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Sea-level rise, a dominant driving force of change for coastal regions, is becoming increasingly important as a hazard to humans 
and urban areas in the coastal zone worldwide as global climate change takes effect. The geologic record shows that sea level, 
due to past natural climate factors, has been highly variable, as much as 6–8 m higher than present during the last interglacial 
warm period and 130 m lower during the last glacial period. Sea level was fairly stable for the past 3,000 years until about the 
mid-19th century. During the 20th century, sea level began rising at a global average rate of 1.7 mm/yr. The current average rise 
rate is 3.1 mm/yr, a 50% increase over the past two decades. Many regions are experiencing even greater rise rates due to local 
geophysical (e.g., Louisiana, Chesapeake Bay) and oceanographic (Mid-Atlantic coast) forces. A few regions experience rise 
rates less than the global average due to land uplift. Observations show the increase of carbon emissions since the Industrial 
Revolution has increased global mean temperature of the air and ocean, which is responsible for sea-level rise due to ice 
sheet melting and steric expansion, and many related environmental changes. Sea-level rise, with high regional variability, is 
exhibiting acceleration and is expected to continue for centuries unless mitigation is enacted to reduce atmospheric carbon. 
Low-lying coastal plain regions, deltas, and most islands are highly vulnerable. Adaptation planning on local, state and national 
scales for projected sea-level rise of 0.5–2 m by A.D. 2100 is advisable. Sustained global rise in sea level of 4 m to as much as 
8 m is possible, but not likely until well after A.D. 2100.

ADDITIONAL INDEX WORDS: Global mean sea level, relative sea level, sea-level rise, coast, climate change, coastal 
erosion, barrier island, coastal vulnerability, adaptation, coastal hazards.
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Sea-Level Rise Implications for Coastal Regions
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INTRODUCTION

Managing the hazard risks posed by climate change and 
impacts such as sea-level rise to coastal regions is becoming 
increasingly recognized as a major challenge for the 21st 
century by U.S. federal agencies and most coastal states. Rising 
water levels and increased risk of flooding along the coasts 
of United States and worldwide poses significant challenges 
(Moser, Williams and Boesch, 2012). Over 8 million people 
live in vulnerable coastal regions in the U.S. and development 
continues (Crowell et al., 2010). The majority of the most 
vulnerable coastal regions are within 1-m elevation of sea level. 
A key to planning and developing strategies for adaptation is 
understanding the driving forces of sea-level change and past 
impacts of varying sea level. Geologic history shows that Earth’s 
global climate has been highly variable in both time and space. 
The causes for this result from complex interactions between the 
continental land masses, ocean, atmosphere, and solar radiation–
the Earth System (Figure 1). These involve positive and negative 
feedback mechanisms that can trigger tipping points of physical 
processes. Small changes, such as with atmospheric temperature, 

can have cumulative, multiplying, and irreversible effects across 
regions and even globally. 

These feedback mechanisms are important in regulating global 
climate, but many are neither well understood nor predictable with 
high confidence. Physicists have been aware of the importance 
of solar radiation, both incoming and radiated, greenhouse gases 
in the atmosphere and the affects of increasing carbon dioxide 

Figure 1. Processes that contribute to sea level change. Adapted from 
Rekacewicz (2005).
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on energy levels and warming of Earth since the early 1900s, 
but growing scientific understanding based on observations and 
improved modeling over the past 50 years has led to increased 
understanding of both natural factors and human influences on 
Earth’s climate. One of the early papers discussing human effects 
on climate change was by Professor Roger Revelle (1983), who 
discussed the steady increase of atmospheric carbon dioxide and 
potential impacts of global warming on the atmosphere and the 
oceans, including sea-level rise. Another important study that 
discussed sea-level rise, effects on coasts, and included global 
sea-level rise projections, was published by the U.S. National 
Academy of Sciences (NRC, 1987). 

Over the past approximately 3,000 years, global climate 
and global sea level have been relatively stable. Some suggest 
that a benign climate has enabled the expansion of human 
populations (7 billion people currently) and the development of 
our modern society (Day et al., 2007). In coastal regions of the 
U.S. and globally, human populations are substantial. Population 
continues to expand in many regions, and people are increasingly 
at risk from a variety of natural hazards such as sea-level rise, 
storms, and flooding, which are exacerbated by global warming 
(Crossett et al., 2004; McGranahan, Balk, and Anderson, 2007; 
Nicholls et al., 2011). Understanding and predicting with 
confidence how sea-level rise will affect coastal regions and how 
society may choose to address it in ways that are cost-effective 
and sustainable for the long term is a major challenge, but vitally 
important. The public needs to be informed about the reality of 
climate warming impacts such as sea-level rise, but also about 
alternatives for adaptation, which are available.

The objective of this paper is to review the literature on the 
topic of sea-level change, the causes and processes responsible 
on regional to global scales, the implications of projected sea-
level rise due to global warming in coastal and low-elevation 
regions, and the need for adaptation planning. While this review 
is focused on the United States, much may be applicable to 
coastal regions worldwide.

CAUSES OF SEA-LEVEL CHANGE

In this paper the following abbreviations are used for sea level 
terms:

GSL= global or eustatic or absolute mean sea level (global 
average corrected for regional and local factors)

LRSL= local relative sea level (rates determined by tide gage 
records and other observations that include a combination of 
global mean rates and effects of regional and local geophysical 
and oceanographic factors). 

Sea-level rise is a major impact of global climate warming. Its 
causes, however, are complex and result from not only warming 
but also regional and local effects of geologic, oceanographic, and 
atmospheric conditions that are highly variable on both spatial 
and temporal scales. Several important regional factors include: 
land subsidence and uplift due to isostatic adjustment of the 
crust; tectonic forces; sediment compaction and consolidation; 
gravitational changes; and changes in ocean circulation patterns 
and wind patterns. Global mean sea level (GSL) or eustatic sea 
level is the elevation of the ocean used in describing effects 
of climate warming. Relative local sea level (LRSL) elevation 

of the ocean relative to the land surface is used to describe 
the combination of global plus the various regional and local 
factors. The distinction between GSL and LRSL is important 
for understanding projections of future sea-level rise and how 
regional factors can increase or decrease effects of future rise 
on coasts. While GSL is used in discussing future rise scenarios, 
LRSL is most important in understanding the likely regional and 
local impacts on coasts and is most applicable for planning and 
management. 

Sea level has varied throughout Earth’s history due to a variety 
of processes that operate over a range of spatial and temporal 
scales (e.g., Broecker and Kunzig, 2008; Church et al., 2010, 
2011; Douglas, Kearney, and Leatherman, 2001; Hansen et al., 
2007; IPCC, 2001, 2007; Lambeck, Esat, and Potter, 2002; Miller 
et al., 2005). On a global scale, sea level varies as the volume and 
mass of ocean water changes, and also as the volume of the ocean 
basins changes. Two primary contributors to ocean volume and 
mass are from thermal steric expansion through heat uptake and 
the addition of melt water from grounded ice sheets and glaciers 
(Bindoff et al., 2007; Church et al., 2010; IPCC, 2007; Milne et 
al., 2009; Mitchum et al., 2010; Woodworth et al., 2008). Oxygen 
isotope records from cores provide evidence that sea level has 
varied over the past 3 million years, primarily in response to 
cyclic shifts between glacial and interglacial periods (Lambeck, 
Esat, and Potter, 2002). These records indicate that over the last 
800,000 years the magnitude of the sea-level changes has been in 
the range of 120–140 m with a cyclicity of about 100,000 years 
as determined by variances in Earth’s orbital motion. During the 
last interglacial warm period (~125,000 years before present (yr 
BP)), when most of the world’s glaciers and many ice sheets on 

Figure 2. Generalized curve of sea-level rise since the last ice age. 
Abbreviations: MWP=meltwater pulse. MWP-1Ao, c. 19,000 years ago; 
MWP-1A, 14,600 to 13,500 years ago; MWP-1B, 11,500 to 11,000 years 
ago; MWP-1C, ~8,200 to 7,600 years ago (Gornitz, 2007). 
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Greenland were depleted, sea level was approximately 6–8 m 
higher than present (Kopp et al., 2009). In contrast, during the 
Last Glacial Maximum (LGM, ~21,000 years before present) 
when much of North America and northern Europe were covered 
with ice sheets, sea level was 120–130 m lower than present and 
many present-day continental shelf areas were exposed coastal 
plains (Figure 2) (Fairbanks, 1989; Muhs et al., 2004). 

Evidence from the coral record constructed by Fairbanks 
(1989) indicates that GSL rise rates between 21,000 to 6,000 
years ago averaged 10 mm/yr and were punctuated by two 
meltwater pulses when rise rates may have reached 40–50 
mm/yr (USCCSP, 2008; Fairbanks, 1989). Sea-level rise then 
slowed to a rate of about 0.5 mm/yr from 6,000 to 3,000 years 
ago (Fairbanks, 1989; Rohling et al., 2008). The rate of GSL 
rise slowed episodically with rates eventually reaching a near 
stillstand (0 to 0.2 mm/yr) 2,000 to 3,000 years ago (Lambeck 
and Bard, 2000). 

HISTORICAL SEA-LEVEL CHANGE

Mapping of ancient coastal landforms and radiocarbon age 
dating and analysis of organic material in sediment cores and 
coral reefs are indirect proxy methods used for determining sea-
level elevations in the recent geologic past. However, long-term 
(>50 years) tide gage data from well located sites are the best 
source of measurements of relative sea-level trends over the past 
century and longer (Figure 3; Douglas, 1992). The Permanent 
Service for Mean Sea Level (http://www.psmsl.org/) is the best 
source of global tide data and NOAA (2009) is a source for U.S. 
tide gage data (Zervas, 2009). 

Analyses of tide gage records worldwide indicate that sea-
level rise rates increased in the 20th century (Bindoff et al., 
2007; Gehrels et al., 2008; Kemp et al., 2011; Mitchum et al., 

2010), and that acceleration in GSL rise rates may have begun 
earlier (Jevrejeva et al., 2008). The 20th century rate of GSL 
rise averaged 1.7 mm/yr (Bindoff et al., 2007), with decadal 
fluctuations occurring throughout the century (Church and 
White, 2011; Jevrejeva et al., 2006; 2008; Woodworth et al., 
2008). Since the early 1990s, both satellite altimetry, as shown 
in Figure 4, and tide gage observations indicate that the rate of 
GSL rise increased to 3 mm/yr (Bindoff et al., 2007; Cazenave 
and Llovel, 2010). While this is a significant increase, it is not 
yet possible to determine with certainty whether this is a natural 
decadal variation that has occurred in the past, or a definitive 
acceleration in response to climate warming (Bindoff et al., 
2007).The IPCC (2007) reports, however, that the increase is 
likely due to equal contributions from ocean thermal expansion 
and ice-sheet melting. Studies by Cazenave et al. (2009) found 
that the rate mainly reflects glacial melt contributions, whereas 
thermal expansion has apparently leveled off in comparison to 
the previous decade. Recent studies of global sea-level change 
and energy budgets from 1961 to 2008 by Church et al. (2011) 
show that of the observed rise, ocean expansion accounts for 0.8 
mm/yr, melting glaciers and ice caps accounts for 0.7 mm/yr, 
and Greenland and Antarctica melt rates account for 0.4 mm/yr. 
Other factors such as groundwater depletion and water retention 
behind dams, which offset GSL rise rates are discussed by 
Church et al. (2011) and Konikow (2011).

It should be emphasized that calculating a rate for historical 
GSL rise is highly dependent on the specific time period selected 
for measurement due to the changing contributions of the steric 
and eustatic components to the average global sea-level change, 
and the number and spatial distribution of gage stations used 
(Jevrejeva et al., 2006). Much of the debate about the historical 
GSL trends and apparent accelerations or decelerations in the 
rate of change over time is due to different statistical trends in 
data within specific time frames. Excellent reviews discussing 
the complexity of methods for studying and reporting sea level 
are provided by Baart et al. (2012), Church et al. (2010), and 
Woodworth et al. (2008). An important question to address 
is whether there is evidence that acceleration in GSL rise has 

Figure 3. Global mean sea-level rise from 1870 to 2001 reported in 
IPCC (2007). The red curve shows sea level since 1870 (from Church 
and White, 2006); the blue curve shows tide gage data from Holgate 
and Woodworth (2004), and the black curve is based on satellite altim-
eter data from Leuliette, Nerem, and Mitchum (2004). The red and blue 
curves are deviations from their averages for 1961–1990, and the black 
curve is the deviation from the average of the red curve for the period 
1993–2001 (IPCC, 2007).

Figure 4. The highly variable spatial distribution of the rates of sea-level 
change, plotted about the globally averaged rate of change for the period 
1992–2011, as measured from satellite altimeter data and processed by 
NOAA (CSIRO, 2012).
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started as predicted from semiempirical models and can be linked 
to observed global warming? And is it a global acceleration, a 
region-specific acceleration due to warming, the product of a 
multidecadal variation, or some combination of these?

This topic is subject of debate in the literature; however, 
observations show that acceleration of rise rates started in the 
mid-19th century, increasing to a current global average rise 
rate (over the past 20 years) of 3 mm/yr, a 50% increase, but 
with high regional variability (Gehrels, 2010; Holgate and 
Woodworth, 2004; Merrifield, Merrifield, and Mitchum, 2009; 
Sallenger, Doran, and Howd, 2012; Yin et al., 2010). In contrast 
to papers reporting evidence for acceleration, Douglas (1992) 
was one of the first to look for evidence of acceleration using 
tide gage data and reported none. Munk (2002) offered insights 
on the enigma of warming and lack of definitive GSL rise. More 
recently Houston and Dean (2011a, b) used tide gage data to 
conclude a slight deceleration in sea-level rise rates. Subsequent 
rebuttal papers by Rahmstorf and Vermeer (2011), Rignot et al. 
(2011), Donoghue and Parkinson (2011), and Sallenger, Doran 
and Howd (2012), have raised issues with the data selection, 
statistical analysis, and conclusions of Houston and Dean (2011a, 
b). Baart, van Koningsveld, and Stive (2012) provide a useful 
discussion of the debate and offer constructive suggestions on 
methods of research for addressing and reporting on the topic 
of sea level. This is an important topic and longer-term satellite 
altimetry observations and additional careful statistical analysis 
of the data are needed to resolve the question of whether sea-
level-rise rates are accelerating in response to warming effects.

Tide gage records, and more recently, satellite observations 
show that LRSL has very large spatial and temporal variability 
due to many geophysical and oceanographic drivers. The high 
variability is due to regional factors such as subsidence, uplift, 
and changes in ocean circulation, and shows the difficulty of 
determining average rates from such diverse data. Most of 
the U.S. coast is undergoing LRSL rise; however, there are 
exceptions where uplift of the land is greater than GSL. The 
rate of LRSL rise, as measured by tide gages along the Atlantic 
coast of the U.S., varies from 1.8 mm/yr to as much as 4.4 mm/
yr (Zervas, 2009). The lower rise rates, which occur along New 
England and from Georgia to Florida, are close to the global 
average rate of 1.7 mm/yr and indicate that the land is stable 
(Bindoff et al., 2007). The higher LRSL rise rates, however, 
along the Mid-Atlantic region from New Jersey to Virginia, are 
attributed to global rise in combination with land subsidence, due 
mainly to glacio-isostatic adjustment (GIA) (i.e., vertical change 
of the Earth’s crust in response to the melting of the Laurentide 
ice sheet), to local compaction of sediments due to freshwater 
withdrawal from aquifers (Douglas, 2001; Emery and Aubrey, 
1991; Gornitz and Lebedeff, 1987; Kearney and Stevenson, 
1991; Peltier, 2001), and to changes in ocean circulation patterns 
(Sallenger, Doran, and Howd, 2012).

For the northern Gulf of Mexico coast, rates of LRSL rise are 
relatively modest along the Florida coast (2.0 to 2.4 mm/yr). 
Rates are significantly higher at tide gage stations in Louisiana 
and Texas. Galveston, Texas has rates of 6.5 mm/yr and 
rates increase eastward to 9.9 mm/yr at Grand Isle, Louisiana 
(Zervas, 2009). The higher than average rates along the Texas 
and Louisiana coast are the result of down warping of the crust 
due to sediment loading and land subsidence due to sediment 

compaction and consolidation, groundwater withdrawal, and 
oil and gas production (Gabrysch, 1984; Galloway, Jones, and 
Ingebritsen, 1999; Morton, Buster, and Krohn, 2002; Williams 
et al., 2011). 

Along the U.S. Pacific coast, tectonic activity and GIA 
influence LRSL rise rates. At some locations, like San Diego 
and Santa Barbara, California, and Port Townsend, Washington, 
LRSL rise rates exceed the global average (2.2–2.8 mm/yr). At 
other locations, tectonic uplift causes LRSL to fall (e.g., Crescent 
City, California, -0.5 mm/yr; Astoria, Oregon, -0.2 mm/yr; and 
Neah Bay, Washington, -1.4 mm/yr) (Zervas, 2009). Tide gages 
along the coast of Alaska record that LRSL is falling as a result of 
a combination of GIA of the land as glaciers and ice sheets melt 
and tectonic uplift (Cohen and Freymueller, 2001). This uplift 
is determined by Global Positioning System (GPS) mapping of 
raised shorelines and gage data and use of viscoelastic models 
of crustal movement (Larsen et al., 2003). The greatest uplift is 
observed at Skagway, Alaska, where relative rise rates are -16.7 
mm/yr and Glacier Bay, Alaska, where relative rise rates are -28 
mm/yr (Zervas, 2009). 

COASTAL LANDFORM RESPONSE TO DRIVING 
FORCES

Coastal landforms are not simply inundated as sea level 
rises, but rather are modified by a variety of processes with 
cumulative impacts that vary greatly over time and location, and 
are determined by geophysical processes and geologic character. 
Conditions and driving forces that influence the evolution of 
coasts include: 

•	 Geologic framework and character of coastal landforms
•	 Coastal and nearshore oceanographic processes (waves, 

currents, circulation)
•	 Sediment supply to the coast by erosion and rivers and 

sediment transport along the coast 
•	 Effects of human activity that alter sediment movement 

(Carter and Woodroffe, 1994; FitzGerald et al., 2008; 
Williams and Gutierrez, 2009). 

These factors interact in complex ways, influencing the 
response of coastal landforms to sea-level change and tropical 
and extratropical storms.

One of the most evident impacts of sea-level rise is shoreline 
change resulting from inundation, erosion, and transgression of 
the shoreline. On sandy coasts, shoreline change results from 
changes to the morphology of the beach–dune system and 
shoreface. These changes do not occur as a direct result of sea-
level rise, but rather, coasts exist in an almost continual state of 
change in response to waves, currents, tidal action, and sediment 
availability (Carter and Woodroffe, 1994; Nicholls et al., 2007, 
2010; Stive et al., 2002). This is especially evident for shoreline 
change observed over the past century, when the increase in 
global sea level has been modest (1.7 mm/yr). During this 
time, major storms, variations in sediment supply to the coast, 
and a variety of human activities seem to have had more direct 
influence on shoreline change. 

Major storms often cause changes in the character of the coast 
that may persist for weeks to a decade or more (List, Farris, 
and Sullivan, 2006; Riggs and Ames, 2007; Zhang, Douglas, 
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and Leatherman, 2002, 2004). Complex interactions between 
nearshore sand bodies and underlying geology along the coast 
also influence the behavior of beach morphology over time 
(Honeycutt and Krantz, 2003; Miselis and McNinch, 2006; 
Riggs, Cleary, and Snyder, 1995; Schupp, McNinch, and List, 
2006). In addition, a variety of human actions intended to protect 
coastal development from waves and flooding, mitigate erosion, 
and maintain navigation channels have often altered the behavior 
of coasts considerably (Dean and Perlin 1977; Leatherman 1984; 
Nicholls et al., 2007, 2011; Nordstrom 1994, 2000). 

Until recently, coastal management and planning have been 
based on the premise that coastal change and sea-level rise are 
modest and predictable based on linear extrapolation of historical 
records, but that is changing based on improved climate science. 
Federal agencies, coastal states, and many organizations 
recognize that climate change and its impacts are compelling 
societal issues that should be addressed. An example is the U.S. 
Army Corps of Engineers (USACE) issued Engineering Circular 
1165-2-212 that provides guidance to districts for incorporating 
the effects of projected future sea-level change in all aspects of 
Corps projects. It directs that impacts resulting from sea-level 
change must be considered using three scenarios (low-medium-
high) specific to project details (USACE, 2011). And most 
recently, a panel of experts for the latest U.S national climate 
assessment, using peer literature, is projecting a range of GSL 
rise scenarios ranging from 0.2 to 2 m by A.D. 2100. They use 
0.2 mm/yr as a baseline projection of the 20th century rise rate. 
This new assessment is expected to be released in 2013.

IMPACTS OF SEA-LEVEL RISE 

Sea-level rise is impacting coasts now with increased tidal-
flood frequency during routine astronomical spring high tides 
and erosion; and, these effects will increase in the future (Church 
et al., 2010; Gornitz et al., 2002; Moser, Williams and Boesch, 
2012; Nicholls et al., 2011; Nicholls and Cazavene, 2010; 
Weiss, Overpeck, and Strauss, 2011; USCCSP, 2009; Williams, 
2010; Williams et al., 2009a, b). The effects of sea-level rise 
on coasts are not uniform, but vary considerably from region 
to region and over a range of temporal scales (Nicholls et al., 
2007; Nicholls et al., 2010; Weiss et al., 2011). The effects 
are greatest on low-relief, low-elevation coasts such as deltas, 
coastal plains, and islands, as well as urban areas on the coast 
(Nicholls et al., 2011; Moser, Williams and Boesch 2012, Weiss 
et al., 2011). With higher sea level, storm impacts from surge and 
waves have the potential to be greater and reach farther inland 
from the coast (USCCSP, 2009). In some regions, wetlands are 
drowning, fringe forests are dying from saltwater exposure, and 
farmland is being converted to tidal marsh and salt flats (Riggs 
and Ames, 2003, 2007). In addition, some roadways and urban 
centers in low-elevation areas close to the coast experience more 
frequent flooding during spring high tides (Douglas, 2001). 
Examples are Alexandria, Virginia, Charleston, South Carolina, 
and the Eastern Shore, Chesapeake Bay, Maryland. Moreover, 
ghost forests of standing dead trees killed by saltwater intrusion 
are becoming increasingly common in southern New Jersey, 
Maryland, Virginia, Louisiana, and North Carolina (Riggs and 
Ames, 2003). Sea-level rise is also increasing saltwater intrusion 

into estuaries and threatening freshwater resources in some parts 
of the Mid-Atlantic region (Barlow, 2003).

The complex interactions among many driving forces make it 
difficult to directly relate sea-level rise to shoreline change and 
thus to reach agreement on best approaches to predict shoreline 
response to LRSL rise. The difficulty in linking LRSL rise to 
coastal change stems from the fact that shoreline change is 
not driven solely by sea level. Instead, coasts are in dynamic 
flux, responding to factors such as the underlying geological 
character, changes in tidal flow, and volume of sediment in the 
coastal system (e.g., FitzGerald et al., 2008; Riggs, Cleary, and 
Snyder, 1995; Sallenger et al., 2000). Consequently, while there 
is strong scientific consensus that climate change is affecting 
coasts, there are still uncertainties when predicting, in any detail, 
how the coast will respond to future GSL rise in concert with the 
other driving forces. Some promising results using geomorphic 
modeling of sea-level rise effects along ocean coasts are reported 
by Moore et al. (2010, 2011).

The challenge in defining the relationship between sea-level 
rise and shoreline change lies in the difficulty of measuring a 
direct cause and effect relationship between these two factors. 
The few studies that have attempted to constrain this relationship 
by examining shoreline changes during the 19th and 20th centuries 
have provoked debate (Leatherman, Zhang, and Douglas, 
2000a, 2000b; Pilkey, Young, and Bush, 2000; Sallenger et al., 
2000; Zhang, Douglas, and Leatherman, 2004). Nonetheless, 
there is an abundance of geological evidence preserved on the 
continental shelf that indicates that the shoreline was several tens 
of kilometers seaward about 5,000 years ago when sea level was 
lower and that since then the shoreline has transgressed landward 
(Fletcher, Knebel, and Kraft, 1990; Kraft, 1971). 

There is some indication that coastal landforms have thresholds 
or tipping points of geomorphic stability, such that when limits 
are exceeded, they become unstable and prone to irreversible 
changes in form and position (Moore et al., 2011; NRC, 2002; 
Riggs and Ames, 2003). For barrier islands, these changes may 
result in increased landward migration, geomorphic change 
such as reduction in size or segmentation, or in extreme cases, 
transformation of a barrier into a subaqueous sand shoal (i.e., 
drowning of the barrier island). Although it is not yet possible 
to define when a barrier island is close to a tipping point, several 
possible indicators are discussed by Gutierrez, Williams, and 
Thieler (2007): 

•	 Increased rate of landward migration of the barrier
•	 Decreased barrier width and elevation of barrier and sand 

dunes
•	 Increased frequency of storm overwash
•	 Increased frequency of barrier breaching and inlet 

formation and widening
•	 Segmentation of the barrier
As discussed earlier, the Mississippi River Delta plain region 

of Louisiana has much higher than average rates of LRSL rise 
due to geologic factors such as subsidence and man-made 
alterations to the delta plain, wetlands, and coast (Williams, 
2010). As a result the entire coast is highly erosional and highly 
vulnerable to sea-level rise and storms (Pendleton et al., 2010). 
Detailed mapping studies over the past two decades show that 
the Chandeleur Islands off the southeastern Louisiana coast are 
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subject to sea-level rise, subsidence, frequent major storms, 
and reduced sediment budget. These factors suggest that the 
Chandeleur Islands may be close to crossing a threshold of 
stability, ultimately leading to their demise (Moore et al., 2011; 
Sallenger et al., 2007). Geologic evidence for barrier island 
deterioration and submergence off other parts of the Louisiana 
coast during the late Holocene marine transgression has been 
reported by Williams et al. (2011, 2012) among others. Loss 
of these barrier landforms might be the result of past threshold 
crossings and perhaps are analogues for the Chandeleur Islands. 
Similar pervasive deterioration of barrier islands may also occur 
along the North Carolina Outer Banks as a result of sea-level rise 
and storm activity (Culver et al., 2007, 2008; Moore et al., 2010, 
2011; Riggs and Ames, 2003).

To investigate possible impacts to Mid-Atlantic coastal 
landforms under three GSL rise scenarios (30 cm, 50 cm, and 
100 cm by A.D. 2100), a panel of coastal scientists produced 
a qualitative assessment of what might happen as reported in 
USCCSP (2009) and Gutierrez, Williams, and Thieler (2007). 
Results shown in Figure 5 indicate increased coastal erosion, 
overwash and breaching are likely at moderate rates of rise, and 
possible threshold crossing of barrier islands at higher rise values 
(~1 m). 

Also discussed in USCCSP (2009) and other reports, many U.S. 
tidal wetlands (e.g., Mississippi River Delta Plain, Louisiana, and 
Blackwater Marshes, Chesapeake Bay, Maryland) are already 
experiencing submergence and land loss because LRSL rise 
rates are exceeding sedimentation rates. Mid-Atlantic wetlands 
are expected to keep pace with moderate sea-level rise, but with 
higher values (~1 m) most tidal wetlands are likely to convert to 
open water bays and lagoons (see chapter 4, USCCSP, 2009). 
Tidal wetlands with sufficient sediment input may prevail under 
higher rates. The current wetland response models appear quite 
good for site-specific applications where local land elevations 
(i.e., lidar) and sediment accretion processes are well known, 
but model results at regional and national scales for wetland 
response currently lack reliability (USCCSP, 2009). 

SEA-LEVEL RISE SCENARIOS FOR THE 
FUTURE

While the evidence for recent GSL rise due to climate warming 
is debated, consensus is strong among climate scientists that sea 
level is very likely to rise at accelerated rates for the rest of the 
21st century and for centuries beyond (Anderson et al., 2010; 
IPCC, 2007; Jevrejeva, Moore, and Grinsted, 2011; Mitchum et 
al., 2010; Pfeffer, Harper, and O’Neel, 2008; Rahmstorf, 2007, 
2010; USGCRP, 2009). The latest climate change assessment by 
the Intergovernmental Panel on Climate Change (IPCC, 2007; 
Meehl et al., 2007) included physical model-based forecasts of 
sea-level rise by the end of the 21st century. They reported that sea 
level could rise 18–59 cm; however it is important to recognize 
that the IPCC authors emphasized that the projections did not 
include the potential for melting of major land-based ice sheets 
on Greenland or West Antarctica due to a lack of understanding 
of ice sheet dynamics at the time (Meehl et al., 2007). These ice 
sheets account for a very large amount of potential sea-level rise 
but could not be modeled with high confidence at the time of the 

2007 report writing. A new IPCC assessment (AR 5) is being 
prepared and is expected to include refined model results of ice 
sheet dynamics and their contributions to GSL rise.

As shown in Figure 6 from Moser, Williams, and Boesch 
(2012), modeling studies by many since IPCC (2007) suggest 
that GSL is likely to increase by AD 2100 considerably more 
than the IPCC’s 59 cm predicted upper limit. Many believe that 
Greenland and West Antarctic ice sheet melting is likely to be 
more rapid than previously thought (see review in USCCSP, 
2008; Woodworth et al., 2008). These studies suggest that 
average GSL rise will be in a range of 0.5–2 m (Figure 6) by 
AD 2100; however, the rates of rise will have high regional and 
temporal variability due to the geophysical and oceanographic 
factors discussed earlier. For example, modeling studies have 
been used to predict that gravitational effects and shifts in 
ocean circulation patterns are likely to result in a nonuniform 
rise in sea level, possibly an additional 30–51 cm rise along the 
northeast coast of the U.S. and Canada (Hu et al., 2009, 2011; 
Yin, Schlesinger, and Stouffer, 2009; Yin, 2010). These model 
results of sea-level acceleration have recently been supported by 
observations and analyses from gage data from the Mid-Atlantic 
coast (Sallenger, Doran, and Howd, 2012). Many assessment 
studies over the past several years are projecting a 1-m global 

Figure 5. Map showing potential sea-level rise responses of coastal 
landforms in the Mid-Atlantic region. Colored portions of the coastline 
indicate the potential response for each of the three sea-level rise 
scenarios shown in the table (USCCSP, 2009).
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average sea-level rise by year A.D. 2100 as a reasonable value to 
be used for planning purposes. Having precise LRSL rise values 
for each region of the coast would be useful but is not possible 
at present because of so many variables and a lack of local data. 
As scientific understanding improves with new data, planning 
values, such as 1 m, can be adjusted downward or upward to 
meet needs.

Over longer time frames, with continued warming, some 
climate scientists feel that accelerated melting in Greenland 
and West Antarctica could lead to sea-level rise of 4 m or 
more over the next several hundred years. Sea-level rise may 
even approach levels attained during the last interglacial warm 
period, which was 6–8 m higher than modern day (Hansen et 
al., 2007; Overpeck et al., 2006). A paper by Jevrejeva, Moore, 
and Grinsted (2011) suggests GSL rise in the range of 1.8–5.5 
m is possible by AD 2500. At the extreme, a maximum rise of 
about 70 m is possible, if global warming continues such that 
all ice sheets melt. Total melting has happened in the geologic 
past, but would likely require several centuries of high global 
temperatures. Temperatures at this level (~4 C) are predicted 
by IPCC (2007) in some atmospheric model scenarios if carbon 
emissions are not reduced.  

IMPLICATIONS OF SEA-LEVEL RISE

The record of humans living at the coast is long, whether 
for resources, commerce, or personal appeal. And, throughout 
history, humans have responded to eroding shorelines and 
frequent flooding. The usual response was to avoid permanent 
habitation in low-lying coastal areas and to relocate village sites 
inland to higher ground when the shoreline encroached. More 
recently, as population has grown and coastal development 
increased, a variety of hard and soft engineering measures (e.g., 

seawalls, revetments, groins, beach nourishment) have been 
implemented to mitigate erosion and protect threatened upland 
property. Some measures can afford protection to upland areas 
but hard structures can also exacerbate erosion by disrupting 
sediment transport processes (USCCSP, 2009; NRC, 2007). 
Most engineering structures have been designed based on simple 
extrapolation of historical parameters of sea-level change, 
waves and currents, and hurricanes; however, with future sea-
level rise, calls for addressing increased coastal flooding and 
erosion will become more widespread and ultimately more 
expensive for society (Nicholls and Cazenave, 2010; Nicholls et 
al., 2007, 2011; Weiss et al., 2011). Coastal plain regions such 
as northeastern North Carolina and southern Virginia as well 
as the Louisiana delta plain, are particularly at risk and highly 
vulnerable to rising seas due to the low and narrow character of 
the barrier islands, the flat coastal plain surface extending from 
the coast many kilometers landward, and the fact that relative 
LRSL rise is occurring in these regions at higher than GSL rise 
rates due to regional geophysical factors. Cities along the coast 
are especially highly vulnerable, (e.g., Norfolk–Virginia Beach, 
New Orleans, Boston, New York, Washington, D.C., Miami, 
Houston–Galveston, San Francisco, and Honolulu).

A key issue for coastal zone management is to identify how 
and where to adapt to the changes that will result from sea-level 
rise using methods that benefit or minimize impacts to both the 
natural environment and human populations. Shore protection 
policies have been developed in response to shoreline retreat 
issues that affect coastal property or erosion of recreational 
beaches. While it is widely recognized that sea-level rise is an 
underlying cause of these changes, there has been limited policy 
and regulation that explicitly addresses or incorporates sea-
level rise into the decisionmaking process (USCCSP, 2009). 
Fortunately, this situation is changing as the importance of 
addressing the need for developing adaptation alternatives is 
recognized. In the short term (10–50 years), a low to modest 
acceleration in rise rates may simply increase the cost of current 
shore protection practices (Nordstrom, 2000). For longer 
term (>50 years) planning or if GSL rise rates become high, 
policy makers might evaluate whether current approaches and 
justifications for coastal protection need to be modified to reflect 
the increasing vulnerability (USCCSP, 2009). The use of rolling 
easements as described in Titus (2011) to accommodate sea-
level rise and maintain public access to the coast might have 
application in regions where development is limited and open 
space is available to accommodate marine transgression.

With the recognition of increasing coastal vulnerability, 
there is need for predictive models that can be used to forecast 
where erosion hazards are highest. Existing models that forecast 
shoreline response to sea-level rise include geometric models 
such as the Bruun Rule, empirical models based on historical 
water-level data, or more simply extrapolation of historical 
shoreline change rates (Bruun, 1962). These methods provide 
deterministic predictions, but often do not account for the spatial 
and temporal variability of coastal processes or for the fact that 
erosion is episodic and does not necessarily respond quickly to 
forcing. Furthermore, the shoreline response may depend on 
the influence of previous events. The use of semiquantitative 
geomorphic models to predict coastal change offers promise 
(Moore et al., 2010, 2011). Incorporating probabilistic methods 
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Figure 6. Graphic summary of the range of average global sea-level rise 
projections by end of this century (2090-2100) from the peer-reviewed 
literature. Notations “B1”, “A2” and “A1Fi” refer to IPCC emissions 
scenarios. Details on methods used and assumptions are in the original 
references (Moser, Williams, and Boesch, 2012).
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such as Bayesian Networks (Borsuk, Stow, and Reckhow, 2004; 
Gutierrez, Plant, and Thieler, 2011; Jensen, 1996) also may help 
account for the complexities involved in assigning probabilities 
to coastal change.

Sea-level rise projections should be fully considered in 
coastal management plans and engineering design; however, 
existing studies of vulnerability based on extant elevation data 
do not provide the degree of confidence that is required for local 
decisionmaking (see chapter 2, USCCSP, 2009). Studies that use 
elevation data for risk maps need to include statements about the 
vertical accuracy of the data; and, importantly, the current best 
available elevation data for much of the U.S. do not scientifically 
support assessment mapping using a rise increment of 1 m or 
less. Nationwide collection of high-quality lidar-elevation data 
across the coastal zone would improve the ability to conduct 
assessments of coastal vulnerability that can reliably be used for 
planning and decisionmaking (USCCSP, 2009).

To cope with sea-level rise, current policies and economic 
considerations should be examined and modified when necessary 
so that society and natural systems are better able to adapt. Plans 
and policy need to be based on the best available science. To 
enhance scientific understanding, needs include more continuous 
and long-term observations of glaciers and ice sheets, coastal and 
sea-level change, and continued improvement in models that are 
able to resolve regional variability in coastal change. 

SUMMARY AND CONCLUSIONS

The geologic record shows that global mean sea level has 
been 6–8 m higher in the past due to natural climate change. 
Global climate change now, however, is due largely to carbon 
emissions from human activities and land use change. Sea-level 
rise is one of the most pervasive impacts of climate change 
and is already affecting many coastal regions with erosion and 
increased tidal flooding. These effects will continue and are very 
likely to increase in the future. High population densities in many 
coastal regions make it more expensive and complex to protect 
development in the face of natural hazards. These conditions 
are leading to an increase in vulnerability of natural systems 
and human populations, resulting in significant economic and 
societal risk. Our scientific understanding for predicting GSL 
rise and the effects on coastal systems is improving, but much 
work remains to develop reliable and useful forecasts of risk and 
quantified probabilities.

For much of the U.S. coast, more frequent tidal flooding, 
erosion, and inundation will be the dominant responses to sea-
level rise throughout the 21st century and beyond. The actual 
responses will vary greatly depending on many local factors. 
Some coastal landforms may undergo large changes in shape 
and location, and wetlands may drown if higher rise rates are 
realized. Increased inundation and more frequent tidal and storm-
surge flooding will especially affect estuaries and low-lying 
coastal areas. Regions undergoing subsidence will experience 
the greatest land loss. The response of coastal landforms to these 
driving forces will vary depending on the geologic character 
of coastal landform and local conditions, but the impacts are 
likely to be more extreme, more variable, and less predictable 
than the changes observed in the past century. For higher GSL 

rise scenarios, some barrier islands and spits, and wetlands 
may cross thresholds and undergo irreversible change, such as 
rapid landward migration, segmentation of barrier islands, and 
drowning of wetlands.  

Observations that sea-level rise rates are accelerating due to 
warming are becoming conclusive. Analyses suggest GSL rise 
rate acceleration started in the mid-19th century. The 20th century 
average rise rate was 1.7 mm/yr and the current GSL rise rate is 3 
mm/yr. Important questions still to be answered are: how much is 
sea level likely to rise during this century, at what rates, and what 
levels are expected beyond A.D. 2100? The range of projections 
for very likely GSL rise by the end of this century is 0.5–2 
m. Local rates, however, will have high spatial and temporal 
variability. Assessments from several studies suggest that using 
a rise value of 1 m by A.D. 2100 for planning is sensible. More 
rapid warming and greater ice losses in Greenland and West 
Antarctica could result in rise of 2 m or even more. Warming 
beyond A.D. 2100 will continue along with accelerated but 
highly variable GSL rise. 

Coastal management plans should include evaluations 
of potential responses to higher rates of GSL rise and cost-
effective alternatives. Plans might include some combination of 
sustainable coastal protection, and strategic landward relocation 
of infrastructure and development for particularly vulnerable 
areas or if very high rise rates are realized.

In closing, planning for projected sea-level rise increases 
should be based on credible science, engineering, and economics 
to ensure careful consideration of cost-effective methods for 
sustaining the coast. Plans should be flexible to accommodate 
new information on rise projections and changes to coastal 
management and policy. And last, planning should also be 
inclusive by fully considering the long term economic, social, 
and environmental costs and benefits of various methods of 
adaptation. 

ACKNOWLEDGEMENTS

Review and constructive comments from three anonymous 
reviewers were helpful in improving the quality of the paper and 
are appreciated. The information presented and views expressed 
are solely those of the author.

LITERATURE CITED

Anderson, J.; Milliken, K.; Wallace, D.; Rodriguez, A., and 
Simms, A., 2010. Coastal impact underestimated from rapid 
sea-level rise. Eos, Transactions American Geophysical 
Union, 91(23), 205–206, doi:10.1029/2010EO230001.

Baart, F.; van Koningsveld, M., and Stive, M., 2012. Trends in 
sea level trend analysis. Journal of Coastal Research, 28(2), 
311–315.

Barlow, P.M., 2003. Ground Water in Freshwater and Saltwater 
Environments of the Atlantic Coast. U.S. Geological Survey 
Circular 1262, 113p.

Bindoff, N.L.; Willebrand, J.; Artale, V.; Cazenave, A.; Gregory, 
J.; Gulev, S.; Hanawa, K.; Quéré, L.; Levitus, S.; Nojiri, 
Y.; Shum, C.K.; Talley, L.D., and Unnikrishnan, A., 2007. 
Observations: oceanic climate change and sea level. In: 



Journal of Coastal Research, Special Issue No. 63, 2013

Williams 192

IPCC, Climate Change 2007: The Physical Science Basis. 
Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate. Cambridge, 
United Kingdom: Cambridge University Press, pp. 385–
432.	

Borsuk, M.E.; Stow, C.A., and Reckhow, K.H., 2004. A Bayesian 
network of eutrophication models for synthesis prediction, and 
uncertainty analysis. Ecological Modelling, 173, 219–239.

Broecker, W.S. and Kunzig, R., 2008. Fixing Climate: What Past 
Climate Changes Reveal About the Current Threat–and How 
to Counter It. New York: Hill and Wang, 253p.

Bruun, P.M., 1962. Sea-level rise as a cause of shore erosion. 
Journal of Coastal Engineering, 7(1), 77–89.

Carter, R.W.G. and Woodroffe, C.D., 1994. Coastal Evolution: 
Late Quaternary Shoreline Morphodynamics. Cambridge, 
United Kingdom: Cambridge University Press, 517p.

Cazenave, A.; Dominh, K.; Guinehut, S.; Berthier,E.; Llovel, W.; 
Ramillien, G.; Ablain, M., and Larnicol., G., 2009. Sea level 
budget over 2003–2008: A re-evaluation from GRACE space 
gravimetry, satellite altimetry and Argo. Global and Planetary 
Change, 65, 83–88.

Cazenave, A. and Llovel, W., 2010. Contemporary sea-level rise. 
Annual Review of Marine Science, 2, 145–173.

Church, J.A. and White, N.J., 2006. A 20th century acceleration 
in global sea-level rise. Geophysical Research Letters, 33, 
L01602, doi:10.1029/2005GL024826.

Church, J.A. and White, N.J., 2011. Sea-level rise from the late 
19th to the early 21st century. Surveys in Geophysics, 32(4–5), 
585–602.

Church, J.A.;Woodworth, P.L.; Aarup, T., and Wilson, W.S. 
(eds.), 2010. Sea-Level Rise and Variability. Chichester, 
United Kingdom: Wiley-Blackwell, 428p.

Church, J.A.; White, N.J., Konikow, L.F.; Domingues, C..M.; 
Cogley, J.G.; Rignot, E.; Gregory, J.M.; van den Broeke, M.R.; 
Monaghan, A.J., and Velicogna, I., 2011. Revisiting the Earth’s 
sea level and energy budgets from 1961 to 2008. Geophysical 
Research Letters, 38, L18601, doi:10.1029/2011GL048794.

Cohen, S.C. and Freymueller, J.T., 2001. Crustal uplift in 
the south central Alaska subduction zone: New analysis 
and interpretation of tide gauge observations. Journal of 
Geophysical Research, 106(B6), 11,259–11,270.

Crossett, K.; Culliton, T.J.; Wiley, P., and Goodspeed, T.R., 
2004. Population Trends Along the Coastal United States, 
1980–2008. Silver Spring, Maryland: National Oceanic and 
Atmospheric Administration, 47p.

Crowell, M.; Coulton, K.; Johnson, C.; Westcott, J.; Bellomo, 
D.; Edelman, S., and Hirsch. E., 2010. An estimate of the 
U.S. population living in 100-year coastal flood hazard areas. 
Journal of Coastal Research, 26(2), 201–211.

CSIRO (Commonwealth Scientific and Industrial Research 
Organisation), 2012. Sea-level rise: Understanding the past–
Improving projections for the future. URL: http://www.cmar.
csiro.au/sealevel/; accessed on April 25, 2012.

Culver, S.J.; Farrell, K.M.; Mallinson, D.J.; Horton, B.P.; Willard, 
D.A.; Thieler, E.R.; Riggs, S.R.; Snyder, S.W.; Wehmiller, J.F.; 
Bernhardt, C.E., and Hillier, C., 2008. Micropaleontologic 
record of late Pliocene and Quaternary paleoenvironments in 
the northern Albemarle Embayment, North Carolina, U.S.A. 

Palaeogeography, Palaeoclimatology, Palaeoecology, 264(1–
2), 54–77.

Culver, S.J.; Grand Pre, C.A.; Mallinson, D.J.; Riggs, S.R.; 
Corbett, D.R.; Foley, J.; Hale, M.; Metger, L.; Rosenberger, 
J.; Smith, C.G.; Smith, C.W.; Snyder, S.W., and Twamley, D., 
2007. Late Holocene barrier island collapse: Outer Banks, 
North Carolina, U.S.A. The Sedimentary Record, 5(4), 4–8.

Day, J.; Mitsch, W.J.; Orth, K.; Mashriqui, H.; Reed, R.J.; 
Shabman, L.; Simenstad, C.A.; Streever, B.J.; Twilley, 
R.R.; Watson, C.C.; Wells, J.T., and Whigham, D.F., 2007. 
Restoration of the Mississippi Delta: Lessons from Hurricanes 
Katrina and Rita. Science, 315(5819), 1679–1684.

Dean, R.G. and Perlin, M., 1977. A coastal engineering study of 
Ocean City Inlet. Coastal Sediments ’77 (ACSE), pp. 520–
542.

Donoghue, J.F. and Parkinson, R.W., 2011. Discussion of: 
‘Houston, J.R. and Dean, R.G., 2011. Sea-level acceleration 
based on U.S. tide gauges and extensions of previous global-
gauge analyses. Journal of Coastal Research, 27(3), 409–417.’ 
Journal of Coastal Research 27(5), 994–996.

Douglas, B.C., 1992. Global sea level acceleration. Journal 
Geophysical Research, 97(C8), 12,699–12,706.

Douglas, B.C., 2001. Sea level change in the era of the recording 
tide gauges. In: Douglas, B.C.; Kearney, M.S., and Leatherman, 
S.P. (eds.), Sea Level Rise: History and Consequences. San 
Diego, California: Academic Press, pp. 37–64.

Douglas, B.C.; Kearney, M.S., and Leatherman, S.P., 2001. Sea 
Level Rise: History and Consequences. San Diego, California: 
Academic Press, 272p.

Emery, K.O. and Aubrey, D.G., 1991. Sea Levels, Land Levels, 
and Tide Gauges. New York: Springer-Verlag, 237p.

Fairbanks, R.G., 1989. A 17,000-year glacio-eustatic sea level 
record influence of glacial melting rates on the Younger Dryas 
event and deep-sea circulation. Nature, 342(6250), 637–642.

FitzGerald, D.M.; Fenster, M.S.; Argow, B., and Buynevich, I.V., 
2008. Coastal impacts due to sea-level rise. Annual Review of 
Earth and Planetary Sciences, 36, 601–647.

Fletcher, C.H.; Knebel, H.J., and Kraft, J.C., 1990. Holocene 
evolution of an estuarine coast and tidal wetlands. Geological 
Society of America Bulletin, 102, 283–297. 

Gabrysch, R. K., 1984. Ground-Water Withdrawals and Land-
Surface Subsidence in the Houston–Galveston region, Texas. 
Texas Department of Water Resources Report 287, 64p.

Galloway, D.; Jones, D.R., and Ingebritsen, S.E., 1999. Land 
Subsidence in the United States. U.S. Geological Survey 
Circular 1182, 177p.

Gehrels, W.R., 2010. Sea level change since the Last Glacial 
Maximum: An appraisal of the IPCC Fourth Assessment 
Report. Journal of Quaternary Science, 25(1), 26–38.

Gehrels, W.R.; Hayward, B.W.; Newnham, R.M., and Southall, 
K.E., 2008. A 20th century acceleration in sea-level rise in 
New Zealand. Geophysical Research Letters, 35, L02717, 
doi:10.1029/2007GL032632.

Gornitz, V., 2007. Sea level rise, after the ice melted and today. 
National Aeronautics and Space Administration Goddard 
Institute for Space Studies Science Briefs, URL: http://www.
giss.nasa.gov/research/briefs/gornitz_09/; accessed on April 
25, 2012.



Journal of Coastal Research, Special Issue No. 63, 2013

Sea-Level Rise Implications for Coastal Regions 193

Gornitz, V. and Lebedeff, S., 1987. Global sea-level changes 
during the past century. In: Nummedal, D.; Pilkey, O.H., 
and Howard, J.D. (eds.), Sea-Level Fluctuation and Coastal 
Evolution, Special Publication 41. Tulsa, Oklahoma: Society 
of Economic Paleontologists and Mineralogists, pp. 3–16.

Gornitz, V.; Couch, S., and Hartig, E.K., 2002. Impacts of sea 
level rise in the New York City metropolitan area. Global and 
Planetary Changes, 32, 61–88.

Gutierrez, B.T.; Plant, N.G., and Thieler, E.R., 2011. A Bayesian 
network to predict coastal vulnerability to sea-level rise. 
Journal of Geophysical Research Earth Surface, 116, 
doi:10.1029/2010JF001891.

Gutierrez, B.T.; Williams, S.J., and Thieler, E.R., 2007. Potential 
for Shoreline Changes Due to Sea-level Rise Along the 
U.S. Mid-Atlantic Region. U.S. Geological Survey Open 
File Report 2007–1278, 30p. URL: http://pubs.usgs.gov/
of/2007/1278/.

Hansen, J.; Sato, M.; Kharecha, P.; Russell, G.; Lea, D.W., 
and Siddall, M., 2007. Climate change and trace gases. 
Philosophical Transactions of the Royal Society, 365, 1925–
1954.

Holgate, S.J. and Woodworth, P.L., 2004. Evidence for enhanced 
coastal sea level rise during the 1990s. Geophysical Research 
Letters, 31, L07305, doi:10.1029/2004GL019626.

Honeycutt, M.R. and Krantz, D.E., 2003. Influence of geologic 
framework on spatial variability in long-term shoreline 
change, Cape Henlopen to Rehoboth Beach, Delaware. In: 
Byrnes, M.R.; Crowell, M., and Fowler, C. (eds.) Shoreline 
Mapping and Change Analysis: Technical Considerations 
and Management Implications, Journal of Coastal Research, 
Special Issue No. 38, West Palm Beach (Florida), pp. 147–167.

Houston, J.R. and Dean, R.G., 2011a. Sea-level acceleration 
based on U.S. tide gauges and extensions of previous global-
gauge analysis. Journal of Coastal Research, 27(3), 409–417.

Houston, J.R. and Dean R.G., 2011b. Reply to: ‘Rahmstorf, 
S. and Vermeer, M., 2011. Discussion of: Houston, J.R. and 
Dean, R.G., 2011. Sea-level acceleration based on U.S. tide 
gauges and extensions of previous global-gauge analyses. 
Journal of Coastal Research, 27(3), 409–417. Journal of 
Coastal Research, 27(4), 778–790. 

Hu, A.; Meehl, G.A.; Han, W., and Yin, J., 2009. Transient 
response of the MOC and climate to potential melting of the 
Greenland ice sheet in the 21st century. Geophysical Research 
Letters, 36, L10707, doi:10.1029/2009GL037998.

Hu, A.; Meehl, G.A.; Han, W., and Yin, J., 2011. Effect of the 
potential melting of the Greenland ice sheet on the meridional 
overturning circulation and global climate in the future. Deep 
Sea Research II, 58, 1914–1926.

IPCC (Intergovernmental Panel on Climate Change), 2001. 
Climate Change 2001: The Scientific Basis. Contribution 
of Working Group I to the Third Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge, 
United Kingdom: Cambridge University Press, 881p.

IPCC (Intergovernmental Panel on Climate Change), 2007. 
Climate Change 2007: The Physical Science Basis. 
Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge, United Kingdom: Cambridge University Press, 

996p.
Jensen, F.V., 1996. An Introduction to Bayesian Networks. New 

York: Springer-Verlag, 178p.
Jevrejeva, S.; Grinsted, S.A.; Moore, J.C., and Holgate, S., 

2006. Nonlinear trends and multiyear cycles in sea level 
records. Journal of Geophysical Research, 111, C09012, 
doi:10.1029/2005JC003229.

Jevrejeva, S.; Moore, J.C., and Grinsted, A., 2011. Sea level 
projections to AD 2500 with a new generation of climate 
change scenarios. Global and Planetary Change, 80:81, 14–
20.

Jevrejeva, S.; Moore, J.C.; Grinsted, A., and Woodworth, 
P.L., 2008. Recent global sea level acceleration started over 
200 years ago? Geophysical Research Letters, 35, L08715, 
doi:10.1029/2008GL033611.

Kearney, M.S. and Stevenson, J.C., 1991. Island loss and marsh 
vertical accretion rate evidence for historical sea-level changes 
in the Chesapeake Bay. Journal of Coastal Research, 7(2), 
403–416.

Kemp, A.C.; Horton, B.P.; Donnelly, J.P.; Mann, M.E.; Vermeer, 
M., and Rahmstorf, S., 2011. Climate related sea-level 
variations over the past two millennia. Proceedings of the 
National Academy of Sciences, doi:10.1073/pnas.1015619108.

Konikow, LF., 2011. Contributions of global groundwater 
depletion since 1900 to sea-level rise. Geophysical Research 
Letters, 38, L17401, doi:10.1029/2011GL048604.

Kopp, R.E.; Simons, F.J.; Mitrovica, J.X.; Maloof, A.C., and 
Oppenheimer, M., 2009. Probabilistic assessment of sea 
level during the last interglacial stage. Nature, 462, 863–867, 
doi:10.1038/nature08686.

Kraft, J.C., 1971. Sedimentary facies patterns and geologic 
history of a Holocene marine transgression. Geological 
Society of America Bulletin, 82, 2131–2158. 

Lambeck, K. and Bard, E., 2000. Sea-level change along the 
French Mediterranean coast for the past 30,000 years. Earth 
and Planetary Science Letters, 175, 203–222.

Lambeck, K.; Esat, T.M., and Potter, E.K., 2002. Links between 
climate and sea levels for the past three million years. Nature, 
19, 199–206.

Larsen, C.F.; Echelmeyer, K.A.; Freymueller, J.T., and Motyka, 
R.J., 2003. Tide gauge records of uplift along the northern 
Pacific–North American plate boundary, 1937 to 2001. 
Journal of Geophysical Research, 108(B4), 2216–2231.

Leatherman, S.P., 1984. Shoreline evolution of north Assateague 
Island. Shore and Beach, 52, 3–10.

Leatherman, S.P.; Zhang, K., and Douglas, B.C., 2000a. Sea-
level rise shown to drive coastal erosion. Eos, Transactions 
American Geophysical Union, 81, 55–58.

Leatherman, S.P.; Zhang, K., and Douglas, B.C., 2000b. Sea-level 
rise shown to drive coastal erosion: A reply. Eos, Transactions 
American Geophysical Union, 81, 437–441.

Leuliette, E.W.; Nerem, R.S., and Mitchum, G.T., 2004. 
Calibration of TOPEX/Poseidon and Jason Altimeter data 
to construct a continuous record of mean sea level change. 
Marine Geodesy, 27, 79–94.

List, J.H.; Farris, A.S., and Sullivan, C., 2006. Reversing storm 
hotspots on sandy beaches: spatial and temporal characteristics. 
Marine Geology, 226, 261–279.



Journal of Coastal Research, Special Issue No. 63, 2013

Williams 194

McGranahan, G.; Balk, D., and Anderson, B., 2007. The 
rising tide: assessing the risks of climate change and human 
settlements in low elevation coastal zones. Environment & 
Urbanization, 19(1), 17–37.

Meehl, G.A.; Stocker, T.F.; Collins, W.D.; Friedlingstein, P.; 
Gaye, A.T.; Gregory, J.M.; Kitoh, A.; Knutti, R.; Murphy, 
J.M.; Noda, A.; Raper, S.C.B.; Watterson, I.G.; Weaver, 
A.J., and Zhao, Z.-C., 2007. Global climate projections. In: 
IPCC, Climate Change 2007: The Physical Science Basis. 
Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge, United Kingdom: Cambridge University Press, 
pp. 747–845.

Merrifield, M.A.; Merrifield, S.T., and Mitchum, G.T., 2009. An 
anomalous recent acceleration of global sea-level rise. Journal 
of Climatology, 22, 5772–5781.

Miller, K.G.; Kominz, M.A.; Browning, J.V.; Wright, J.D.; 
Mountain, G.S.; Katz, M.E.; Sugarman, P.J.; Cramer, B.S.; 
Christie-Blick, N., and Pekar, S.F., 2005. The Phanerozoic 
record of global sea-level change. Science, 310, 1293–1298. 

Milne, G.A.; Gehrels, W.R.; Hughes, C.W., and Tamisiea, M., 
2009. Identifying the causes of sea-level change. Nature 
Geosciences, 2, 471–478.

Miselis, J.L. and McNinch, J.E., 2006. Calculating shoreline 
erosion potential using nearshore stratigraphy and sediment 
volume, Outer Banks, North Carolina. Journal of Geophysical 
Research, 111, F02019, doi:10.1029/2005JF000389.

Mitchum, G.T.; Nerem, R.S.; Merrifield, M.A., and Gehrels, 
W.R., 2010. Modern sea-level change estimates. In: Church, 
J.A.; Woodworth, P.L.; Aarup, T., and Wilson, W.S. (eds.), 
Sea-Level Rise and Variability. Chichester, United Kingdom: 
Wiley-Blackwell, pp. 122–138.

Moore, L.J.; List, J.H.; Williams, S.J., and Patsch, K., 2011. 
Barriers on the brink: the complex intertwined roles of 
geologic framework, sediment availability and sea-level rise 
in island evolution. In: Wang, P.; Rosati, J.D., and Roberts, 
T.M. (eds.), Coastal Sediments 2011, (Miami, Florida), pp. 
272–285.  

Moore, L.J.; List, J.H.; Williams, S.J., and Stolper, D., 2010. 
Complexities in barrier island response to sea-level rise: 
Insights from model experiments, North Carolina Outer Banks, 
U.S.A. Journal of Geophysical Research-Earth Surface, 115, 
doi:10.1029/2009JF001299. 

Morton, R.A.; Buster, N.A., and Krohn, M.D., 2002. Subsurface 
controls on historical subsidence rates and associated wetland 
loss in southcentral Louisiana. Transactions Gulf Coast 
Association of Geological Societies, 52, 767–778.

Moser, S.C.; Williams S.J., and Boesch, D.F., 2012. “Wicked” 
challenges at land’s end: Managing coastal vulnerability 
under climate change. Annual Review of Environment and 
Resources, doi:10.1146/annurev-environ-021611-135158.

Muhs, D.R.; Wehmiller, J.F.; Simmons, K.R., and York, L.L., 
2004. Quaternary sea level history of the United States. 
Developments in Quaternary Science, 1, 147–183.

Munk, W., 2002. Twentieth century sea level: An enigma. 
Geophysics, 99(10), 6550–6555.

Nicholls, R.J., 2010. Impacts and responses to sea-level rise. 
In: Church, J.A.; Woodworth, P.L.; Aarup, T., and Wilson, 

W.S. (eds.), Sea-level Rise and Variability. Chichester, United 
Kingdom: Wiley-Blackwell, pp. 17–43.

Nicholls, R.J. and Cazenave, A., 2010. Sea-level rise and its 
impact on coastal zones. Science, 328, 1517–1520.

Nicholls, R.J.; Marinova, N.; Lowe, J.A.; Brown, S.; Vellinga, 
P.; De Gusmao, D.; Hinkel, J., and Tol, R.S.J., 2011. Sea-level 
rise and its possible impacts given a ‘beyond 4 C world’ in the 
twenty-first century. Philosophical Transactions A, 369, 1–21.

Nicholls, R.J.; Wong, P.P.; Burkett, V.R.; Codignotto, J.O.; 
Hay, J.E.; McLean, R.F.; Ragoonaden, S., and Woodroffe, 
C.D., 2007. Coastal systems and low-lying areas. In: Parry, 
M.L.; Canziani, O.F.; Palutikof, J.P.; van der Linden, P.J., 
and Hanson, C.E. (eds.), Climate Change 2007: Impacts, 
Adaptation and Vulnerability. Contribution of Working Group 
II to the Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge, United Kingdom: 
Cambridge University Press, pp. 315–356.

NRC (National Research Council), 1987. Responding to 
Changes in Sea Level: Engineering Implications. Washington 
D.C.: National Academy Press, 148p. 

NRC (National Research Council), 2002. Abrupt Climate 
Change: Inevitable Surprises. Washington D.C.: National 
Academy Press, 230p.

NRC (National Research Council), 2007. Mitigating Shore 
Erosion Along Sheltered Coasts. Washington D.C.: National 
Academy Press, 174p.

NOAA (National Oceanic and Atmospheric Administration), 
2009. Sea levels online. URL: http://tidesandcurrents.noaa.
gov/sltrends/index.shtml; accessed on 25 April 2012.

Nordstrom, K.F., 1994. Developed coasts. In: Carter, R.W.G. and 
Woodroffe, C.D. (eds.), Coastal Evolution: Late Quaternary 
Shoreline Morphodynamics. Cambridge, United Kingdom: 
Cambridge University Press, pp. 477–510.

Nordstrom, K.F., 2000. Beaches and Dunes of Developed Coasts. 
New York, New York: Cambridge University Press, 338p.

Overpeck, J.T.; Otto-Bliesner, B.L.; Miller, G.H.; Muhs, D.R.; 
Alley, R.B., and Kiehl, J.T., 2006. Paleoclimatic evidence for 
future ice-sheet instability and rapid sea-level rise. Science, 
311, 1747–1750.

Peltier, W.R., 2001. Global glacial isostatic adjustment and 
modern instrumental records of relative sea level history. 
In: Douglas, B.C. (ed.), Sea-Level Rise: History and 
Consequences. New York, New York: Academic Press, pp. 
65–95.

Pendleton, E.A.; Barras, J.A.; Williams, S.J., and Twichell, 
D.C., 2010. Coastal Vulnerability Assessment of the Northern 
Gulf of Mexico to Sea-Level Rise and Coastal Change. U.S. 
Geological Survey Open-File Report 2010-1146, URL: http://
pubs.usgs.gov/of/2010/1146/.

Pfeffer, W.T.; Harper, J.T., O’Neel, S., 2008. Kinematic 
constraints on glacier contributions to 21st century sea-level 
rise. Science, 321(5894), 1340–1343.

Pilkey, O.H.; Young, R.S., and Bush, D.M., 2000. Comment 
[on “Sea level rise shown to drive coastal erosion”]. Eos, 
Transactions American Geophysical Union, 81(38), 437–441.

Rahmstorf, S., 2007. A semi-empirical approach to projecting 
future sea-level rise. Science, 315(5810), 368–370.

Rahmstorf, S., 2010. A new view on sea level rise. Nature 



Journal of Coastal Research, Special Issue No. 63, 2013

Sea-Level Rise Implications for Coastal Regions 195

Reports Climate Change, 4, 44–45.
Rahmstorf, S. and Vermeer, M., 2011. Discussion of: ‘Houston, 

J.R. and Dean, R.G., 2011. Sea-level acceleration based on 
U.S. tide gauges and extensions of previous global-gauge 
analysis. Journal of Coastal Research, 27(3), 409–417.’ 
Journal of Coastal Research, 27(4), 784–787.

Rekacewicz, P., 2005. Causes of sea level rise from climate 
change. UNEP/GRID-Arendal Vital Water Graphics. URL: 
http://maps.grida.no/go/graphic/causes-of-sea-level-rise-
from-climate-change; accessed on April 25, 2012.

Revelle, R., 1983. The oceans and the carbon dioxide problem. 
Oceanus Magazine, 26(2), 3–9.

Riggs, S.R.; Cleary, W.J., and Snyder, S.W., 1995. Influence of 
inherited geologic framework upon barrier beach morphology 
and shoreface dynamics. Marine Geology, 126, 213–234.

Riggs, S.R. and Ames, D.V., 2003. Drowning the North Carolina 
Coast: Sea-Level Rise and Estuarine Dynamics. Raleigh, 
North Carolina: North Carolina Sea Grant, Publication 
number UNC-SG-03-04, 152p.

Riggs, S.R. and Ames, D.V., 2007. Effect of Storms on Barrier 
Island Dynamics, Core Banks, Cape Lookout National 
Seashore, North Carolina, 1960–2001. U.S. Geological Survey 
Scientific Investigations Report 2006-5309, 78p.

Rignot, E.; Velicogna, I.; van den Broeke, M.R.; Monaghan, A., 
and Lenaerts, J., 2011. Acceleration of the contribution of the 
Greenland and Antarctic ice sheets to sea level rise. Geophysical 
Research Letters, 38, L05503, doi:10.1029/2011GL046583.

Rohling, E.J.; Grant, K.; Hemleben, C.H.; Siddall, M.; 
Hoogakker, B.A.A.; Bolshaw, M., and Kucera, M., 2008. 
High rates of sea-level rise during the last interglacial period. 
Nature Geoscience, 1, 38–42.

Sallenger, A.H.: Doran, K., and Howd, P., 2012. Hotspot of 
accelerated sea-level rise on the Atlantic coast of North 
America. Nature Climate Change, doi:10.1038/nclimate1597.

Sallenger, A.; Morton, R.; Fletcher, C.; Thieler, R., and Howd, 
P., 2000. Comment on “Sea level rise shown to drive coastal 
erosion”. EOS, Transactions American Geophysical Union, 
81(38), 436–437.

Sallenger, A.S.; Wright, W.; Lillycrop, J.; Howd, P.; Stockdon, 
H.; Guy, K., and Morgan, K., 2007. Extreme changes to 
barrier islands along the central Gulf of Mexico Coast during 
Hurricane Katrina. In: Farris, G.S.; Smith, G.J.; Crane, M.P.; 
Demas, C.R.; Robbins, L.L., and Lavoie, D.L.  (eds.), Science 
and the Storms: the USGS response to the Hurricanes of 2005. 
U.S. Geological Survey Circular 1306, pp. 113–118.

Schupp, C.A.; McNinch, J.E., and List, J.H., 2006. Shore-oblique 
bars, gravel outcrops and correlation to shoreline hotspots. 
Marine Geology, 233, 63–79.

Stive, M.J.F.; Aarninkhof, S.G.J.; Hamm, L.; Hanson, H.; 
Larson, M.; Wijnberg, K.M.; Nicholls, R.J., and Capohianco, 
M., 2002. Variability of shore and shoreline evolution. Coastal 
Engineering, 47(2), 211–235.

Titus, J.G., 2011. Rolling Easements. Washington, D.C.: U.S. 
Environmental Protection Agency, EPA 430R11001, 169p.

USACE (U.S. Army Corps of Engineers), 2011. Sea-level 
Change Considerations for Civil Works Programs. Engineer 
Circular No. 1165-2-212, 32p.

USCCSP (U.S. Climate Change Science Program), 2008. Abrupt 

Climate Change. A Report by the U.S. Climate Change 
Science Program and the Subcommittee on Global Change 
Research. Reston, Virginia: U.S. Geological Survey, 459p.

USCCSP (U.S. Climate Change Science Program), 2009. 
Coastal Sensitivity to Sea-Level Rise: A Focus on the Mid-
Atlantic Region. A Report by the U.S. Climate Change Science 
Program and the Subcommittee on Global Change Research. 
Washington, D.C.: U.S. Environmental Protection Agency, 
320p.

USGCRP (U.S. Global Change Research Program); Karl, T.R.; 
Melillo, J.M., and Peterson, T.C. (eds.), 2009. Global Climate 
Change Impacts in the United States. Cambridge, United 
Kingdom: Cambridge University Press, 196p.

Weiss, J.L.; Overpeck, J.T., and Strauss, B., 2011. Implications 
of recent sea-level rise science for low-elevation areas in 
coastal cities of the conterminous U.S.A. Climatic Change, 
105, 635–645.

Williams, S.J., 2010. Past, present, and future sea-level rise and 
effects on coasts under changing global climate, Chapter C. 
In: Lavoie, D. (ed.), Sand Resources, Regional Geology, and 
Coastal Processes of the Chandeleur Island Coastal System, 
U.S. Geological Survey Scientific Investigation Report 2009-
5252, 37–44.

Williams, S.J. and Gutierrez, B.T., 2009. Sea-level rise and 
coastal change: Causes and implications for the future of 
coasts and low-lying regions. Shore and Beach, 77(4), 13–21.

Williams, S.J.; Flocks, J.; Jenkins, C.; Khalil, S., and Moya, 
J., 2012. Offshore sediment character and sand resource 
assessment of the northern Gulf of Mexico, Florida to Texas. 
In: Khalil, S.M.; Parson, L.E., and Waters, J.P. (eds), Technical 
Framework for the Gulf Regional Sediment Management 
Master Plan (GRSMMP), Journal of Coastal Research, Special 
Issue No. 60, pp. 30–44.

Williams, S.J.; Gutierrez, B.T.; Titus, J.G.; Gill, S.K.; Cahoon, 
D.R.; Thieler, E.R.; Anderson, K.E.; FitzGerald, D.; Burkett, 
V., and Samenow, J., 2009a. Sea-level rise and its effects on the 
coast. In: USSCCP (U.S. Climate Change Science Program), 
Coastal Sensitivity to Sea-Level Rise: A Focus on the Mid-
Atlantic Region. A report by the U.S. Climate Change Science 
Program and the Subcommittee on Global Change Research. 
Washington, D.C.: U.S. Environmental Protection Agency, pp. 
11–24.

Williams, S.J.; Gutierrez, B.T.; Titus, J.G.; Anderson, K.E.; Gill, 
S.K.; Cahoon, D.R.; Thieler, E.R., and Gesch, D.B., 2009b. 
Implications of sea-level rise to the nation. In: USSCCP 
(U.S. Climate Change Science Program), Coastal Sensitivity 
to Sea-Level Rise: A Focus on the Mid-Atlantic Region. 
A report by the U.S. Climate Change Science Program and 
the Subcommittee on Global Change Research. Washington, 
D.C.: U.S. Environmental Protection Agency, pp. 179–184.

Williams, S.J.; Kulp, M.; Penland, S.; Kindinger, J.L., and Flocks, 
J.G., 2011. Mississippi River delta plain, Louisiana coast and 
inner shelf: Holocene geologic framework and processes, and 
resources. In: Buster, N.A. and Holmes, C.W. (eds.), Gulf of 
Mexico: Origin, Waters and Biota, Volume 3. Geology. College 
Station, Texas: Texas A&M Press, pp. 175–193.

Woodworth, P.L.; White, N.J.; Jevrejeva, S.; Holgate, S.J.; 
Church, J.A., and Gehrels, W.R., 2008. Evidence for the 



Journal of Coastal Research, Special Issue No. 63, 2013

Williams 196

acceleration of sea level on multi-decade and century time 
scales. International Journal of Climatology, 29(6), 777–789.

Yin, J.; Griffies, S.M., and Stouffer, R.J., 2010. Spatial variability 
of sea-level rise in 21st century projections. Journal of Climate, 
23, 4585–4607.

Yin, J.; Schlesinger, M.E., and Stouffer, R.J., 2009. Model 
projections of rapid sea-level rise on the northeast coast of the 
United States. Nature Geoscience, 2, 262–266. 

Zervas, C., 2009. Sea Level Variations of the United States 
1854–2006. Silver Spring, Maryland: National Oceanic and 

Atmospheric Administration, Technical Report NOS CO-OPS 
053. URL: http://www.co-ops.nos.noaa.gov/publications/
Tech_rpt_53.pdf; accessed on April 25, 2012. 

Zhang, K.; Douglas, B.C., and Leatherman, S.P., 2002. Do 
storms cause long-term beach erosion along the U.S. east 
barrier coast? Journal of Geology, 110, 493–502.

Zhang, K.; Douglas, B.C., and Leatherman, S.P., 2004. Global 
warming and coastal erosion. Climatic Change, 64(1-2), 41–
58. 


