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Key Terms

1 – Adjustment in natural or 

and planned adaptation:
• climate 

change are observed. Also referred to as proactive adaptation.
•  – Adaptation that does not constitute a conscious 

response to climatic stimuli but instead is triggered by ecological changes in 

referred to as spontaneous adaptation.
•  – Adaptation as the result of a deliberate policy decision 

1

rigorously, as the statistical description in terms of the mean and variability of relevant 

cli
mate system -

1 – Climate change refers to any change in climate over time due to natu-
ral variability or human activity. 

2 – Severe alterations in the normal functioning of a community or a society 
-

-

-

recovery.

-

xviii



3

variations.

The incorporation of climate change considerations into established or 
ongoing development programs, policies, or management strategies rather than devel-
oping adaptation and mitigation initiatives separately.

1 – An anthropogenic intervention to reduce the anthropogenic forcing of the 
climate system, including strategies to reduce greenhouse gas sources and emissions 

2 – The ability of a system and its component parts to anticipate, absorb, ac-

manner through ensuring the preservation, restoration, or improvement of its essential 
basic structures and functions.

3

1

in crop yield in response to a change in the mean, range, or variability of temperature, 

due to sea-level rise.
4 -

1

-
nomic or other system, invalidating predictions based on mathematical relationships 

2

-

1

-
ability is a function of the character, magnitude, and rate of climate change and variation 

-
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Executive Summary

abundance of natural resources that sustain economies, societies, and ecosystems. 
Coasts provide natural harbors for commerce, trade, and transportation; beaches and 

-

transportation, and processing of oil and natural gas resources and, more recently, are 

and opportunities provided in coastal areas have strengthened our economic reliance on 

-

accelerate sea-level rise as a result of the decline of glaciers and ice sheets and the ther-

This report, one of a series of technical inputs for the third NCA conducted under the 

-

Key Findings

 
compromise the ability of the coasts to continue to provide a multitude of bene-

High 

xxiii
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High 

 
current stressors and the confounding impacts of a changing climate to conserve, 

Physical Climate Forces

impacts and the timing of the impacts are highly variable across coastal regions. Some 

-
ter. 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 

-
es are: sea-level rise, changes in temperature, precipitation, major storm events includ-

coasts particularly vulnerable to many of the impacts of climate change.

Key Findings

 -

High 

 Physical observations collected over the past several decades from the land, 

-
cally increased atmospheric concentrations of greenhouse gases and altered land 
surface properties. 

 

sea level and average global air, land, and ocean temperatures; heightening 
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coral reefs, are highly dynamic and sensitive to even small changes in physical 

 
and over a range of spatial and temporal scales. Land subsidence in certain loca-

level rise. Many areas of the coast are especially vulnerable because of the often 

 The gradual inundation from recent sea-level rise is evident in many regions 

 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 

 
upon global mean sea-level rise projections for the purpose of coastal planning, 

impacts and vulnerabilities. 
 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 scien-

-

High 

 Va -
falling storm characteristics, and even small changes can lead to large changes in 
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 High 

 Although sea-level rise and climate change have occurred in the past, the 

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 

-
nels, and bays. 

 

 

-
-

common in the future for many coastal regions. 
 Methane is a primary greenhouse gas. Large reserves of methane are bound-up 

.

Vulnerability and Impacts on Natural Resources

Climate and non-climate stressors originating from terrestrial and marine sources in-

-

of ecosystems.

systems that may not be predicted by the response from any single stressor. Positive 
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-

Key Findings

 

subject to nonlinear changes and tipping points. Many of these responses 
High 

 

 High 

 

 
 

 Dynamic barrier island landscapes naturally migrate in response to storm 
-

tions. 
 Because of altered sediment supplies and local subsidence, deltas, and the 

High 

 

 

 

Vulnerability and Impacts on Human Development

-
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concentration of people from natives to recent immigrants and from the very poor to 

-

vulnerable to impacts under climate change and face loss of jobs, supply chain interrup-

Key Findings

 

-
oped metropolitan areas. .

 -
abilities of human development, economic sectors, associated livelihoods, and 

 

transportation of people and goods. These factors increase threats to public 

 

 

 
-
-

plinary collaboration among researchers and health practitioners in the climate, 
oceanography, veterinary, and public health sciences. 

 
of climate change on coastal installations, operations, and military readiness, the 

sustainment capabilities. 
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Adaptation and Mitigation

range of adaptation initiatives are being pursued across a range of geopolitical scales. 

-
nesses, and communities in increasing their resilience to current climate variability and 
future climate change. 

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 

-

integration into overall land use planning and ocean and coastal management policies 
and practices. 

Although progress is being made in anticipatory adaptation planning, the implemen-

implementation is occurring via changes in regulations and policy and decisions in 

-

can prevent the adoption of adaptive measures.

Key Findings

 
generally occur in an adhoc manner and at varied spatial scales dictated by 

adaptation can be improved through integration into overall land use planning 
and ocean and coastal management. .

 In some cases, adaptation is being directly integrated, or mainstreamed, into 

.
 Tools and resources to support adaptation planning are increasing but tech-

nical and data gaps persist. As adaptation planning has evolved, recognition 
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 Although adaptation planning has an increasingly rich portfolio of case studies 
that contribute to shared learning, the implementation of adaptation plans has 

.
 Elements commonly found in adaptation plans include vulnerability assess-

ments, monitoring and indicators, capacity building, education and outreach, 
regulatory and programmatic changes, implementation strategies, and a sector-
by-sector approach. .

 Although state and federal governments play a major role in facilitating adapta-

-

.

-

-
edge and reduce the uncertainty about potential responses of coasts to sea-level rise and 

assess their vulnerability and to identify and implement adaptation options that address 
the impacts and associated uncertainties of the projections. 
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Chapter 1 

Introduction and Context

Key Findings

 
compromise the ability of the coasts to continue to provide a multitude of bene-

High 
.

 

High 
.

 
current stressors and the confounding impacts of a changing climate to conserve, 

.

1.1 Scope and Purpose

accelerate sea-level rise as a result of the decline of glaciers and ice sheets and the ther-

-

implemented in coastal regions.
This report is one of a series of technical inputs for the third NCA conducted un-

- _1, 
© 2012 The National Oceanic and Atmospheric Administration

ties: A Technical Input to the 2013
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in 2000 and 2009.
The primary purpose of this report is to provide a technical foundation for the coastal 

-

the coming decades.
This assessment of coastal impacts, adaptation, and vulnerability in coastal regions of 

-
ical 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 

1.2 Linkages and Overlapping Topics of the NCA

-

assessment activities include:

• . 

for that area. 
• . A separate report on the potential impacts of climate change on the 

• -

-
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irrigation for agriculture. Rising sea levels and increased storm intensity could 

• 
-

priate for farming. Stronger storms and increased precipitation or drought may 

• 
agriculture, but increased severity of storms may have a greater impact on for-
ests due to the longer cycle from planting to harvest. Loss of standing timber due 

-

for forest regeneration and other silvicultural practices.
• -

pacts on food supply, disease transmission, and environmental health. An in-

-
terns change. Higher concentrations of populations in coastal areas may inten-
sify the impacts of increased heat and humidity in coastal areas. 

• 
coastal areas may impede emergency preparation for and response to coastal 

-
ments to maritime transportation infrastructure to respond to climate change 

-

• -

-

• . The ecosystems and biodiversity report of the 

factors on land cover and ecosystems. Temperature and changes in the hydro-

from changes in salinity, inundation, and erosion. As coastal areas continue to 
gration 

due to the presence of hardened shorelines.
• 
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• -

many marine species. 

1.3 Reliance on the Coastal Zone

-

natural harbors for commerce, trade, and transportation; beaches and shorelines that 

the shore. Coastal regions have also been critical in the development, transportation, 

coasts to provide this suite of ecosystem services is being compromised by environmen-

impacted by the changing climate.

Increasing Population and Changing Land Use

5

-

-
-

-
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estimates do not include the large number of seasonal visitors to coastal areas that ben-
-

da, Southern California, Maine, and North Carolina that host a large number of seasonal 

-

 

scenarios estimate the emissions resulting from a range of projections for future population, demographics, 

Figure 1-1 Coastal Watershed Counties. Source: NOAA, 2012.
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-

country.

the coast. Many agricultural and previously undeveloped areas have been converted 

-

-

-

Changing Coastal Economy

-

-
-

-

-
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-

more than 9 in 10 residents and jobs are located, are the economic centers of the coast 

-
7

economy, generated $23 billion in value added impacts, and supported over 327,000 jobs 

Reliance on Coastal Ecosystems

All of the economically important sectors described in the preceding section are de-
pendent upon healthy, functioning coastal ecosystems to provide an environment that 
sustains natural habitats and resources for use by communities. Population and infra-

-

-

providing dry cleaning and laundry services, personal care services, death care services, pet care services, 
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-

and contaminants enter the coastal system from agricultural systems and residential de-

-

-
-

-

-

surfaces of the built environment and thereby enhance the delivery of sediments, nu-

metals, herbicides, pesticides, and pathogens, that are introduced to the coast through 

-

uncertain.

Maintaining a Balance

-
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-
-

through the Crop Protection Reserve Program. Many other public and private coastal 

-

-

-

presented in Chapters 4 and 5 of this report.

adapting to the increasing demands on natural resources given the changing climate. 
Many strategies are available for land use, energy needs, transportation, and other criti-
cal infrastructure choices that may reduce the severity of impacts or reverse them alto-
gether. The opportunity for restoring coastal habitats is among the conservation options 

-

-
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Chapter 2 

Physical Climate Forces

Key Findings

 -

High 
.

 Physical observations collected over the past several decades from the land, 

-
cally increased atmospheric concentrations of greenhouse gases and altered land 
surface properties. .

 

sea level and average global air, land, and ocean temperatures; heightening 

.
 

coral reefs, are highly dynamic and sensitive to even small changes in physical 

 
and over a range of spatial and temporal scales. Land subsidence in certain loca-

level rise. Many areas of the coast are especially vulnerable because of the often 
.

 The gradual inundation from recent sea-level rise is evident in many regions 

- _ , 
© 2012 The National Oceanic and Atmospheric Administration

ties: A Technical Input to the 2013
460
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 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 

 
upon global mean sea-level rise projections for the purpose of coastal planning, 

impacts and vulnerabilities. 
 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 scien-

-

High 

 -
falling storm characteristics, and even small changes can lead to large changes in 

High 

 Although sea-level rise and climate change have occurred in the past, the 

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 

-
nels, and bays.  
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become more common in the future for many coastal regions. 
 Methane is a primary greenhouse gas. Large reserves of methane are bound-up 

.

2.1 Overview of Climate Change and Sea-level Rise Effects  
on Coasts

Introduction

-

as valuable coastal ecosystems, are vulnerable in varying degrees to rising global tem-

activity over the past century has degraded many coastal environments and stressed 

-

A changing global climate is imposing additional stresses on coasts. Although the 
-

-

risen over much of the globe, and hurricane activity has increased over the past several 

-

-
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system is driven by solar energy. About 50 percent is absorbed at the surface, 30 percent 

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 concentra-
tions. The temperature increases observed are uneven around the globe and gains and 
losses are compensated by ocean and atmospheric currents. Many of these processes 

-

dynamic but particularly vulnerable to impacts of climate change. The primary driving 

Figure 2-1 Schematic diagram showing the main impacts of climate warming and the effects on 
coasts. Source: Burkett et al., 2009.
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forces are: sea-level rise; changes in temperature: precipitation; major storm events in-

-

Discussions of other climate change driving forces acting on coasts, such as sea-level 
-

culation; coastal vulnerability; changes in precipitation; and temperature increase are 

Coastal Landforms and Coastal Change

-
-

-
-

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 

-

-

limited in scope and similar to those observed during the last century. In other cases, 
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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 

-
-

Society should be concerned about current observations of sea-level rise and pro-

densities have increased greatly and coasts have undergone intense development dur-
ing a period of relatively stable sea level over the past century. Although, in theory, 

-

therefore highly vulnerable to sea-level rise. Many coastal urban areas including Boston, 

• 
• 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.

-

-
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-

-

Inundation, Land Loss, and Land Area Close to Present Sea Level

The 1-meter elevation contour does not necessarily correspond to the future shoreline 

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, 11,500-
11,000 years ago, MWP-1C, ~8,200-7,600 years ago. (From http://www.giss.nasa.gov/research/briefs/
gornitz_09/)
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-
less, land elevation, determined from high resolution data such as LiDAR, is a useful 
indicator of potential vulnerability.

to become inundated by a 1 meter rise in sea level, from published multi-state studies. 

-

-
lometers of dry land less than 1 meter above high tide; in the case of Louisiana, much of 

Table 2-1: Dry land and total land area less than one meter above high water  
by state and region (square kilometers)

1 2

Elevation 
Source

Sample of 
Printed maps 

3

local data 
 4

National Elev. Sample of 
Printed maps 

 3

1-degree data local data 
 4

   ME – – 54 – 420

   NH – – 5 – 42 47

   MA – 110 – 459

   RI – 11 – 122

   CT – 30 27 –

  

– 155 – 240 244–379

   NJ – 174 –

   PA – 11–33 7 – 3

   DE – 90 –

   MD – 410 – 1547

   DC – 3–4 2 – 2 3–5

– 315 –
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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)

1 2

Elevation 
Source

Sample of 
Printed maps 

3

local data 
 4

National Elev. Sample of 
Printed maps 

 3

1-degree data local data 
 4

 

   NC – 1330–1717 –

   SC – 341 439 – 2334

   GA – 133 331 – 1743 1993

– – 12251

 

   AL – – 35 – 195  –

   MS – – 34 – 173 –

   LA 3700 – 13400 25742 –

   TX – – – 5177 –

 

   CA – – – – –

   OR – – 54 – – –

   WA – – – – –

Northeast 975 1070

Mid-Atlantic 3120 1153 4230

Southeast7 3122 13140 17143

Gulf7 4793 21000 –

2340 – 721 2431 – –
– 13401 – –

– Indicates that the study did not report a result at this level of aggregation.

 

 

(Continued)
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many coastal cities including Boston, Philadelphia, Washington D.C., Charleston, and 
-

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

-
-

as land subsidence and uplift. A number of studies and assessments conducted in recent 

-

mid-19th century from an average of 1.7 millimeters/year during the 20th century to a 

-

chapter.

Other Coastal Climate Change Trends

Change in both short- and longer-term interannual to decadal atmospheric phenomena 
-

Increased atmospheric temperature and atmospheric changes such as El Niño and La 

intensity, and duration of drought, precipitation, and storm events. The 2009/2010 El 

1 degree Celsius decrease. This change induced other changes in atmospheric condi-
-
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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.

-

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.

-

high regional variability. Overall, ocean salinity has stayed similar to 2004 conditions 

spatial and temporal measurements of high resolution data sets for monitoring changes 
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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

reasons:

1. 
2. -

arctica to melt more rapidly; and
3. 

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 

-
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-

-

and episodic storm events have been observed to have many direct physical impacts. 

damage to infrastructure.

2.2 Sea-level Rise and Future Scenarios

-

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 glob-

-

on global sea-level rise and a set of global mean sea-level rise scenarios to describe fu-
ture conditions and assess potential vulnerabilities and impacts. 

Scenario Planning

Scenarios do not predict future changes; instead, they describe future potential condi-

-
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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 

probabilistic projections of sea level rise at actionable regional and local scales. Coastal 
-
-

to individual scenarios, and none of these scenarios should be used in isolation. 

Global Mean Sea-level Rise Scenarios

-

In recent decades, the dominant contributors to global sea-level rise have been ocean 

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 Ant-
arctica. The Highest Scenario of global sea-level rise by 2100 is derived from a combina-

average of the high end of ranges of global mean SLR reported by several studies using 
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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.

Table 2-2: Global Sea-level Rise Scenarios

Highest 2.0

Intermediate-High 1.2

0.5

0.2

Source: Parris et. al., 2012

-
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-

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 

-

Observations of global mean sea-level rise and increasing global mean temperature 
-
-

-

Ice Sheet Loss

than 2 meter rise particularly beyond 2100. The IPCC AR4 produced some of the more 

did not include potential rapid dynamic response of Greenland and Antarctic Ice Sheets 

rise stem from mass loss brought about by melting and discharge of ice into the ocean 

that mass loss of both the Greenland and Antarctic ice sheets may have accelerated over 

-

In Antarctica, ice loss is occurring in some coastal areas, and ice accumulation is occur-

an area of investigation, recent observations suggest that ice loss has been greater.
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-

-
-

Joughlin and Alley, 2011; Rignot et al., 2004; Scambos 

-

-

rise resulting from deterioration of the West Antarctic ice sheet is thought to be rela-

Developing Regional and Local Scenarios

The development of sea-level change scenarios at global, regional, and local scales is an 
-

-
narios provide a set of plausible trajectories of global mean sea-level rise for use in as-
sessing vulnerability, impacts, and adaptation strategies. None of these scenarios should 

-

and on the culture and economy of coastal communities. The NOAA Coastal Services 

-
-

standing of the long-term, global, and regional drivers of environmental change. 

2.3 Extreme Events and Future Scenarios
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-

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 variabili-

-

2005; Knutson et al.

Xie 2010; Knutson et al.
-

-
-

more systematic climatic forcings such as the El Niño-Southern Oscillation, North Atlan-

-

-

are detectable.
Regarding global hurricane or tropical cyclone

-

-

. 
-
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-

the Atlantic and based on storms of tropical storm intensity or greater. Similar results 

-

ranging from about +5 percent to over +20 percent.

-

-

-

-
-

does not include an interactive ocean component, in contrast to the regional case study 
in projections of an 

-

-
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-

hurricanes approach the coast, four storm-related phenomena can occur to modify local 

-
-

bathymetry.

-

the point of interest relative to the landfall position. In general, the primary drivers of 

-

and vegetation cover have the potential to reduce inland storm surge elevations along 
-
-

and breaching, and an overall change in the local morphology such as islands trans-
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A number of recent studies have estimated the impact of sea-level rise on the fre-
-

rate increases are the more robust projections as described above, and both can lead 

The Kirshen et al. analysis includes all surge sources, including tropical cyclones and 
-

-

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 

sea-level rise is 

-

 
in the 21st century.

2.4 Changes in Wave Regimes and Circulation Patterns

Wave Regimes
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-

of pollutants and the sorting of sediments on continental shelves. In nearshore regions, 

-

evolve under future climate scenarios.
Wave heights have been estimated from:

1. 
2. Hindcast analyses;
3. Direct measurements by buoys; and
4. In recent years from satellite altimetry.

-

-

-

be considered separately in this section.

Extratropical Storm Waves
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-

-

-

by buoys.
-
-

for these changes, trends for the corrected data are substantially smaller than the appar-

-

-

-
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th -

-
crease in the positive El Niño portion of the ENSO cycle and a monotonic decline in the 

too short to establish an estimate of a possible contribution from the changes to global 
climate.

-

decrease in the meridional temperature gradient and a decrease in mid-latitude storm 

changes in baroclinicity in the 21st century. Though these studies concluded that the 

uncertainties remain regarding natural variability and model limitations.

Tropical Cyclone Generated Waves

-

-
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in his study needed to be adjusted by about 5-15 percent to match observations in the 

Impacts

-

-

-
-

-

-
lines, including cuspate-cape and spit coastlines, they found that the alongshore varia-
tion in shoreline retreat rates could be an order of magnitude higher than the baseline 
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-

and sediment supply variability on decadal-scale hindcasts and forecasts. Although 

impacts on erosion estimates.

low con

Ocean Circulation

-
lation is relatively uncertain. Most studies to date have centered on the Atlantic basin 

-
ing reconstructed sea surface temperature datasets and century-long ocean and atmo-

-

-

the overall impact of steric and dynamic components of the ocean circulation on sea 

-
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is important.

2.5 Relative Vulnerability of Coasts

-
graphic characteristics, and the relevant climate and non-climate drivers. The coastline 

-

change drivers are similarly diverse, varying in form and magnitude at regional scales. 

physical, chemical, biological, and social processes that describe landscape and habitat 
changes and of societal adaptation abilities. Coastal vulnerability assessments thus re-

-
ments typically focus on only one variable such as elevation or rate of shoreline change.

Physical Setting

-

-
-

er factors are used to describe the coast according to increasing vulnerability to change 

-
-

-

Climate and Non-climate Drivers

-

2 concentration may change 
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construction in the Mississippi River basin has reduced sediment loads such that the 

Assessment Results

drivers. More recently, as large and consistent datasets have become available, assess-

-

-
-

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

Sea-level change
• Waves and Currents
• Winds
• 

Atmospheric CO2 Concentration
Atmospheric Temperature

Sediment Supply

Tides

Tsunami
Human Development and Management 

Actions
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in input data and outcomes and uses descriptive terminology that is familiar to coastal 

-
-

-
-

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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-

2.6 Changes in Precipitation Patterns

-

and factors important to the sustainability of coastal ecosystems and human health.

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.
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Intensification of the Hydrologic Cycle

. 

-
-

One concern relating to climate change impacts is the resiliency of a system under 

-

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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The Clausius-Clapeyron relation is a basic physical 

holding capacity of Earth’s atmosphere increases 
-1 increase in air temperature 

to supply heavier and longer-lasting precipitation 

Box 2-1 
The Clausius-Clapeyron Relation

-

Changes in Precipitation Amount 

station data complicates an assessment of regional trends and comparisons among 

-

The southeast region generally had relatively stable precipitation statistics. Douglas 
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-

Observed long-term trends in annual precipitation amounts in coastal areas of the 

-

in heavy precipitation occurred in the northeastern states and surrounding the Great 
th 

-

-

include a tendency for increased precipitation in high latitudes and decreased precipita-

in precipitation projections than for some other regions around the globe. The highest 

inter-model agreement on reduced summertime precipitation. Most of the CMIP3 mod-
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-

Increasing Variability in Precipitation 

-
ment infrastructure and planning is based on assumptions of stationarity and the con-
cept that historical variability in precipitation can be used to predict future variability 

is accompanied by substantial changes in the variability of precipitation as is projected 
-

less resource managers develop adaption plans that can accommodate such changes. 

-

above the 95th

-

90 percent probability that variability in the amount, intensity, and spatial distribution 

Changes in Ratio of Snow to Total Precipitation 

-

Changes in Precipitation in Coastal Alaska 

-

 in increasing 
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Changes in Storm Tracks 

-

-

Droughts 

An increase in the proportion of land area in drought since the 1970s is reported by 

-

-

Heavy Rainfall and Floods 

-

-
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-

-

2.7 Temperature Change Impacts with a Focus on Alaska

Temperature Trends

-
celerating coastal erosion rates, especially on the North and West Coast.

-

-

marine productivity could become increasingly threatened. 
-

altering West Coast ocean temperature. Currently, the response of this circulation re-

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 

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 

the Gulf Stream. In the Atlantic, a primary response to a change in ocean temperatures 
-
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-

-

-

Northern Coastal Response

Arguably, the most immediate impacts arising from temperature change are being felt 

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.
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the presence of ice, both in the ground as permafrost and on the ocean as sea ice. This is 

surge.

-

-

generated largely due to a major atmospheric circulation shift that occurred in the mid-

Coastal impacts, including erosion and damage to infrastructure, are strongly de-

-

-
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-

present, projections from climate models suggest that the Arctic Ocean may be ice-free 

above.
-

and near-coastal regions. Methane emission in the Arctic is dependent, in part, on the 

-

-
-

Impact of Climate Change on Coastal Processes

-

-

presence of nearshore and sea ice, but these villages have been subject in the last decade 
-

erage in the late fall.
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-

-
-

-

-

-

-
-

-

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

it has moved at 25 meters/year on average.

-
-

IPCC result is based on an average of results from a series of climate projection models 
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Chapter 3

Vulnerability and Impacts on Natural 
Resources

Key Findings

 

subject to nonlinear changes and tipping points. Many of these responses 
High 

. 
 

.
 High 

 
.

 

.
 Dynamic barrier island landscapes naturally migrate in response to storm 

-
tions. .

 Because of altered sediment supplies and local subsidence, deltas, and the 
High 

.
 

.
 

.
 

.

- _ , 
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3.1 Multiple Stressors Interact at the Coast

Climate change-mediated impacts originating from terrestrial and marine sources in-

are also occurring.

Coastal Freshwater Availability Threatened by Multi-stressor Interactions 

-

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.



54 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

Table 3-1:Examples of impacts of climate change and human exacerbating factors on 
coastal ecosystems

Sea level • Inundation
• Erosion
• 

intrusion

• 

• 
changes

• Soil salinity changes

• 

• 
armoring

• 
and migration

• Reduced viability of 
mangroves

• 
loss

• Storm surge
• Waves
• Wind scour
• Erosion
• Drought

• 
• 

and residence times

• 
armoring

• 
development/ 
impervious surfaces

• 
loss 

• Habitat destruction
• 

Precipitation • Soil moisture
• Hydrologic 

changes

• Salinity changes
• 

residence times
• Increased nutrient 

loading and 
eutrophication

• Reduced stream 

• 
development/ 
impervious surfaces

• Altered 

concentrations
• Altered sediment 

delivery
• Agriculture/

pesticides

• Changes in 
distribution of fresh 

• Altered productivity 

• Increased harmful 
algal blooms

Temperature • Soil moisture
• Salinity changes
• Permafrost 

• Reduced stream 

• Altered nutrient and 

• Eutrophication

• 

• 
development/heat 
islands

• Altered metabolism 

• Altered plant and 
animal distributions

• 
• Increased harmful 

algal blooms

Wave regimes • Shoreline retreat
• Erosion

• • 
armoring

• 
loss 

• Wetland edge loss
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-
-

-
-

Estuarine Water Quality Compromised by Multiple Climate Drivers

-

-

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.
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-

-

-

-

-

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

-
mate stressors. When multiple stressors act in combination on an ecosystem, nonlinear 

-

-
-

-

in ecosystems.

Wetlands: These ecosystems are vulnerable to relative rise in water levels togeth-
er 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 con-

-

-

-
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-

-
position processes moderate the relative importance of this source. Chemical compo-

contribution of organic sediments to soil-building processes in salt marshes compared to 

Mangroves: Mangrove range will expand as minimum temperatures increase.

-
treme drought events in recent decades. These represent a threshold change in climate 

-
-

mangrove, 

-

-

-
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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).

(a) (b)

(c)
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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.

-
riodic storm tides, droughts, and tidal inundation from high sea-level anomalies and 

-
tion abruptly raising soil salinities; this contributed to mortality of less salt-tolerant tree 

-

Estuaries and Coastal Lagoons: The structure and the functioning of these 
systems will change as habitat suitability is modified and the timing of long-
standing processes is altered.

-
-

and stresses vulnerable seagrass habitats that are already threatened due to eutrophica-

-
ture 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 reser-

has since demonstrated that reductions in sediment supply to date have already led to 

these may become recurrent events as turbidity continues to decline in that system.

-

-



Vulnerability and Impacts on Natural Resources               61

-

and temperatures also create the potential for trophic uncoupling of the timing of spring 
-

more voracious copepod predator, the ctenophore 

-
-

-

-
ity of carbonate minerals that are important for shell-forming organisms is particularly 

-
-

Barrier Islands: These dynamic coastal landscapes naturally migrate in response 
to storm activity and sea-level rise, a process confounded by human alterations.

-

nursery and juvenile habitat for many species. They are in an almost continual state of 

-
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onshore sediment transport. 

-

-
tensive barrier system along the North Carolina coast is dependent on storm surges and 

-

of shorelines to protect roads, residential development, and other infrastructure has al-
ready resulted in reduced sand supply and compromised the capacity of the natural 
barrier island system to adapt to sea-level rise. 

-
-

barrier breaching and inlet formation; and barrier segmentation and disintegration. 

-
crease along many of the mid-Atlantic barrier islands under scenarios of future climate 

Deltas: Because of altered sediment supplies and local subsidence, deltas, and 
the biodiversity they support, are at risk to drowning during rising sea levels.

-
verse populations of marine organisms. The morphology is determined by a combina-

climate, particularly rises in sea level, and the impacts of human development along riv-

regions.

-

-

-
ments and pollutants. 
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-
-

-

compounding impacts. Here, sea levels are rising at three times the rate of sediment 

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. 

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.

-

-

-

-
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are more vulnerable to predatory sea stars. 

-

Sea-ice Systems: Sea-ice ecosystems are already being adversely affected by the 
loss of summer sea ice and further changes are expected.

Sea ice, a critical component of this ecosystem, is vanishing more rapidly than earlier 

-
ues 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, 

-
-

-

Polar bears are the top predators of the sea-ice ecosystem and they use the ice as a 

fact that seals must surface to breathe in limited openings in the ice cover. In the open 
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3.3 Conclusions

-

-

This includes methods to identify the triggers of threshold responses and to anticipate 

-

As the natural resources of coastal systems respond to changing climatic conditions, 

of the response. In many cases the capacity of coastal systems to reposition or reshape 

made to accommodate and sustain human uses. This adds an additional level of com-
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Chapter 4

Vulnerability and Impacts on Human 
Development

Key Findings

 

-
oped metropolitan areas. 

 -
abilities of human development, economic sectors, associated livelihoods, and 

 

transportation of people and goods. These factors increase threats to public 
.

 

 
-
-

plinary collaboration among researchers and health practitioners in the climate, 
oceanography, veterinary, and public health sciences. 

 
of climate change on coastal installations, operations, and military readiness, the 

sustainment capabilities. 

- _4, 
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4.1 Overview: Impacts on Human Development and Societal 
Vulnerability

-
verse 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 

-

and resilience or adaptive capacity. The interactions of climate-related vulnerabilities 

ecosystem services, and continued pressures for development pose further analytical 
challenges. Current research on societal vulnerability in the coastal area does not yet 

to the ocean.

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.
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period 2000 to 2100, they determined the value of each property on a 150 meter by 150 

the total discounted costs of adaptation range from $50 billion to $74 billion. The highest 

Costs in the North Atlantic are also relatively high due to property values. Although the 

-
tential impacts of a changing climate on human developments and societal vulnerability 

-
cus on topics of concentrated investigation including potential impacts on urban areas, 

ports, and navigation; insurance; tourism and recreation; real estate; emergency man-
agement 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 

-
tended to be comprehensive consideration of all human development impacts but rather 

4.2 Relative Vulnerability, Exposure, and Human Losses

-

of coastal urban areas to climate change-related threats has increased over the past de-

-

magnitude disasters, possibly due to climate variability and change, or changes in so-

-
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 and found that resi-
-

sion 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 

Carolina in 2010 raised concerns over anticipated community costs of adapting vulner-
-

-

-
-

-

-

-

-

speeds for various future climate scenarios and concluded that more deaths and injuries 

models and trends.

populations displaced by hurricanes and their underlying vulnerability, resilience, and 
-

-
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based on physical process indicators such as tidal range, slope, shoreline erosion and ac-
cretion rates, and social vulnerability. The intersection of physical and social measures 

Research demonstrates a paucity of multi-peril or multi-stressor vulnerability as-

-

4.3 Socio-economic Impacts and Implications

Urban Centers  

-

-
-

-
tions because they are limited by economic, political, or social resources, but the partici-

-

-

Protection Levels for critical infrastructure; for instance, one proposal plans for 4 feet of 
sea-level rise
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-
-

-
ued both for their role as job centers and for their contributions to the cultural fabric of 

-

Transportation, Ports, and Navigation 

Much of the nation’s transportation infrastructure services the population along the 

-

prepared for the City of Punta Gorda in South-

Punta Gorda has a population of 17,500 and 
elevations varying from sea level to 15 feet above 

-
dential. Already stressed by hurricanes and sig-

Water Quality Degradation; Education and Econ-

Insurance. 

-
-

-

and green lending; and preparing for drought. 

Plan.

Box 4-1  
Punta Gorda Adaptation Plan
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Galveston, TX and Mobile, AL found that 27 percent of major roads, 9 percent of rail 

Sea-level rise and an increase in the intensity of coastal storms could have substantial 
-
-

-
-

-

-

-

along this stretch of coast. 

Climate change impacts on the coastal-shipping industry are less clear. Shipping 

resulting from increased precipitation and erosion from sea-level rise. Coastal storms 
can have profound impacts on navigation channels. Wind- and precipitation-driven 
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-
-

Water Resources and Infrastructure 

-
-

-
structure and management regimes. 

-
ment infrastructure and planning is based on assumptions of stationarity and the con-
cept that historical variability in precipitation can be used to predict future variability 

is accompanied by substantial changes in the variability of precipitation as is projected 
-

less resource managers develop adaption plans that can accommodate such changes.
-
-

-

Climate change has the potential to substan-

agriculture in the Nation’s coastal communities. This includes storm surge, tidal, and 

-

from the coast can have profound impacts on coastal communities and resources. The 
-

-
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-

-

Although only a single storm, Hurricane Katrina illustrated the vulnerabilities of the 

stationarity and/or previously unobserved environmental conditions including impacts 
related to sea-level rise, coastal subsidence, and changes in storm characteristics. The 

Climate 

-

-
-

-

Tourism and Recreation

-
dustry. In 2010, the tourism and recreation industry constituted an estimated 9.3 percent 
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-

best estimate of 4.9 percent, of global greenhouse emissions in 2005. 

• -

• -

• 

hit coastal tourism destinations sensitive to such events particularly hard;
• 

• 

Climate change impacts on tourism and recreation in coastal and other vulnerable 
-
-

-

-

• 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
• 
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Real Estate

is nearshore real estate that is susceptible to damages tied to sea-level rise and coastal 

-
-

along the Atlantic and Gulf coasts that are vulnerable to sea-level rise. At a 1.5 meter rise 

 simulated a 1 meter sea-level rise across the region 

-

variability in capturing both physical and socio-economic change at that scale. Averag-
-

assessment data. Studies must advance the geographic coverage beyond local case stud-
ies to address state and regional policy issues.

-

-
en inch sea-level rise. Incorporating trends from recent storm occurrences, Stanton and 

scenario and $49 billion in damages and 37 deaths in the business-as-usual scenario.
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County.
In California, a study of the economic cost of sea-level rise on selected communities 

-
geles, and Torrey Pines City and State Beach in San Diego. Sea-level rise scenarios of 1.0 

-

areas under each of the three sea-level rise scenarios.
On top of the shoreline change scenarios, the second part of the analysis incorporated 

-

property due both to shoreline retreat and increased storm damage along those stretch-

One of the methodological issues that arises from the California case for developing 
-

change on selected coastal communities in North Carolina from the baseline year 2004. 

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 

study used high-resolution topographic LIDAR data to establish baseline conditions 
and shoreline change under alternative sea-level-rise scenarios assuming no adaptation. 

change is superimposed on local assessor’s data at the parcel level including property 
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In addition to inundation, the North Carolina study projected storm intensity based 
-

level rise on property values for each of the four counties. The results vary across the 
-

tial 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 

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 val-

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 

• Sea-level rise scenarios;
• Time frame of assessment;
• 
• Approach to assessing partial and full property loss;
• 
• Discounting of future losses to present value.

a basis to compare impacts across regions and help to aggregate results over larger geo-

holdings. Given that development continues in most coastal areas and certainly in highly 
developed coastal areas, projected future losses may underestimate actual losses. Con-

-
grams and retreat policies. In South Carolina, a recent study of shoreline change since 
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-

necessary dialogue on appropriate actions to address climate change in coastal regions.

Private and Public Insurance

implications also can play an important role in shaping the industry’s investment deci-
-

ment decisions could send a strong price signal to other major industrial sectors; for 

-
ages development in vulnerable areas. Climate change-related response strategies that 

-
pacts in coastal regions.

-

-
miums are collected and managed in a pool in advance of predicted events in amounts 

Insurance can aid coastal communities in becoming more resilient by protecting 

-
ments. Insurance also can support the construction of climate adaptation infrastructure 

-
ance can play a valuable role in both the mitigation of and adaptation to climate-related 
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Although historically the past has served as a fairly reliable indicator of future events 
-

-
. 

years for insurers over the last thirty years. 
According to NOAA’s National Climatic Data Center, the economic damage costs 

Irene, made landfall over coastal North Carolina in August of 2011 and moved north-

-

-

-
ers have begun adapting their business models to account for the potential impacts of 

-
-

silience, greater engagement by insurers in adaptation to unavoidable climate changes, 

The largest government or public insurance programs includ-

-
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-

-
mate considerations are also being evaluated by insurance programs that are under-

issued a report recommending that the Secretaries of Agriculture and Homeland Secu-
-

-
amination of the impacts of sea-level rise and changes in storm characteristics on coastal 

At the state level, many coastal states have increased their participation in the in-

-

-
-

-

repair claims could go unpaid, and assessments and surcharges on policyholders state-

entities greater authority to raise insurance rates. Current legislative proposals relating 
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-

-
crease resilience of the insured assets to have socially accepted premiums.

-
-

-

Emergency Response, Recovery, and Vulnerability Reduction

-

events are disruptive to coastal communities and economies, disaster recovery often 
provides the greatest opportunities for communities to garner the necessary political 

-

-
-

-
-

reduction and climate change adaptation remains in the early stages of development. 
-

porating climate impacts into the planning, design, and implementation of long-term 
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-
-

ness, response, and recovery actions. One of the 
most immediate and direct economic impacts of 

-
ments, businesses, and individuals to react to and 

-
ment, states, and communities incur substantial 

services, including immediate pre-event prepared-
-

ing. Evacuation estimates for the Northeastern 

evacuation costs for ocean counties in North Caro-
lina range from $1 to $50 million, depending on 
storm intensity and emergency management poli-

preparedness and response activities in Washing-

Box 4-2  
The Disaster Lifecycle
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-
-

-
mate change, is a complicated, long-term process involving virtually every aspect of a 

-

-

-
-

levels, the private sector, and individuals.

Coastal and Nearshore Oil and Gas

-

-
-

are responsible for developing adaptation strategies in sectors ranging from industry to 

-

-
cur on the continental shelf both in deep sedimentary structures and as outcrops on the 

-
bonate deposits reveal several ancient hydrate dissociation events that appear to have 

and development operations ranging from pipeline emplacement to the anchoring of 
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drilling facilities. 

energy sector, including:

• 
• 

Passages, even if ice simply thins to the point that shipping lanes can be 

• Decline in the availability of ice-based transportation such as ice roads and 

• 
• -

frost or a decrease in load-bearing capacity of such structures; 
• 

• 

• 

-

level rise due largely to the fact that the more than 4000 platforms and onshore support 
-

-

-
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-

-
-

-

has been used by some oil and gas companies to simulate storm surge, aerodynamic 

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.
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-

-
-

include:

• 

• 
supports; and 

• .

4.4 Human Health Impacts and Implications

Climate-driven changes in temperature, precipitation, sea level, and the hydrologic cy-

-

• 

hurricanes, cyclones, and tropical storms; and sea-level rise and storm surges. 
Health outcomes include changes in heat-related illness and death; illness and 

hurricane, cyclones, sea level, and storm surge directly; and related impacts on 
food supply and mental health during and after an emergency evacuation or 

• 

-
-

economies and community resilience in turn. 
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-
-

 
population demographics, and the roles of community and political leaders. In addition 
to long-term oceanographic and biological data, social and public health data includ-
ing emergency room visits, reported illnesses, recreational usage of beaches and coastal 

-

health. 

Direct Impacts

-

-

-
-

and additional stress on vulnerable populations. In addition, drought leads to parched 

asthma and other aero-allergenic and respiratory diseases. In addition to the impacts to 

-
treme events, that evacuation plans are in place and successfully communicated, and 

Coastal storm-related health outcomes include 
changes in heat-related illness and death, injury and death from hurricane and storm 
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-

in large, temporary-living spaces such as the Superdome during and after Hurricane 

-

climatic events, a potential longer-term impact is an increase in mental-health issues 

-

Indirect Impacts

WATER-RELATED ILLNESS. -
-

-

Pathogens. -

-

-

infrastructure changes are made. 
-
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both human health and recreation in the region. Projected increases in heavy rainfall 

Certain species of marine algae are considered harmful, either 

-

-
-

-

CHEMICAL CONTAMINANTS. Alterations in the timing and intensity of storm events 
-

-
ily from persistent and bioaccumulative substances such as polychlorinated biphenyls 
and methylmercury. In addition, the presence of contamination can often result in regu-

coastal areas. Because consumption of seafood is generally believed to confer substan-

reservoir life cycles and transmission dynamics depend on optimal temperatures, hu-
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-

and severity of disease-causing organisms, vectors, and marine and terrestrial animal 

-

Lyme disease; and rodents that carry a variety of diseases such as those related to Hanta 
-

-
tors,  and 

prey relationships, insect and marine and terrestrial animal vectors and reservoirs may 
-

-

-

-

-

-

-

SENTINEL HABITATS AND SPECIES. Key habitats and certain marine mammals can 



92 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

-

-

-
diated by our individual- and social-behavioral constructs, and must be considered in 

to inform the science and policy choices that lie ahead. This is due in large part to the 

physical, biological, and public health data that can be used for monitoring and research 

4.5: Implications for Coastal Military Installations and Readiness

-
-

• Diminished capacity to sustain troop combat operational readiness if training 
and testing opportunities are reduced at coastal military installations;

• 

-
tioning coastal installations and, in some cases, supporting civil transportation 
infrastructure; and

• 

at coastal installations as a result of sea-level rise or changes in the intensity of 

Coastal Military Installation Climate- and Global-change Challenges

-



Vulnerability and Impacts on Human Development               93

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. 

-

Coastal-installation readiness, in particular, can be challenged as a result of climate-
related environmental stressors and drivers that include: 

• 
storm events; 

• Rising sea levels and subsiding or eroding land masses; 
• 

sustainability;
• 

• Production, accumulation, and migration of environmental contaminants on 

• 

-
-

conditions or as scenarios, to the impact level at military installations is currently in-

-
edge base supporting global climate change predictions or scenario use nor any recogni-

-

enable: 

1. 
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2. 
3. Developing credible cost estimates; and 
4. 

-

Coastal Installation Vulnerabilities and Combat Service Support Readiness

-
stallations to assess the potential impacts of climate change on DoD missions and to 

-

of these vulnerabilities have practical implications for military readiness. Diminished 
-

coastal installation’s combat service supply mission has the potential to diminish global-

Coastal storms and sea-level rise in combination have the potential to impair installa-
tion infrastructure that supports combat service support missions. Accelerated sea-level 

land areas, induce sustained geomorphologic and environmental changes, and alter har-
bor topography, bathymetry, currents and salinity. These events may impact access to 

-

-
-

-

installation. 

surge modeling. By contrast, sea-level rise is gradual even though the rates of change 

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 
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-
-

-
narios to use to guide their vulnerability impact assessment and adaptation decisions. 

-
-

-
mate change. The potential for climate change-related installation realignment or clo-

Operations and Training Readiness and Natural Resource Impacts

Impacts of climate change on natural resources can reduce the capacity of military instal-
lations to support operations and training by changing training conditions and degrad-
ing the utility of these assets for training. Physical constraints on access to training lands 

Impacts of climate change on installation natural resources can reduce the ability of 
-
-

-

-
lenges for installation managers to maintain the population status of species that are 

of species that are not currently listed. The construction of compensatory natural re-
sources management features can be costly and has the potential to escalate. Terrestrial 

-

to sea-level rise and storm activity reduce available training space. These changes in 
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-
ergistic impacts to natural and built infrastructure.

DoD Requirements and Programs for Vulnerability and Impact Assessments and 
Adaptation Planning

-
est level of impact, an installation may no longer be able to support current and fu-

-

-

commitment of additional resources. 
-

poral and spatial scales for installation planning and adaptation. Climate information 
and decision tools are needed to support priority installation functions for maintaining 

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 

. 
-

nation regionally and nationally. In addition, interdependencies of installation facilities 

With proactive vulnerability and impact assessment, asset vulnerabilities and their 

planning and implementing resilient and adaptive management actions. Challenges 
include: 

• 

on objectives-based installation mission performance that can serve the need for 

• 
competing alternative management actions; 
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• -
cation in the military community of practice; and 

• 

continual focusing and application in assessment and management cycles.

-

potential climate change impacts. Development of technical support capabilities for vul-
nerability and impact assessment and adaptation planning have been initiated through 

-
neers’ Institute of Water Resources and Engineer Research Development Center.
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Chapter 5 

Adaptation and Mitigation

Key Findings

 
generally occur in an adhoc manner and at varied spatial scales dictated by 

adaptation can be improved through integration into overall land use planning 
and ocean and coastal management. .

 In some cases, adaptation is being directly integrated, or mainstreamed, into 

.
 Tools and resources to support adaptation planning are increasing but tech-

nical and data gaps persist. As adaptation planning has evolved, recognition 

. 
 Although adaptation planning has an increasingly rich portfolio of case studies 

that contribute to shared learning, the implementation of adaptation plans has 
.

 Elements commonly found in adaptation plans include vulnerability assess-
ments, monitoring and indicators, capacity building, education and outreach, 
regulatory and programmatic changes, implementation strategies, and a sector-
by-sector approach. .

 Although state and federal governments play a major role in facilitating adapta-

-

.

5.1: Adaptation Planning in the Coastal Zone

, the science and policy landscape for adaptation has evolved sig-

- _ , 
© 2012 The National Oceanic and Atmospheric Administration

ties: A Technical Input to the 2013
460

V. Burkett and M. Davidson (eds.), Coastal Impacts, Adaptation, and Vulnerabili
National Climate Assessment, NCA Regional Input Reports, DOI 10.5822/978-1-61091- 4 5
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a broad range of adaptation initiatives are being pursued across a range of geopolitical 

-
cies, businesses, and communities in increasing their resilience to both current climate 

generally mainstreamed into the policy apparatus of governments or the development 

Background on Adaptation Planning

the best available information; outline an implementation strategy; and create a plan for 
evaluating and monitoring results. Elements commonly found in adaptation plans are 

Inventory of Adaptation Planning

Adaptation-planning processes vary across spatial and jurisdictional scales. Because im-
-

including state, local, regional, and national and among a range of public and private 
entities. Planning processes typically involve coordination both vertically across local, 

-
palities, or states.

All major levels of government have an important role to play in facilitating adap-
tation. At the federal level, agencies develop climate science and models, initiate pilot 

billions of dollars in public funds to pay for critical projects and services necessary for 

infrastructure development, and conservation projects. Similarly, state agencies distrib-
ute state funds and provide oversight and technical support for adaptation planning; of-

-

the ground. The private sector also has a role; corporations, insurance companies, land 
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Adaptation plans employ several formats and in-
clude a variety of elements depending on the need 

-
-

ning include:

Assessing Vulnerability 

• The vulnerability of a system is the degree to 

• -
-

pacity to adapt. Demand for this is increased 
in policy-relevant formats.

Monitoring and Indicators:

• 
of natural and manmade stressors on a system 

-

-

• Indicators can measure progress of implemen-
tation of process-based adaptation measures 

adaptive policies and activities.
• 

continue to improve forecasts of regional- and 
local-scale climate impacts and inform adapta-

Capacity Building, Education, and 
Outreach

• 
-

resources and helps build public support for 
an adaptation plan. 

Regulatory and Programmatic Changes

• 
can promote or remove barriers to adaptation; 

-
sponsive as the science and understanding of 

-

• 

by amending state regulations to account for 
climate change. 

Implementation Strategies

• Including elements for implementation is criti-

Sector-by-Sector Approach

• 

-
tors most important to the state or region.

• Common sectors include: Public Health, Habi-
tat/Natural Resource Management, Water 

-
tation and Energy Infrastructure, and Coastal 
Communities. 

• A sector-by-sector approach can also miss im-

Box 5-1 
Elements Commonly Found in Adaptation Plans
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-
proaches to foster adaptation.

-

adaptation by including consideration of climate impacts in other types of planning 

-

successes and challenges.

. -
-

agencies can mainstream climate change considerations in programs and operations. In 
-

and ecosystem-based management.

REGIONAL:  

of California, Oregon, and Washington signed the WCGA and created a regional part-
nership for coastal management. The WCGA created ten Action Coordination Teams 

for cross-jurisdictional management of coastal resources. Teams are developing strate-
gies to adapt to sea-level rise, coordinate on sediment management, and implement eco-

-

STATE: 

-

LOCAL: 

adaptation. The counties developed a uniform approach to estimating and mapping 
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TRIBAL:  

based 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 

Tribe use long-term planning to avoid environmental impacts to these resources.

  Northrop 

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 

-

The Status of Coastal Adaptation Planning

-
-

aptation 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

-

Washington state prepared a guide entitled -

-
tion planning in local governments. Similar guidance has been developed to address the 

agers -

such as the EPA’s report entitled Rolling Easements 

-

-
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By initiating coastal adaptation planning, government agencies and local communi-
-

-
-

Emerging Planning Practice

-

and management systems. In recent years, progress has been made in the integration of 

-

-

-

-

among coastal vulnerability, development, and maintenance of environmental amenity 
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The aforementioned Cape Cod study highlights another advance in adaptation plan-
-

those changes might impact valued human and ecological systems and the range of 

through partnerships among federal, state, and local government agencies, research in-

practical utility of adaptation planning.

Adaptation Planning Challenges

-

-

-

-
ation of a changing climate, can prevent the adoption of adaptive measures. In the Alli-
gator River National Wildlife Refuge/Albemarle-Pamlico Peninsula Climate Adaptation 

-
-

-
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-
es and articulate the actors and actions needed to implement particular policies, more 

-

 

5.2 Coastal Resource Management and Restoration in the 
Context of Climate Change

climate endpoints or scenarios. Of major concern are:

• 
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

• 

With an emphasis on the priorities listed above, coastal managers are beginning to 

-

-

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 

Prudent coastal resource man-
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Although the damage to human infrastructure from hurricanes and tropical storms 
-

Disruption of coastal resources from storms goes beyond the physical disruption 

populations. 

SEDIMENT MANAGEMENT. 
storm impacts and hydrologic alteration of rivers that drain to the coast, calls for a 

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 

relocation of sediment is a large element of many coastal management strategies. This 

desirable areas. In general, improving the management of available sediment resources 

sediment resources. 

-

-

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 
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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 

TIDAL WETLAND RESTORATION. -

-

mitigating climate change caused by greenhouse gas emissions. 
-

-

-
-

-
terials vulnerability, change monitoring, cultural heritage management, and damage 

-

-

Shishmaref and Kivilina. The challenges faced by some coastal communities and cul-

-

Challenges, Needs, and Opportunities

The ability of institutions to conduct resource management and restoration in the con-
-

-
ognition of ecosystem service values, and need for actionable climate science.
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As discussed in the prior sections, consideration of climate change in coastal resource 

change in coastal management and restoration. Policies and directives have been estab-
lished, such as the Maryland Department of Natural Resources’ Climate Change Policy 

-
-

change and the range of physical, chemical, and biological characteristics of coastal re-
-

-

-

Recently, emphasis has been placed on the ser-

bird habitat. In some cases an actual dollar value can be placed on the services provided, 

concept because connecting the ecosystem services provided for greenhouse gas mitiga-

-
-
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-

ACTIONABLE CLIMATE SCIENCE. -
-

sider the implications of climate change, including sea-level rise, temperature increase, 

information at the community, local, or site level is a long-term goal and ideal climate 

5.3 Tools and Resources

-
-

Figure 5-1 Framework for making restoration 
projects in the Great Lakes climate smart.  
Source: Glick et al., 2011.
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and application and identify resources for helping to select appropriate tools. 

Assessment and Implementation Tools

-
-

9.

1. 

a range of audiences.

• 

• 

Connecticut

2.  These tools help planners and natural resource manag-
-

• 

• 

to Sea-level Rise Project
• 

• -

• 
COAST

9 
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3. 

•  The past three decades has seen a proliferation of tools used in a variety 
-
-

• 

• Sophistication of tools: Increasingly, tools address multiple factors such as 
-

projected distribution of tree and bird species under several climate change 
scenarios.

• Sophistication of tool use: Some users are combining tools into interoperable 

including assessing multiple scenarios for management decisions, outcomes, or 
climate impacts.

4. 

pace. 

Selecting and Using Tools Appropriately 

As more tools are developed, mechanisms to guide users to the most appropriate tools 
-

-

of case studies focused on tool selection and use such as NOAA’s Digital Coast, EBM 
-

 is the 

and the EBM Tools Online Database.
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Table 5-1: Examples of the trends in tool development for climate adaptation planning

Habitat Modeling Chu-Agor et al., 2011

Game-based engagement Coast Ranger MS Pontee and Morris, 2011

Accessibility

Scenario Planning

Sophistication of 
Tools

Multistressor
Nonpoint Source Pollution and 

Erosion Comparison Tool NOAA Coastal Service 
Center

Multispecies Climate Change Atlas Iverson et al., 2011

Multihabitat Green et al., 2009, Game 

Sophistication of Communication and 
Engagement

Assessment Tool 

Crist et al., 2009

Oil spill remediation Climate Assessment and Proactive Industrial Economic, 
Incorporated, 2011

Climate Resilience Evaluation and EPA, 2012c 

Regional ecosystem 
climate impacts
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-

core idea: the importance of selecting tools based on an assessment of user goals, objec-

-

-

and used to facilitate and improve vulnerability assessment and adaptation planning re-

Policy and Regulatory Tools

Policy options for adapting to climate change include both a broad array of governmen-

modifying human activities to enhance adaptive natural capacity of ecosystems by re-

to conserve public funds over the long-term and ensure that public assets such as road-
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Maryland, the state is instituting regulatory measures through its Living Shorelines Pro-

Maine, have applied this approach in statutes or regulations. A recent federal report em-

-

-

resiliency. 

 To be success-
ful, chosen responses must also be administratively and legally feasible. Administra-

-

5.4 Coastal Mitigation Opportunities

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 

-
-

salt marshes, seagrasses, and mangroves.

Coastal Renewable Technologies
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potential to generate capacity of more than 4,000 GW or roughly four times the gen-

technologies remain an emerging, although relatively untapped, opportunity to diver-

-

Coastal Renewable Energy Science Gaps

In the report -

: Develop design standards and best practices for designs cover-

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.
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: Develop environmentally friendly protection coatings, biodegradable 
-

-

-

damaging loads; and 

-

Managing Living Coastal Resources for Carbon Capture

Table 5-2: Total vs. recoverable wave energy in the U.S. 

 

1170

590 250

240

1570

130

30 20

Source: EPRI, 2011.
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-

-

2

sediments alone, soil organic carbon averages 500 t CO
2

2 2
e/ha for 

2
-

2
 

-
ditional 5 to 7.5 million tons of CO

2 continue to be released on average from this Delta 

to the release of this carbon. 

-
-

2 2

diminish through time. 

-
thermore, oceans and coastal ecosystems have not been part of the policy dialogue for 

-

-
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-

Carbon Sequestration and Capture Science Gaps

10

• Develop inventory and accounting methodologies for coastal carbon to facilitate 
-

ment of coastal systems;
• 

areas of high carbon emissions;
• 

greenhouse gas emissions resulting from degradation, conversion, and destruc-
tion of all relevant coastal ecosystems;

• 

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 inter-
vention, and incentives for maintaining carbon-rich systems;

• 
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 

marshes at regional and global scales.

Additional gaps not mentioned in the IWGCBC report include:

• 

of blue carbon due to the projected change;
• Evaluating the implications of coastal development plans on storage and 

permanence; and
• 
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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 

-

multi-stressor interactions in ecosystems and the mechanisms of thresholds shifts also 

-

reduce the uncertainty about potential responses of coasts to sea-level rise and other 

-

Science Research Needs to Support Sustainable Coastal 
Management 11 

• An assessment of the potential impacts of climate change on coastal and 

 

- _ , 
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impacts that are only partially understood. Considering the current importance 

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 

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.
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drivers of sea-level change and moving beyond the semi-empirical approach 

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 

on environmental and landscape changes, and assembling fully accessible 
and searchable baseline data on coastal landforms, topography/bathymetry, 

-

budgets.
• Improved understanding of ecosystems’ and species’ responses to basic envi-

ronmental forces such as changes in temperature, precipitation, and chemistry 

• 
through use of historic and geologic records of coastal change, increased 

relate past changes in climate to coastal change.
• Improvements in predictive capabilities of coastal change through improved 

present into predictive models. Improved models are needed to assemble and 

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 

• Improved place-based understanding of the societal drivers of vulnerability 
and impacts of sea-level rise and related coastal changes through improved 

rise scenarios and projections across federal agencies to support local planning 

are anticipated.
• 

• Providing improved access to data, resources, and integrated assessments 
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vulnerabilities, and adaptation choices, and educating the public about conse-

• 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 

-

• -
tions and threshold shifts in ecosystems. This includes methods to identify 

post-threshold states under a range of future scenarios of climate and land-use 
change.

• 
records for monitoring and measuring climate changes. The science of under-

currents, ocean chemistry, sea-level elevation, shoreline change, storm charac-
teristics, and changes to glaciers and ice sheets. Maintaining an array of satellite 
systems for observations is critical.

• 
and models of the climate system and for rigorously comparing observations 

• 

• 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 public-

• 

Science-Based Tools Needed for Coastal Management and Adaptation Planning

assumptions of the method, and the reliability and utility of the outputs. A suite of tools 

-
ment, visioning, and consensus building include:
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• 
adaptation strategies;

• 
• Guidance and best practices for the planning process; and
• 

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 compa-
rability across jurisdictional boundaries;

• 

• 

 
 Advanced climate and earth-system models;
 Improved estimates of past and projected future climate-forcing agents;
 Geomorphic models;
 Geospatial models for sea-level rise;
 
 Habitat models;
 Long-term erosion and accretion models; and
 El Niño Southern Oscillation/climatological impact projections.

• 
scenarios.

• 

• 
• 
• 
• 
• Scenario evaluations that:

 ptions;
 Test alternative outcomes;



124 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

 Identify signposts and thresholds based on monitoring data; and
 Evalua

IMPLEMENTATION TOOLS. Tools useful to build institutional capacity and imple-
ment adaptation include:

• Long-term policy analysis tools to help choose among options;
• 
• Resources such as a clearinghouse or points of contact to understand agency 

activities and potential funding sources;
• 
• 
• Engineering tools for coastal protection, relocation, and restoration; and
• 

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 

on commonly collected indicators such as demographics, but they are simultaneously 
-
-

A robust coastal monitoring, surveillance, and observation system that integrates 
-

-
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Appendix A

Chesapeake Bay Case Study

1: Introduction

-
mately 10 million people along or near the shores. 

-

Table of Contents

1: INTRODUCTION

2: CLIMATE CHANGE IMPACTS ON WATER QUALITY AND EQUATIC 
ECOSYSTEMS FOR THE CHESAPEAKE BAY

  2.1 Changes in Physical Climate
  2.2 Impacts on Biochemistry and Water Quality
  2.3 Impacts on Ecosystems

3: CLIMATE CHANGE SCENARIOS FOR THE CHESAPEAKE 
BAY 

4: OVERVIEW OF STATE LEVEL ADAPTATION PLANNING AND 
IMPLEMENTATION ACROSS THE CHESAPEAKE BAY

4.1  Maryland
4.2  Pennsylvania
4.3  Virginia

5: REFERENCES

- , 
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the health of the Bay. 

creating a blueprint for restoring the Bay’s health. On May 12, 2009, President Obama 
-

economic value of the Nation’s largest estuarine ecosystem and the natural sustainabil-

impacts of climate change.
-

-

-

-

2: Climate Change Impacts on Water Quality and Equatic 
Ecosystems for the Chesapeake Bay

2.1 Changes in Physical Climate

-

-

Sea-level changes are relative to 1990. End-of-century projections are from Najjar 
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-

-

a particularly important driver of the relatively large range in the projections for the end 
of the 21st century.

-
-

climatology of the same calendar day, are projected to increase along the east coast of 

Table A-1: Projected changes in the Bay’s temperature, precipitation, and sea level 

  

Temperature for all models in all future periods

Annual 
Precipitation

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

Sea-level 
Rise

Not available for Not available for 
subsidence, by 
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PRECIPITATION. 
-

Although most models project these broad changes, the precise latitude that divides 
areas of increasing and decreasing precipitation is uncertain.

amount of rain falling during a season or year divided by the number of rainy days, 

an increase in the number of dry days and enhancement of evapotranspiration from 

greater than globally-averaged sea-level rise. During the 20th century, the average rate 

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 calcu-
lating change. Projections correspond to the A2 emission scenario. (Source: Najjar et al., 2010, 2009).
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Table A-1 presents sea-level-rise estimates for the Bay for the end of the 21st century. 
-

since the late 20th century. It also includes consideration of land subsidence around the 

-

-

2.2 Impacts on Biogeochemistry and Water Quality

Nitrogen and phosphorus are important components of the biogeo-

-

the timing and amount of nutrients introduced to and transported through the Bay, giv-

that include agricultural operations and developed suburban and urban areas tend to 

-



130 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

-

-

-
-

Atmospheric deposition of nitrogen occurs both directly on the 

-

enhanced. 

-
-

phorus from non-point sources is mainly controlled by the rate of erosion. Increases in 

-
-

-

facilitated the reduction of nutrient loading over the last several decades in some por-

-
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-

-

to decreases in pH and carbonate ion concentration. Globally, the surface ocean’s pH is 

-
-

2.3 Impacts on Ecosystems

-

-
-

trient loads, as discussed above. Recently observed blooms provide evidence for this 

-

Other forms of atmospheric and climate change could favor future harmful aglal 
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-
logical damage in humans. 

-
-

mental conditions. 
-

of Zostera marina

the Bay. Changes in salinity due to sea-level rise or changes in precipitation could alter 

-
-

undation may alter species composition and favor the proliferation of invasive species 

-

-
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-

-

prevalence of pathogens and the timing and distribution of food and predators. 

-

3. Climate Change Scenarios for the Chesapeake Bay

can be used to develop a broad set of plausible futures or scenarios to facilitate consider-

snapshot of climate drivers, plausible directions, and potential impacts of concern across 

4. Overview of State-level Adaptation Planning and 
Implementation Across the Chesapeake Bay 

-

primarily focused on climate change mitigation by reducing greenhouse gas emissions. 
-

This section provides a description of the adaptation activities in Maryland, 



134 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

Table A-2: Climate drivers, plausible directions, and potential impacts of concern  
across the Bay

 – Small decreases in 

summer and fall precipitation 

precipitation

events could dump more rain 

Projections for precipitation 
for the region are highly 
uncertain, including both 
increases and decreases. 

involve some estimate of both 

Precipitation is an important 

ecosystems.

range of models for the 
A2 scenario, 2070-2099 

Intensity: Najjar et al., 2010; 
discussing Lambert and 

 – temperatures 

– temperatures 

Warming can directly impact 
the species composition of the 
Bay. Temperature-induced 
changes in evaporation change 

impact on regional hydrology. 
Although temperatures are 

Najjar et al. 2009 – many 

be chosen. Warming of 

one standard deviation 

scenarios for 2070-2099. 

one standard deviation 
above the same multi-
model average for the A2 
scenario.

– 700 millimeters 
by 2100. 

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 

sea-level rise to local rates 
of subsidence
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-

need to be reevaluated to address changing conditions.
-

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

State
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4.1 Maryland

APPROACH. 

resiliency, and updating aging infrastructure. 
 recom-

and incorporating climate change into the process of developing restoration priorities. 

-
cally on the potential impacts of changes in precipitation and temperature. The plan 

-

Comprehensive Strategy for Reducing Maryland’s Vulnerability to 
Climate Change, Phase II: Building societal, economic, and ecological 
resilience

 January 2011

 Maryland Commission on Climate Change Adaptation and Response and 

• Agriculture
• 
• 
• Human health
• 
• 

Sections of most relevance to this case study

Box A-1 
Maryland
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-

ADAPTATION RECOMMENDATIONS. The  provides a 
-

restoration activities. The  recommends that the Department 

Department of the Environment released the 
guidelines in 2010 to provide information to land developers to meet the 

-

-
SHED-BASED MANAGEMENT PLAN. 

-
-

pected to implement recommendations in the City County Watershed Agreement. The 
Baltimore City County Watershed Phase 1 Action Plan has overarching goals to protect 

-

4.2 Pennsylvania

APPROACH. The Pennsylvania Department of Environmental Protection released the 
 in 

. 
The  presents a list of strategies that 

 The 

sessment. Based on general circulation models, the  
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ADAPTATION RECOMMENDATIONS. Three of the report’s seven broad and cross-

• 

• 
• Integrate adaptation and mitigation strategies as part of planning operations for 

both public and private institutions.

The also provides a range of sector-

-
-

-

adapt to climate change. 

Pennsylvania Climate Adaptation Planning Report: Risks and Practical 
Recommendations

 January 2011

 Pennsylvania Department of Environmental Protection

• 
• 
• Public health and safety
• Tourism and outdoor recreation

Sections of most relevance to this case study

Box A-2 
Pennsylvania
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The Philadelphia Water Depart-
-

-

-
-

4.3 Virginia

APPROACH. 

-
toring and reporting greenhouse gas emissions and observed climate change impacts. It 

The plan discusses some of the major impacts of 

changes in the precipitation regime. It also notes the anticipated impacts of sea-level rise 

A Climate Change Action Plan

 Governor’s Commission on Climate Change 

• 
• 
• 

Sections of most relevance to this case study

Box A-3 
Virginia



140 COASTAL IMPACTS, ADAPTATION, AND VULNERABILITIES

-

ADAPTATION RECOMMENDATIONS. The adaptation portion of 
 primarily focuses on disseminating information on climate change adapta-

-

public and private sector partners. 

over the course of the project. 

the Bay are of note:

• 
consideration impacts on natural systems;

• 

• 
non-point source urban and agriculture best management practices; and 

• 

state and local policies. 

-
-

-

Plan also provides recommendations for adaptation to sea-level rise and storm surges. 
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Appendix B

Northern Gulf of Mexico Case Study

-

-

Gulf landings of shrimp and harvest of oysters lead the nation and the Gulf also houses a 

20.7 million trips.

-

Coastal communities and ports maintain this energy production by supporting the op-

processing plants.

Charles. More than 220 million tons of cargo moved through the Port of Houston in 

-
lion annual impact on the nation’s economy.

Vulnerable Coastal Habitats and Communities

-

-
ply for municipalities.

Climate changes could also result in potential shifts in El Niño/La Niña cycles, hur-

storms, including Katrina and Rita in 2005, have been dramatic and demonstrate the 

- , 
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-
-

A ‘Laboratory’ for Understanding Coastal Change and Testing 
New Approaches

of future climate change for several reasons:

• -

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.
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at least locally. The relocation aspects of the Mississippi Coastal Improvement 

grant applications.
• 

-
-

-
eastern region.

• Continuing investment in coastal restoration. In addition to ongoing restora-

-
ture and precipitation regimes is essential if ecosystem restoration projects to 
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