAT ARE THE EFFECTS OF SEA-LEVEL RISE?

Coastal environments such as beaches, barrier islands, wetlands, and estuarine systems
are closely linked to sea level. Many of these environments adjust to increasing water
level by growing vertically, migrating inland, or expanding laterally. If the rate of sea-
level rise accelerates in the future as predicted, there will be considerable impacts to
coastal environments and consequently, human populations. In some cases, the effects
will be limited in scope and similar to those observed during the last century. In other
cases, there may be thresholds that are 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
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sea-level rise can cause rapid landward migration or segmentation of some barrier

islands, as well as disintegration of wetlands.

Today, rising sea levels are submerging low-lying lands, eroding beaches, converting
wetlands to open water, exacerbating coastal flooding, and increasing the salinity of
estuaries and freshwater aquifers. In undeveloped or less-developed coastal areas where
human influence is minimal, sea-level rise may be accommodated because ecosystems
and geological systems can sometimes shift upward and landward with the rising water
levels. Coastal development, including buildings, roads, and other infrastructure, are less
mobile and more vulnerable. Vulnerability to an accelerating rate of sea-level rise is
compounded by the high population density along the coast, the possibility of other
effects of climate change, and the susceptibility of coastal regions to storms and

environmental stressors, such as drought or invasive species.

ES.2.1 Sea-Level Rise and the Physical Environment

The coastal zone is dynamic and the response of coastal areas to sea-level rise is more
complex than simple inundation. Erosion can cause land to be lost even if the sea does
not rise enough to inundate it. While some wetlands can keep pace with sea-level rise,
those that cannot keep pace will gradually become submerged. Shore protection and

engineering efforts also affect how coasts are able to respond to sea-level rise.

For coastal areas that are vulnerable to inundation by sea-level rise, elevation is generally

the most critical factor in assessing potential impacts. The extent of inundation is
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controlled largely by the slope of the land, with a greater area of inundation occurring in
locations with more gentle gradients. Most of the currently available elevation data do not
provide the degree of confidence that is needed for making quantitative assessments of
the effects of sea-level rise for local planning and decision making. However, systematic
collection of high-quality elevation data will improve the ability to conduct detailed

assessments (Chapter 1).

Nationally, it is very likely that coastal erosion will increase because of sea-level rise at
rates higher than those that have been observed over the past century. The exact manner
and rates at which these changes are likely to occur depend on the character of coastal
landforms (e.qg., barrier islands, cliffs) and physical processes (Part V). Particularly in
sandy shore environments which comprise the entire mid-Atlantic coast (Figure ES.1), it
is virtually certain that coastal headlands, spits, and barrier islands will erode in response
to future sea-level rise. For sea-level rise scenarios greater than 7 mm per year, it is likely
that some barrier islands in this region will cross a threshold where rapid barrier island

migration or segmentation will occur (Chapter 2).
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651  addition to undergoing erosion, coastal segments denoted with a “T” may also cross a threshold where
652 rapid barrier island migration or segmentation will occur.

653

35°

654  Tidal wetlands in the United States, such as the Mississippi River Delta in Louisiana and
655  Blackwater River marshes in Maryland, are already experiencing submergence by sea-
656 level rise and associated high rates of wetland loss. It is virtually certain that the United
657  States will continue to lose tidal wetlands, partly in response to future sea-level rise and
658  other climate and environmental drivers, such as changing temperatures, changes in

659  precipitation and runoff, and storm frequency and intensity (Figure ES.2).
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Nationally, it is very unlikely that the area of tidal wetlands will increase over the next
100 years, given current wetland loss rates and the few occurrences of new tidal wetland
expansion (e.g., Atchafalaya River Delta in Louisiana) (Chapter 3). For the mid-Atlantic
region, acceleration in sea-level rise of 2 millimeters per year will cause many wetlands
to become stressed,; it is likely that most wetlands will not survive an acceleration in sea-
level rise of 7 millimeters per year. Wetlands may expand inland where low-lying land is
available but, if existing wetlands cannot keep pace with sea-level rise, the result will be
an overall loss of wetland area in the Mid-Atlantic. The loss of associated wetland
ecosystem functions (e.g., providing flood control, acting as a storm surge buffer,
protecting water quality buffer, and serving as a nursery area) can have important societal
consequences, such as was seen with the storm surge impacts associated with Hurricane

Katrina in New Orleans.
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Figure ES.2 Areas where wetlands would be marginal or lost (i.e., converted to open water) under three
sea-level rise scenarios.

Terrestrial and aquatic plants and animals that rely on coastal habitat are likely to be
stressed and adversely affected as sea level rises. The quality, quantity, and spatial
distribution of coastal habitats will change as a result of erosion, salinity changes, and
wetland loss. Depending on local conditions, habitat may be lost or migrate inland in
response to sea-level rise. Loss of tidal marshes would seriously threaten coastal
ecosystems, causing fish and birds to move or produce fewer offspring. Many estuarine

beaches may also be lost, threatening numerous species (Chapter 4).
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Sea-level rise is just one of many factors affecting coastal habitats; sediment input,
nutrient runoff, fisheries management, and other factors are also important. Under natural
conditions, habitats are continually shifting, and species generally have some flexability
to adapt to varied geography and/or habitat type. Future habitat and species loss will be
determined by factors that include rates of wetland submergence, coastal erosion, and
whether coastal landforms and present-day habitats will have space to migrate inland. As
coastal development continues, the ability for habitats to change and migrate inland along
the rest of the coast will not only be a function of the attributes of the natural system, but

also of the coastal management policies for developed and undeveloped areas.

ES.2.2 Societal Impacts and Implications

Increasing population, development, and supporting infrastructure in the coastal zone
often compete with the desire to maintain the benefits that natural ecosystems (e.g.,
beaches, barrier islands, and wetlands) provide to humans. Increasing sea level will put
additional stress on the ability to manage these competing interests effectively (Chapter
6). In the Mid-Atlantic, for example, movement to the coast and development continues,
despite the growing vulnerability to coastal hazards. As sea-level rise continues,
weighing benefits and costs of development and/or preservation of natural resources will

become more complex (Part V).

Rising sea level increases the vulnerability of development on coastal floodplains. Higher
sea level provides an elevated base for storm surges to build upon and diminishes the rate

at which low-lying areas drain, thereby increasing the risk of flooding from rainstorms.
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Increases in shore erosion also contribute to greater flood damages by removing
protective dunes, beaches, and wetlands and by leaving some properties closer to the

water's edge (Chapter 8).

ES.3 HOW HAVE PEOPLE BEEN RESPONDING TO SEA-LEVEL RISE?
ES.3.1 Options for Adapting to Sea-level Rise

At the current rate of sea-level rise, coastal residents and businesses have been
responding by rebuilding at the same location, moving out of harm’s way, holding back
the sea by coastal engineering, or some combination of these approaches. With a
substantial acceleration of sea-level rise, traditional coastal engineering may not be

economically or environmentally sustainable in some areas (Chapter 5).

Nationally, most current coastal policies do not accommodate accelerations in sea-level
rise. Floodplain maps, which are used to guide development and building practices in
hazardous areas, are generally based upon recent observations of topographic elevation
and local mean sea-level. However, these maps often do not take into account accelerated
sea-level rise or possible changes in storm intensity (Chapter 8). As a result, most shore
protection structures are designed for current sea level, and development policies that rely
on setting development back from the coast are designed for current rates of coastal

erosion, not sea level rise.

ES.3.2 Adapting to Sea-level Rise
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The prospect of accelerated sea-level rise underscores the need to rigorously assess
vulnerability and examine the costs and benefits of taking adaptive actions. Determining
whether, what, and when specific actions are justified is not simple, due to uncertainty in
the timing and magnitude of impacts, and difficulties in quantifying projected costs and
benefits. Key opportunities for preparing for sea-level rise include: provisions for
preserving public access along the shore (Chapter 7); land-use planning to ensure that
wetlands, beaches, and associated coastal ecosystem services are preserved (Chapter 9);
siting and design decisions such as retrofitting (e.g., elevating buildings and homes)
(Chapter 9); and examining whether and how changing risk due to sea-level rise is

reflected in flood insurance rates (Chapter 9).

However, he time, and often cultural shift, required to make change in federal, state, and
local policies is sometimes a barrier to change. In the mid-Atlantic coastal zone, for
example, although the management community recognizes sea-level rise as a coastal
flooding hazard and state governments are starting to face the issue of sea-level rise, only
a limited number of analyses and resulting statewide policy revisions to address rising sea
level have been undertaken (Chapters 8, 10). Current policies are now being adapted to
include the effects of sea-level rise on coastal environments and infrastructure.
Responding to sea-level rise requires careful consideration regarding whether and how
particular areas will be protected with structures, elevated above the tides, relocated

landward, or left alone and potentially given up to the rising sea (Chapter 11).
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Many coastal management decisions made today have implications for sea-level rise
adaptation. Restricting development along the shore to mitigate hazards or protect water
quality preserves open space that could also help coastal ecosystems adapt to rising sea
level (Part IV). A prime opportunity for adapting to sea-level rise in developed areas may
be in the aftermath of a severe storm (Chapter 8). Efforts to fortify coastal development

can make it less likely that such an area would be abandoned as sea level rises.

ES.4 WHAT CAN BE DONE TO PREPARE FOR FUTURE SEA-LEVEL RISE?

ES.4.1 Enhance Understanding
An integrated scientific program of sea-level studies would reduce gaps in current
knowledge and the uncertainty about the potential responses of coasts, estuaries, and
wetlands to sea-level rise. This program should focus on expanded efforts to monitor
ongoing physical and environmental changes, using new technologies and higher
resolution elevation data as available, as well as insights from the historic and geologic
past. A key area of uncertainty is the vulnerability of coastal landforms and wetlands to
sea-level rise; therefore, it will be essential to understand the dynamics of barrier island
processes and wetland accretion, wetland migration, and the effects of land-use change
as sea-level rise continues. Understanding, predicting, and responding to the
environmental and societal effects of sea-level rise requires an integrated program of
research that includes both natural and social sciences. Social science research will be
critical because sea-level rise vulnerability, sea-level rise impacts, and the success of
many adaptation strategies will depend on characterizing the social, economic, and

political contexts in which management decisions are made (Part V1).
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ES.4.2 Enhance Decision Support

Decision making on regional and local levels in the coastal zone can be supported by
improved understanding of vulnerability and risk of sea-level rise impacts. Developing
tools, datasets, and other land management information is key to supporting and
promoting sound coastal planning, policy making, and decisions. This includes providing
easy access to data and information resources and applying this information in an
integrated framework using such tools as geographic information systems. Integrated
assessments linking physical vulnerability with economic analyses and planning options
will be valuable, as will efforts to assemble and assess coastal zone planning adaptation
options for federal, state, and local decision makers. Stakeholder participation in every
phase of this process is important, so that decision makers and the public have access to
the information that they need, and can make well-informed choices regarding sea-level
rise and the consequences of different management decisions. Coastal planning and
policies that are consistent with the reality of a rising sea will enable U.S. coastal
communities to avoid or adapt to its potential environmental, societal, and economic

impacts.
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Context: Sea-Level Rise and its Effects on the Coast

Lead Authors: S. Jeffress Williams, USGS; Benjamin T. Gutierrez, USGS; James G.
Titus, U.S. EPA; Stephen K. Gill, NOAA; Donald R. Cahoon, USGS; E. Robert Thieler,
USGS; K. Eric Anderson, USGS

Contributing Authors: Duncan FitzGerald, Boston University; Virginia Burkett,
USGS; Jason Samenow, U.S.EPA

KEY POINTS

Consensus in the climate science community in the U.S. and around the world is
that the global climate is changing, due mostly to increased concentrations of
carbon dioxide, methane, and nitrous oxide from burning of fossil fuels and land-
use change. Warming of the climate system is unequivocal, but the effects of
climate change are highly variable across regions and difficult to predict with high
confidence based on limited observations. Two direct effects of atmosphere
warming on coasts are sea-level rise and increase in major tropical storm

intensity.

Global sea level has been rising at highly variable rates due to natural processes
since the end of the last Ice Age. Due to land subsidence, relative sea-level rise
for the mid-Atlantic region and much of the Gulf of Mexico is greater than
globally averaged sea-level rise. Data over the past 15 years show that global

mean sea level has been highly variable at regional scales around the world and,
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816 on average, the rate of rise appears to have accelerated over twentieth century
817 rates, possibly due to atmospheric warming causing expansion of ocean water and
818 ice sheet melting. Results of climate model studies suggest sea-level rise in the
819 twenty-first century will exceed rates over the past century. Rates could be much
820 greater if warming affects dynamical processes that determine ice flow in

821 Greenland and Antarctica. Global sea-level elevations at the peak of the last

822 interglacial warm cycle were 4 to 6 meters (13 to 20 feet) above present, and

823 could be realized in the future if warming continues.

824 e Coastal regions are characterized by dynamic landforms and processes because
825 they are the juncture between the land, the oceans, and the atmosphere. Features
826 such as barrier islands, bluffs, dunes, and wetlands constantly undergo change due
827 to driving processes such as storms, sediment supply, and sea-level change. Based
828 on surveys over the past century, all U.S. coastal states are experiencing overall
829 erosion at highly variable rates. Sea-level rise will have profound effects by

830 increasing flooding frequency and inundating low-lying coastal areas, but other
831 processes such as erosion and accretion will have cumulative effects that are

832 profound but not yet predictable. There is some recent scientific opinion that

833 coastal landforms such as barrier islands and wetlands may have tipping points
834 from sea-level rise and storms, leading to rapid and irreversible change.

835 e Nearly one-half of the 6.7 billion people around the world live near the coast and
836 are vulnerable to storms and sea-level rise. In the United States, coastal

837 populations have doubled over the past 50 years, greatly increasing exposure to
838 risk from storms and sea-level rise. Continued population growth in low-lying
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coastal regions world-wide and in the United States will increase vulnerability to

these hazards as the effects of climate change become more pronounced.

e Coastal regions are currently managed under the premise that sea-level rise is
insignificant, that shorelines are static or can be fixed in place, that storms are
regular and predictable, and that physical processes are linear. The new reality of
sea-level rise and increased storminess due to climate change requires new
considerations in managing areas to protect resources and reduce risk to humans.
Long-term climate change impact data are essential for adaptation plans to
climate change and coastal zone plans are most useful if they have the premise
that coasts are dynamic and are best maintained by allowing natural processes to

function.

C.1 INTRODUCTION

Scientific evidence and observations over the past several decades demonstrate that the
warming of the Earth’s atmosphere and oceans, very likely the result of fossil fuel
burning and land-use changes, are unequivocal. World-wide data also show that rates of
global sea-level rise are consistent with increasing greenhouse gas concentrations and
global warming (IPCC, 2001; 2007; Hansen et al., 2007; Broecker and Kunzig, 2008).
Global climate change is already having significant effects on the Earth’s ecosystems and

human populations (Nicholls et al., 2007).

In recognition of the major influence of humans on all of the Earth systems, including the

global climate, the period since the nineteenth century is being referred to by scientists as
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the Anthropocene Era (Pearce, 2007; Zalasiewicz, 2008). Changes to the climate have
been dramatic and the rapid rate of climate change observed over the past two decades is

a challenge for adaptation, by humans and animals and plants alike.

Effects from climate change are not uniform, but vary considerably from region to region
and over a range of time periods (Nicholls et al., 2007). These variations occur due to
regional and local differences in atmospheric, terrestrial, and oceanographic processes.
The processes driving climate change are complex and so-called feedback interactions
between the processes can both enhance and diminish sea-level rise impacts, making
prediction of long-term effects difficult. Accelerated global sea-level rise, a major
outcome of climate change, will have increasingly far-reaching impacts on coastal
regions of the United States and around the world (Nicholls et al., 2007). Sea-level rise
impacts are already evident for many coastal regions and will increase significantly
during this century and beyond. Sea-level rise will cause changes to coastal landforms
(e.g., barrier islands, beaches, dunes, marshes), as well as ecosystems, estuaries,
waterways, and human populations and development (Nicholls et al., 2007; Rosenzweig
et al., 2008; FitzGerald et al., 2008). Low-lying coastal plain regions, particularly those
that are densely populated (e.g., Mid-Atlantic, north central Gulf of Mexico), are
especially vulnerable to sea-level rise and its associated impacts (e.g., McGranahan et al.,

2007; Day et al., 2007a).

The effects of sea-level rise are evident in many ways. Arguably, the most visible effect

is seen in changing coastal landscapes, which are altered through inundation and coastal
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erosion as beaches and sand dunes change shape and move landward. In addition, the
alteration or loss of coastal habitats such as wetlands, marshes, bays, and estuaries has
negative impacts on many animal and plant species that depend on these coastal

ecosystems.

Understanding how sea-level rise will affect coastal regions and, consequently, how
society will choose to address this issue in the short term in ways that are sustainable for
the long term, is a major challenge for both scientists and coastal managers. While human
populations in high-risk coastal areas continue to expand rapidly, the analyses of long-
term sea-level measurements show that sea level rose on average 19 centimeters (cm)
(7.5 inches [in]) globally during the twentieth century (Jevrejeva et al., 2008). In
addition, satellite data show global sea-level rise has accelerated over the past 15 years,
but at highly variable rates on regional scales. Analyses indicate that future sea-level rise
will likely exceed twentieth century observations by the end of the twenty-first century

(Meehl et al., 2007; Rahmstorf, 2007; Jevrejeva et al., 2008).

Over the last century, humans have generally responded to eroding shorelines and
flooding landscapes by using engineering measures to protect threatened property or by
relocating development inland to higher ground. In the future, these responses will
become more widespread and more expensive for society as sea-level rise accelerates
(Nicholls et al., 2007). Currently the world population is 6.7 billion people and is
predicted to expand to 9.1 billion by the year 2042 (UN, 2005). Globally, 44 percent of

the world’s population lives within 150 kilometers (km) (93 miles [mi]) of the ocean
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(<http://www.oceansatlas.org/index.jsp>) and more than 600 million people live in low
elevation coastal zone areas that are less than 10 meters (m) (33 feet [ft]) above sea level
(McGranahan et al., 2007), putting them at significant risk to the effects of sea-level rise.
Eight of the ten largest cities in the world are sited on the ocean coast. In the United
States, fourteen of the 20 largest urban centers are located within 100 km of the coast and
less than 10 m above sea level. Using 2000 census data for U.S. coastal counties as
defined by the National Oceanic and Atmospheric Administration (NOAA) and
excluding the Great Lakes states, approximately 126 million people resided in coastal
areas (Crossett et al., 2004). The Federal Emergency Management Agency (FEMA),
using the same 2000 census data but different criteria for defining coastal counties,
estimated the coastal population to be 86 million people (Crowell, et al., 2007).
Regardless, U.S. coastal populations have expanded greatly over the past 50 years,
increasing exposure to risk from storms and sea-level rise. Continued population growth
in low-lying coastal regions world-wide and in the United States will increase

vulnerability to these hazards.

Modern societies around the world have developed and populations have expanded over
the past several thousand years under a relatively stable world climate and mean global
sea level (Stanley and Warne, 2003; Day et al., 2007b). However, with continued
population growth, particularly in coastal areas, and the possibility of accelerated climate

change, adaptation to expected changes will become increasingly challenging.
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This Product reviews available scientific literature through September 2008 and assesses
the likely effects of sea-level rise on the coast of the United States, with a focus on the
mid-Atlantic region. An important point to emphasize is that sea-level rise impacts will
be far-reaching. Coastal lands will not simply be flooded by rising seas, but will be
modified by a variety of processes (e.g., erosion, accretion) whose impacts will vary
greatly by location and geologic setting. These changes will also have a range of human
and environmental impacts. To effectively cope with sea-level rise and its impacts,
current policies, economic considerations, and possible options for changing planning
and management activities are warranted so that society and the environment are better
able to adapt to accelerated rise in sea level. This Product examines the potential coastal
impacts for three different plausible scenarios of future sea-level rise, and focuses on the
potential effects to the year 2100. The effects, of course, will extend well beyond 2100,

but are outside the scope of this Product.

C.1.1 Climate Change Basis for this Product

The scientific study of climate change and associated global sea-level rise is complicated
due to differences in observations, data quality, cumulative effects, and many other
factors. Both direct and indirect methods are useful for studying past climate change.
Instrument records and historical documents are most accurate, but are limited to the past
100 to 150 years in the United States. Geological information from analyses of
continuous cores sampled from ice sheets and glaciers, sea and lake sediments, and sea
corals provide useful proxies that have allowed researchers to decipher past climate

conditions and a record of climate changes stretching back millions of years before
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recorded history (Miller et al., 2005; Jansen et al., 2007). The most precise methods have
provided accurate high-resolution data on the climate (e.g., global temperature,

atmospheric composition) dating back more than 400,000 years.

The Intergovernmental Panel on Climate Change (IPCC) 2007 Fourth Assessment Report
provides a comprehensive review and assessment of global climate change trends,
expected changes over the next century, and the impacts and challenges that both humans
and the natural world are likely to be confronted with during the next century (IPCC,
2007). Some key findings from this report are summarized in Box C.1. A 2008 U.S.
Climate Change Science Program (CCSP) report provides a general assessment of current
scientific understanding of climate change impacts to the United States (CENR, 2008).
This CCSP Synthesis and Assessment Product 4.1 (SAP 4.1) provides more specific
information and scientific consensus on the likely effects and implications of future sea-
level rise on coasts and wetlands of the United States and also includes a science strategy
for improving the understanding of sea-level rise, documenting its effects, and devising

robust models and methods for reliably predicting future changes.

BOX C.1 SELECTED FINDINGS OF THE INTERGOVERNMENTAL PANEL ON CLIMATE
CHANGE (IPCC) (2007A AND B) ON CLIMATE AND GLOBAL SEA-LEVEL RISE

Recent Global Climate Change:

Warming of the climate system is unequivocal, as is now evident from observations of increases in global
average air and ocean temperatures, widespread melting of snow and ice, and rising global average sea
level.

Human-induced increase in atmospheric carbon dioxide is the most important factor affecting the warming
of the Earth’s climate since the start of the Industrial Era. The atmospheric concentration of carbon dioxide
in 2005 exceeds by far the natural range over the last 650,000 years.

Most of the observed increase in global average temperatures since the mid-twentieth century is very likely
due to the observed increase in human-caused greenhouse gas concentrations. Discernible human
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influences now extend to other aspects of climate, including ocean warming, continental-average
temperatures, temperature extremes and wind patterns.

Note: The likelihood scale established by the IPCC and used throughout SAP 4.1 is described in the
Preface.

Recent Global Sea-Level Rise

Observations since 1961 show that the average temperature of the global ocean has increased to depths of
at least 3,000 meters (m) and that the ocean has been absorbing more than 80 percent of the heat added to
the climate system. Such warming causes seawater to expand, contributing to global sea-level rise.

Mountain glaciers and snow cover have declined on average in both hemispheres. Widespread decreases in
glaciers and ice caps have contributed to global sea-level rise.

New data show that losses from the ice sheets of Greenland and Antarctica have very likely contributed to
global sea-level rise between 1993 and 2003.

Global average sea level rose at an average rate of 1.8 (1.3 to 2.3) millimeters (mm) per year between 1961
and 2003. The rate was faster between 1993 and 2003: about 3.1 (2.4 to 3.8) mm per year. Whether the
faster rate for 1993 to 2003 reflects decadal variability or an increase in the longer term trend is unclear
(see Figure C.3).

Global average sea level in the last interglacial period (about 125,000 years ago) was likely 4 to 6 m higher
than during the twentieth century, mainly due to the retreat of polar ice. Ice core data indicate that average
polar temperatures at that time were 3 to 5°C higher than present, because of differences in the Earth’s
orbit. The Greenland ice sheet and other arctic ice fields likely contributed no more than 4 m of the
observed global sea-level rise. There may also have been contributions from Antarctica ice sheet melting.

Projections of the Future:

Continued greenhouse gas emissions at or above current rates would cause further warming and induce
many changes in the global climate system during the twenty-first century that would very likely be larger
than those observed during the twentieth century.

Based on a range of possible greenhouse gas emission scenarios for the next century, the IPCC estimates
the global increase in temperature will likely be between 1.1 and 6.4°C. Estimates of sea-level rise for the
same scenarios are 0.18 m to 0.59 m, excluding the contribution from accelerated ice discharges from the
Greenland and Antarctica ice sheets.

Extrapolating the recent acceleration of ice discharges from the polar ice sheets would imply an additional
contribution up to 0.20 m. If melting of these ice caps increases, larger values of sea-level rise cannot be
excluded.

In addition to global sea-level rise, the storms that lead to coastal storm surges could become more intense.
The IPCC indicates that, based on a range of computer models, it is likely that hurricanes will become more
intense, with larger peak wind speeds and more heavy precipitation associated with ongoing increases of
tropical sea surface temperatures, while the tracks of “winter” or non-tropical storms are projected to shift
towards the poles along with some indications of an increase in intensity in the North Atlantic.

-end-text box-

C.2 WHY IS GLOBAL SEA LEVEL RISING?
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The elevation of global sea level is determined by the dynamic balance between the mass
of ice on land (in glaciers and ice sheets) and the mass of water in ocean basins. This is
largely determined by the Earth’s atmospheric temperature. During the last 800,000
years, global sea level has risen and fallen about 120 m (400 ft) in response to the
alternating accumulation and decline of large continental ice sheets about 2 to 3 km (1 to
2 mi) thick as climate warmed and cooled in naturally occurring 100,000 year
astronomical cycles (Imbrie and Imbrie, 1986; Lambeck et al., 2002). Figure C.1 shows a
record of large global sea-level change over the past 400,000 years during the last four
cycles, consisting of glacial maximums with low sea levels and interglacial warm periods
with high sea levels. The last interglacial period, about 125,000 years ago, lasted about
10,000 to 12,000 years and global sea level was 4 to 6 m (13 to 19 ft) higher than present
(Imbrie and Imbrie [1986]). Following the peak of the last Ice Age about 21,000 years
ago, the Earth entered the present interglacial warm period. Global sea level rose very
rapidly at a rate of 10 mm per year between about 15,000 and 6,000 years ago and slowed
to about 0.5 mm per year over the past 6,000 years. During the past 3,000 to 2,000 years

the rate slowed to approximately 0.1 to 0.2 mm per year (IPCC 2001).

There is growing scientific evidence that, at the onset of the present interglacial warm
period, the Earth underwent abrupt changes when the climate system crossed some
thresholds or tipping points (points or levels in the evolution of the Earth's climate
leading to irreversible change) that triggered dramatic changes in temperature,
precipitation, ice cover, and sea level. These changes are thought to have occurred over a

few decades to a century and the causes are not well understood (NAS, 2002; Alley et al.,
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2003). One cause is thought to be disruption of major ocean currents by influxes of fresh
water from glacial melt. It is unknown with any confidence how anthropogenic climate
change might alter the natural glacial-interglacial cycle or the forcings that drive abrupt
change in the Earth’s climate system. Imbrie and Imbrie (1986) surmise that the world
might experience a “super-interglacial” period with mean temperatures higher than past

warm periods.
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Figure C.1 Plot of large variations in global sea level over the last 400,000 years resulting from four
natural glacial and interglacial cycles. Evidence suggests that sea level was about 4 to 6 meters (m) higher
than present during the last interglacial warm period 125,000 years ago and 120 m lower during the last Ice
Age, about 21,000 years ago (see reviews in Muhs et al., 2004 and Overpeck et al., 2006). (Reprinted from
Quaternary Science Reviews, 21/1-3, Phillippe Huybrechts, Sea-level changes at the LGM from ice-
dynamic reconstructions of the Greenland and Antarctic ice sheets during the glacial cycles, 203-231,
Copyright [2002], with permission from Elsevier.)

At the peak of the last Ice Age, sea level was approximately 120 m lower than today and
the shoreline was far seaward of its present location, at the margins of the continental
shelf (Figure C.2). As the climate warmed and ice sheets melted, sea level rose rapidly
but at highly variable rates, eroding and submerging the continental shelves, drowning
ancestral river valleys, and creating major estuaries such as Long Island Sound, Delaware

Bay, Chesapeake Bay, Tampa Bay, Galveston Bay, and San Francisco Bay. Based on sea

Do Not Cite or Quote 42 of 768 CCSP Review Draft



1082

1083

1084

1085

1086
1087
1088
1089

1090

1091

1092

1093

1094

1095

CCsp4.1 October 21, 2008

level data compiled from salt marsh deposits, global sea-level rise slowed considerably
6,000 years ago and was within a couple of meters of its current elevation about 3,000

years ago (Figure C.2).

Present-Day Sea Level
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Figure C.2 Generalized plot of the rise in global sea level at variable rates over the last 18,000 years as the
Earth moved from a glacial period to the present interglacial warm period. This curve is reconstructed from
geologic samples, shown as data points. Rise was rapid but highly variable for much of the time and slowed
about 3,000 years ago. Recent acceleration is not shown at this scale (modified from Fairbanks, 1989).

Global sea level was relatively stable with rates of rise averaging 0 to 0.2 mm per year
until rates increased in the late nineteenth and early twentieth centuries (Bindoff et al.,
2007; Lambeck et al., 2004; Gehrels et al., 2008). Some studies indicate that acceleration
in sea-level rise may have begun earlier, in the late eighteenth century (Jevrejeva et al.,

2008). Analyses of tide-gauge data indicate that the twentieth century rate of sea-level
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rise averaged 1.7 mm per year on a global scale (Figure C.3) (Bindoff et al., 2007), but
that the rate fluctuated over decadal periods throughout the century (Church and White,
2006; Jevrejeva et al., 2006, 2008). Between 1993 and 2003, both satellite altimeter and
tide-gauge observations indicate that the rate of sea-level rise increased to 3.1 mm per
year (Bindoff et al., 2007); however, with such a short record, it is not yet possible to
determine with certainty whether this is a natural decadal variation or due to climate

warming, or some combination of the two (Bindoff et al., 2007).
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Figure C.3 Annual averages of global mean sea level from IPCC (2007). The red curve shows sea-level
fields since 1870 (updated from Church and 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). The red and blue curves are deviations from their averages for 1961 to 1990, and the black curve is
the deviation from the average of the red curve for the period 1993 to 2001. Vertical error bars show 90
percent confidence intervals for the data points. Modified from Bindoff et al. (2007).

Box C.2 Relative Sea Level

“Global sea-level rise” results mainly from the worldwide increase in the volume of the world’s oceans that
occurs as a result of thermal expansion of warming ocean water and the addition of water to the ocean from
melting ice sheets and glaciers (ice masses on land). “Relative sea-level rise” is measured directly by
coastal tide gauges, which record both the movement of the land to which they are attached , and changes
in global sea level. Global sea-level rise can be estimated from tide gauge data by subtracting the land
elevation change component. Thus, tide gauges are important observation instruments for measuring sea-
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level change trends. However, because variations in climate and ocean circulation can cause fluctuations
over 10-year time periods, the most reliable sea level data are from tide gauges having records 50 years or
longer and for which the rates have been adjusted using a global isostatic adjustment model (Douglas et al.,
2001)

At regional and local scales along the coast, vertical movements of the land surface can also contribute
significantly to sea-level change and the combination of global sea-level and land-level change is referred
to as “relative sea level” (Douglas, 2001).Thus, “relative sea-level rise” refers to the change in sea level
relative to the elevation of the land, which includes both global sea-level rise and vertical movements of the
land. Both terms, global sea level and relative sea level, are used throughout this Product.

Vertical changes of the land surface result from many factors including tectonic processes, and subsidence
(sinking of the land) due to compaction of sediments and extraction of subsurface fluids such as oil, gas,
and water. A principal contributor to this change along the Atlantic Coast of North America is the vertical
relaxation adjustments of the Earth’s crust to reduced ice loading due to climate warming since the last Ice
Age. In addition to glacial adjustments, sediment loading also contributes to regional subsidence of the land
surface. Subsidence contributes to high rates of relative sea-level rise (9.9 millimeters per year) in the
Mississippi River delta where thick sediments have accumulated and are compacting. Likewise, fluid
withdrawal from coastal aquifers causes the sediments to compact locally as the water is extracted. In
Louisiana, Texas, and Southern California, oil, gas and ground-water extraction have contributed markedly
to subsidence and relative sea-level rise (Gornitz and Lebedeff, 1987; Emery and Aubrey, 1991; Nicholls
and Leatherman, 1996; Galloway et al., 1999; Morton et al., 2004). In locations where the land surface is
subsiding, rates of relative sea-level rise exceed the average rate of global rise (e.g., the north central Gulf
of Mexico Coast and mid-Atlantic coast).

--End Text Box—

C.3 RELATIVE SEA-LEVEL RISE AROUND THE UNITED STATES

Geologic data from age-dating organic sediments in cores and coral reefs are indirect
methods used for determining sea-level elevations over the past 40,000 years, but the
records from long-term (more than 50 years) tide-gauge stations have been the primary
direct measurements of relative sea-level trends over the past century (Douglas, 2001).
Figure C.4 shows the large variations in relative sea level for U.S. coastal regions. The
majority of the Atlantic Coast and Gulf of Mexico Coast experience higher rates of sea-
level rise (2 to 4 mm per year and 2 to 10 mm per year, respectively) than the current

global average (1.7 mm per year).
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Figure C.4 Map of twentieth century annual relative sea-level rise rates around the U.S. Coast. The higher
rates for Louisiana (9.9 millimeters [mm] per year) and the mid-Atlantic region (3 to 4 mm per year) are
due to land subsidence. Sea level is stable or dropping relative to the land in the Pacific Northwest, as
indicated by the negative values, where the land is tectonically active or rebounding upward in response to
the melting of ice sheets (data from Zervas, 2001).

There are large variations for relative sea-level rise (and fall) around the United States,
ranging from a fall of 16.7 (£0.42) mm per year at Skagway in southeast Alaska due to
tectonic processes and land rebound upward as a result of glacier melting (Zervas, 2001),
to a rise of 9.9 (£0.35) mm per year at Grand Isle, Louisiana due to land subsidence

downward from natural causes and possibly oil and gas extraction.

The rate of relative sea-level rise (see Box C.2 for definition) measured by tide gauges at
specific locations along the Atlantic Coast of the United States varies from 1.8 mm to as

much as 4.4 mm per year (Table C.1; Figure C.4; Zervas, 2001). The lower rates, which
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occur along New England and from Georgia to northern Florida, are close to the global
rate of 1.7 £0.5 mm per year (Bindoff et al., 2007). The highest rates are in the mid-
Atlantic region between northern New Jersey and southern Virginia. Figure C.5 is an
example of the monthly average (mean) sea-level record and the observed relative sea-
level rise trend at Baltimore, Maryland. At this location, the relative sea-level trend is 3.1
(x0.1) mm per year, almost twice the present rate of global sea-level rise. Subsidence of
the land surface, attributed mainly to adjustments of the Earth’s crust in response to the
melting of the Laurentide ice sheet, and to the compaction of sediments due to freshwater
withdrawal from coastal aquifers, contributes to the high rates of relative sea-level rise
observed in this region (Gornitz and Lebedeff, 1987; Emery and Aubrey, 1991; Kearney

and Stevenson, 1991; Douglas, 2001; Peltier, 2001).

Baltimare

meters

18900 1910 1820 1930 1840 1850 1960 1970 1980 1990 2000

Figure C.5 The monthly computed average sea-level record (black line) from 1900 to 2000 from the
Baltimore, Maryland tide gauge. Blue line is the observed data. The zero line is the latest 19-year National
Tidal Datum Epoch mean value. The rate, 3.1 (£0.08) millimeters (mm) per year, is nearly double the
present rate (1.7 mm per year) of global sea-level rise due to land subsidence (based on Zervas, 2001).
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1197

1198  Table C.1 Rates of relative sea-level rise for selected long-term tide gauges on the Atlantic Coast of
1199  the United States (Zervas, 2001). For comparison, the global average rate is 1.7 millimeters per year.

Rate of Sea-
PR
year)
Eastport, Maine 2.12 +0.13 1929-1999
Portland, Maine 1.91 +0.09 1912-1999
Seavey Island, Maine 1.75 £0.17 1926-1999
Boston, Massachusetts 2.65 0.1 1921-1999
Woods Hole, Massachusetts ~ 2.59 +0.12 1932-1999
Providence, Rhode Island 1.88 £0.17 1938-1999
Newport, Rhode Island 2.57 +0.11 1930-1999
New London, Connecticut 2.13+0.15 1938-1999
Montauk, New York 2.58 £0.19 1947-1999
Willets Point, New York 2.41 +£0.15 1931-1999
The Battery, New York 2.77 £0.05 1905-1999
Sandy Hook, New Jersey 3.88 +0.15 1932-1999
Atlantic City, New Jersey 3.98 +0.11 1911-1999
Philadelphia, Pennsylvania 2.75 +0.12 1900-1999
Lewes, Delaware 3.16 £0.16 1919-1999
Baltimore, Maryland 3.12 +0.08 1902-1999
Annapolis, Maryland 3.5310.13 1928-1999
Solomons Island, Maryland 3.29 +0.17 1937-1999
Washington, D.C. 3.13+0.21 1931-1999
Hampton Roads, Virginia 4.42 +0.16 1927-1999
Portsmouth, Virginia 3.76 +0.23 1935-1999
Wilmington, North Carolina  2.22 £0.25 1935-1999
Charleston, South Carolina 3.28£0.14 1921-1999
Fort Pulaski, Georgia 3.05+0.2 1935-1999
Fernandina Beach, Florida 2.04 £0.12 1897-1999
Mayport, Florida 2.43 +0.18 1928-1999
Miami, Florida 2.39£0.22 1931-1999
Key West, Florida 2.27 +0.09 1913-1999

1200

1201  While measuring and dealing with longer term global averages of sea-level change is

1202  useful in understanding effects on coasts, shorter term and regional-scale variations due

1203  primarily to warming and oceanographic processes can be quite different from long term

1204  averages, and equally important for management and planning. As shown in Figure C.6
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from Bindoff et al. (2007) based on a decade of data, some of the highest rates of rise are
off the U.S. Mid-Atlantic and the western Pacific, while apparent drop occurred off the

North and South American Pacific Coast.

Figure 5.15

Figure C.6 (Top) Geographic distribution of short-term linear trends in mean sea level (millimeters [mm]
per year) for 1993 to 2003 based on TOPEX/Poseidon satellite altimetry (updated from Cazenave and
Nerem, 2004) and (bottom) geographic distribution of linear trends in thermal expansion (mm per year) for
1993 to 2003 (based on temperature data down to 700 meters [from Ishii et al., 2006]).

Recently, the IPCC Fourth Assessment Report (IPCC, 2007) estimated that global sea
level is likely to rise 18 to 59 cm (7 to 23 in) over the next century; however, possible
increased melt water contributions from Greenland and Antarctic have been excluded
(Meehl et al., 2007; IPCC, 2007). The IPCC projections represent a “likely range” which
inherently allows for the possibility that the actual rise may be higher or lower. Recent

observations suggest that sea-level rise rates may already be approaching the higher end
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of the IPCC estimates (Rahmstorf et al., 2007; Jevrejeva et al., 2008) and scientific

consensus is growing that the IPCC estimates are conservative because important
meltwater contributions from Greenland and Antarctica were excluded. It has been
suggested that a global sea-level rise of 1 m (3 ft) is plausible within this century and this
should therefore be considered for future planning and policy discussions (Rahmstorf,

2007).

140 T T . T

120

100

60

Sea Level Change (cm)

20

I—- 1 L
1900 1950 2000 2050 2100
Year

Figure C.7 Plot of past sea-level observations and several future sea-level projections to 2100 based on
various computer models. The blue shaded area is the projection by Bindoff et al. (2007) and the basis for
the IPCC (2007) estimates. The higher gray and dash line projections are from Rahmstorf (2007)
considering increased melting of ice sheets in Greenland and Antarctica.

This Product focuses on the effects of sea-level rise on U.S. coasts over the next century,
but climate warming and its effects are likely to continue well beyond that due to the
amount of greenhouse gases already in the atmosphere. Currently, potential melting from
land-based ice masses (primarily Greenland and West Antarctica) has considerable

uncertainty and is therefore inadequately incorporated into sea-level rise model
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projections. Recent observations of changes in ice cover and glacial melting on
Greenland, West Antarctica, and smaller glaciers and ice caps around the world indicate
that ice loss could be more rapid than the trends evaluated for the IPCC (2007) report
(Chen et al., 2006; Shepherd and Wingham, 2007; Meier et al., 2007; Fettweis et al.,
2007). The science needed to assign probability to these high scenarios is not yet
established, but scientists agree that this topic is worthy of continued study because of the

grave implications for low-lying areas in the United States and around the world.

C.4 IMPACTS OF SEA-LEVEL RISE FOR THE UNITED STATES

C.4.1 Coastal Vulnerability for the United States

Coastal communities and habitats will be increasingly stressed by climate change impacts
due to sea-level rise and storms (Field et al., 2007). To varying degrees over decades,
rising sea level will affect entire coastal systems from the ocean shoreline well landward
across the Coastal Plain. These physical and ecological changes that are likely to occur in
the near future will impact people and coastal development. Impacts from sea-level rise
include: land loss through submergence and erosion of lands in coastal areas; migration
of coastal landforms and habitats; increased frequency and extent of storm-related
flooding; wetland losses; and increased salinity in estuaries and coastal freshwater
aquifers. Each of these effects can have impacts on both natural ecosystems and human
developments. Often the impacts act together. Other impacts of climate change, such as
increasingly severe droughts and storm intensity—combined with continued rapid coastal
development—could increase the extent of sea-level rise impacts (Nicholls, et al., 2007).

To deal with these impacts, new practices in managing coasts and the combined impacts
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of mitigating changes to the physical system (e.g., coastal erosion or migration, wetland
losses) and impacts to human populations (e.g., property losses, more frequent flood

damage) will have to be considered.

Global sea-level rise, in combination with the factors above, is already having significant
effects on many U.S. coastal areas. Flooding of low lying regions by storm surges and
spring tides is becoming more frequent. In certain areas, wetland losses are occurring,
fringe forests are dying and being converted to marsh, farm land and lawns are being
converted to marsh, (e.g., see Riggs and Ames, 2003) and some roads and urban centers
in low elevation areas are more frequently flooded during spring high tides (Douglas,
2001). In addition, “ghost forests” of standing dead trees killed by salt water intrusion are
becoming increasingly common in southern New Jersey, Maryland, Virginia, Louisiana,
and North Carolina (Riggs and Ames, 2003). Rising sea level is causing saltwater
intrusion into estuaries and threatening freshwater resources in some parts of the mid-

Atlantic region (Barlow, 2003).

Continued rapid coastal development exacerbates both the environmental and the human
impact of rising sea level. Due to the increased human population in coastal areas, once
sparsely developed coastal areas have been transformed into high-density year-round
urban complexes (e.g., Ocean City, Maryland; Virginia Beach, Virginia; Myrtle Beach,
South Carolina). With accelerated rise in sea level and increased intensity of storms, the

vulnerability of development at the coast and risks to people will increase dramatically
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unless new and innovative coastal zone management and planning approaches are

employed.

C.4.2 Climate Change, Sea-Level Rise and Storms

Although storms occur episodically, they can have long term impacts to the physical
environment and human populations. Coupled with rise in sea level, the effects of storms
could be more extensive in the future due to changes in storm character, such as intensity,
frequency, and storm tracking. In addition to higher sea level, coastal storm surge from
hurricanes could become higher and more intense rainfall could raise the potential for
flooding from land runoff. Recent studies (e.g., Emanuel, et al., 2004, 2008; Emanuel,
2005; Komar and Allen, 2008; Elsner et al., 2008) have concluded that there is evidence
that hurricane intensity has increased during the past 30 years over the Atlantic Ocean;
however, it is unknown whether these trends will continue into the future. There is
currently no scientific consensus on changes in the frequency of major storms. Emanuel
et al. (2008) suggest that increased wind shear from global warming, which weakens
hurricanes, may reduce the global frequency of hurricanes. This is in agreement with

Gutowski et al. (2008).

Land-falling Atlantic Coast hurricanes can produce significant storm surges of 5 m (16 ft)
or more. The power and frequency of Atlantic hurricanes has increased substantially in
recent decades, though North American mainland land-falling hurricanes do not appear to
have increased over the past century (Karl et al., 2008). The IPCC (2007) and Karl et al.
(2008) indicate that, based on computer models, it is likely that hurricanes will become

more intense, with increases in tropical sea surface temperatures. Although hurricane
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intensity is expected to increase on average, the affects on hurricane frequency in the

Atlantic are the topic of considerable scientific study.

Extratropical storms can also produce significant storm surges. These storms have
undergone a northward shift in track over the last 50 years (Karl et al., 2008). This has
reduced storm frequencies and intensities in the mid-latitudes and increased storm
frequencies and intensities at high latitudes (Gutowski et al., 2008). Karl et al. (2008)
conclude that future intense non-tropical storms will become more frequent with stronger
winds and more extreme wave heights. Projections for changes in extratropical storm
activity for the mid-Atlantic coast are not available. Thus, while increased storm intensity
IS a serious risk in concert with sea-level rise, storm predictions are not so well

established that planners can yet rely on them.

C.4.3 Shoreline Change and Coastal Erosion

The diverse landforms comprising more than 152,750 km (95,471 mi) of U.S. tidal
coastline (<http://shoreline.noaa.gov/fags.html>) reflect a dynamic interaction between:
(1) natural factors and physical processes that act on the coast (e.g., storms, waves,
currents, sand sources and sinks, relative sea level), (2) human activity (e.g., dredging,
dams, coastal engineering), and (3) the geological character of the coast and nearshore.
Variations of these physical processes in both location and time, and the local geology
along the coast result in the majority of the U.S. coastlines undergoing overall long-term

net erosion at highly varying rates, as shown in Figure C.7.
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Figure C.8 Shoreline change around the United States based on surveys over the past century. All 30
coastal states are experiencing overall erosion at highly variable rates due to natural processes (e.g., storms,
sea-level rise) and human activity (From USGS 1985).

The complex interactions between these factors make it difficult to relate sea-level rise
and shoreline change and to reach agreement among coastal scientists on approaches to
predict how shorelines will change in response to sea-level rise. The difficulty in linking
sea-level rise to coastal change stems from the fact that shoreline change is not driven
solely by sea-level rise. Instead, coasts are in dynamic flux, responding to many driving
forces, such as the underlying geological character, changes in tidal flow, and volume of
sediment in the coastal system. For example, FitzGerald et al. (2008) discuss the dramatic
effects that changes in tidal wetland area can have on entire coastal systems by altering
tidal flow, which in turn affects the size and shape of tidal inlets, ebb and flood tide
deltas, and barrier islands. Consequently, while there is strong scientific consensus that

climate change is accelerating sea-level rise and affecting coastal regions, there are still
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considerable uncertainties predicting in any detail how the coast will respond to future

sea-level rise in concert with other driving processes.

There is some scientific opinion that barrier islands, wetlands, and other parts of coastal
systems might have tipping points or thresholds, such that when limits are exceeded the
landforms become unstable and undergo large irreversible changes (NAS, 2002; Riggs
and Ames, 2003; Nicholls et al., 2007). These changes are thought to occur rapidly and
are thus far unpredictable. It is possible that this is happening to barrier islands along the
Louisiana Coast that are subject to high rates of sea-level rise, frequent major storms over
the past decade, and limited sediment supply (Sallenger et al., 2007). Rapid disintegration
of barrier islands and wetlands may also occur in the near future along the North Carolina
Outer Banks Coast as a result of increased sea-level rise and storm activity (Culver et al.,

2007, 2008; Riggs and Ames, 2003).

C.4.4 Managing the Coastal Zone as Sea Level Rises

A key issue for coastal zone management is how and where to adapt to the changes that
will result from sea-level rise in ways that benefit or minimize impacts to both the natural
environment and human populations. Shore protection policies have been developed in
response to shoreline retreat problems that affect property or coastal wetland losses.
While it is widely recognized that sea-level rise is an underlying cause of these changes,
there are few existing policies that explicitly address or incorporate sea-level rise into
decision making. Many property owners and government programs engage in coastal

engineering activities designed to protect property and beaches such as beach
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nourishment or seawall or breakwater construction. Some of the current practices affect
the natural behavior of coastal landforms and disrupt coastal ecosystems. In the short
term, an acceleration of sea-level rise may simply increase the cost of current shore
protection practices (Nordstrom, 2000). In the long term, policy makers might evaluate
whether current approaches and justifications for coastal development and protection
need to be modified to reflect the increasing vulnerability to accelerating rates of sea-

level rise.

To facilitate these decisions, policy makers require credible scientific data and
information. Predicting sea-level rise impacts such as shoreline changes or wetland losses
with quantitative precision and certainty is often not possible. Related effects of climate
change, including increased storms, precipitation, runoff, drought, and sediment supply
add to the difficulty of providing accurate reliable information. Predicting future effects
is challenging because the ability to accurately map and quantify the physical response of
the coast to sea-level rise, in combination with the wide variety of other processes and

human engineering activities along the shoreline, has not yet been well developed.

U.S. coastal regions are currently managed under the premise that sea level is stable,
shorelines are static, and storms are regular and predictable. This Product examines how
the reality of sea-level rise and changes in storm intensity and frequency due to climate
change require new considerations in managing areas to protect resources and reduce
risk. This SAP 4.1 also examines possible strategies for coastal planning and

management that will be effective as sea-level rise accelerates. For instance, broader
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recognition is needed that coastal sediments are a valuable resource, best conserved by
implementing Best Coastal Sediment Management practices (see

<http://www.wes.army.mil/rsm/>) on local, regional and national levels in order to

conserve sediment resources and maintain natural sediment transport processes.

This Product assesses the current scientific understanding of how sea-level rise can
impact the tidal inundation of low-lying lands, ocean shoreline processes, and the vertical
accretion of tidal wetlands. It also discusses the challenges that will be present in
planning for future sea-level rise and adapting to these impacts. The SAP 4.1 is intended
to provide information for coastal decision makers at all levels of government and society
so they can better understand this topic and incorporate the effects of accelerating rates of

sea-level rise into long-term management and planning.
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Part | Overview. The Physical Environment

Authors: Donald R. Cahoon, USGS; S. Jeffress Williams, USGS; Benjamin T.
Gutierrez, USGS; K. Eric Anderson, USGS; E. Robert Thieler, USGS; Dean B. Gesch;

USGS

The first part of this Product examines the physical and environmental impacts of sea-
level rise on the natural environments of the mid-Atlantic region. Rising sea level over
the next century will have a range of effects on coastal regions, including land loss and
shoreline retreat from erosion and inundation, intrusion of saltwater into coastal
freshwater aquifers, and an increase in the frequency of storm-related flooding. The
sensitivity of a coastal region to sea-level rise depends both on the physical aspects
(shape and composition) of a coastal landscape and the ecological setting. One of the
most obvious impacts is that there will be land loss as coastal areas are inundated and
eroded. On a more detailed level, rising sea level will not only inundate the landscape but
will also be a driver of change to the coastal landscape. These impacts will have large
effects on human development in coastal regions (see Part Il of this report) as well as
effects on natural environments such as coastal wetland ecosystems. Making long-term
projections of coastal change is difficult because of the multiple, interacting factors that
contribute to that change. Given the large potential impacts to human and natural

environments, there is a need to improve our ability to conduct long-term projections.
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Part | describes the physical settings of the mid-Atlantic coast as well as the processes
that influence shoreline change and land loss in response to sea-level rise. Part | also
provides an assessment of shoreline changes that can be expected over this century as
well as the consequences of those changes on coastal habitats and the important flora and

fauna they support.

Chapter 1 highlights the important issues in analysis of sea-level rise vulnerability based
on coastal elevation data. Elevation is a critical factor in determining vulnerability to
inundation, which will be the primary response to sea-level rise for only some locations
in the mid-Atlantic region. Because sea-level rise impact assessments often rely on
elevation data, it is important to understand the inherent accuracy of the underlying data
and its effects on the uncertainty of any resulting vulnerability maps and statistical
summaries. The existing studies of sea-level rise vulnerability in the Mid-Atlantic based
on currently available elevation data do not provide the degree of confidence that is
optimal for local decision making. However, recent research using newer high-resolution,
high accuracy elevation data is progressing toward development of improved capabilities

for vulnerability assessments.

Chapter 2 summarizes the factors and processes controlling the dynamics of ocean coasts.
The major factor affecting the location and shape of coasts at centennial and longer time
scales is global sea-level change, which is linked to the Earth’s climate. These close
linkages are well documented in the scientific literature from field studies conducted over

the past few decades. The details of the process-response relationships, however, are the
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subject of active, ongoing research. The general characteristics and shape of the coast
(coastal morphology) reflects complex and ongoing interactions between changes in sea
level, the physical processes that act on the coast (hydrodynamic regime, e.g., waves and
tidal characteristics), the availability of sediment (sediment supply) transported by waves
and tidal currents at the shore, and underlying geology (the structure and composition of
the landscape which is often referred to as the geologic framework). Variations in these
three factors are responsible for the different coastal landforms and environments
occurring in the coastal regions of the United States. Chapter 2 presents a synthesis and
assessment of the potential changes that can be expected for the mid-Atlantic shores of

the United States which are primarily comprised of beaches and barrier islands.

Chapter 3 describes the vulnerability of coastal wetlands in the mid-Atlantic region to
current and future sea-level rise. The fate of coastal wetlands is determined in large part
by the way in which wetland vertical development processes change with climate drivers.
In addition, the processes by which wetlands build vertically vary by geomorphic setting.
Chapter 3 identifies those important climate drivers affecting wetland vertical
development in the geomorphic settings of the mid-Atlantic region. The information on
climate drivers, wetland vertical development, geomorphic settings, and local sea-level
rise trends was synthesized and assessed using an expert decision process to determine
wetland vulnerability for each geomorphic setting in each subregion of the mid-Atlantic

region.

Chapter 4 summarizes the potential impacts to biota as a result of habitat change or loss
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1711  driven by sea-level rise. Habitat quality, extent, and spatial distribution will change as a
1712  result of shore erosion, wetland loss, and shifts in estuarine salinity gradients. Of

1713  particular concern is the loss of wetland habitats and the important ecosystem functions
1714  they provide, which include critical habitat for wildlife, the trapping of sediments,

1715 nutrients, and pollutants, the cycling of nutrients and minerals, the buffering of storm
1716  impacts on coastal environments, and the exchange of materials with adjacent

1717  ecosystems.
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Chapter 1. Coastal Elevations

Lead Author: Dean B. Gesch, USGS

Contributing Authors: Benjamin T. Gutierrez, USGS; Stephen K. Gill, NOAA

KEY FINDINGS

o Coastal changes are driven by complex and interrelated processes. Inundation will be
the primary response to sea-level rise in some coastal locations; yet there has been
little recognition in previous studies that inundation is just one response out of a
number of possible responses to sea-level rise. A challenge remains to quantify the
various effects of sea-level rise and to identify the areas and settings along the coast
where inundation will be the dominant coastal change process in response to rising
seas.

o Sheltered, low-energy coastal areas, where sediment influx is minimal and wetlands
are absent or are unable to build vertically in response to rising water levels, may be
submerged. In these cases, the extent of inundation is controlled largely by the slope
of the land, with a greater degree of inundation occurring in areas with more gentle
gradients. In areas that are vulnerable to a simple inundation response to rising seas,
elevation is a critical factor in assessing potential impacts.

o Accurate delineations of potential inundation zones are critical for meeting the
challenge of fully determining the potential socioeconomic and environmental

impacts of predicted sea-level rise.
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