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This sobering examination of climate-change and the disastrous effects of rising sea levels
explains what must be done to avoid the worst outcomes.By the end of this century, hundreds of
millions of people living at low elevations along coasts will be forced to retreat to higher and
safer ground. Because of sea-level rise, major storms will inundate areas farther inland and will
lay waste to critical infrastructure, such as water-treatment and energy facilities, creating vast,
irreversible pollution by decimating landfills and toxic-waste sites. Retreat from a Rising
Sea explains in gripping terms what rising oceans will do to coastal cities—detailing the specific
threats faced by Miami, New Orleans, New York, and Amsterdam. This policy-oriented book
then lays out the drastic actions we must take now to remove vulnerable populations.Aware of
the overwhelming social, political, and economic challenges that would accompany effective
action, the authors consider the burden to the taxpayer and the logistics of moving landmarks
and infrastructure, including toxic-waste sites. They also show readers the alternative: thousands
of environmental refugees, with no legitimate means to regain what they have lost. The authors
conclude with effective approaches for addressing climate-change denialism and powerful
arguments for reforming U.S. federal coastal management policies.
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have been steady and clear around the United States. Sea level has been rising, and more
people have been moving closer to the coast,” stated NASA scientists. The steadiness and
ineluctability of these two trends have been observed and documented worldwide as well by
scientists and international organizations. Such migration of people to coastal regions is
common in both developed and developing nations, and according to an IPCC report, utilization
of the coast increased dramatically during the twentieth century, a trend that seems certain to
continue through the twenty-first centuryCorroborating statistics from the United Nations
indicate that half the world’s population lives within 40 miles of the sea, and three-quarters of all
large cities are located on the coast. Furthermore, most of the world’s megacities, with more
than 2.5 million inhabitants, are in the coastal zone.The attractiveness of the coast, leading to
the increasing rate of seaside settlements, can be explained by the economic benefits that
accrue from access to ocean navigation, coastal fisheries, and tourism and recreation, and has
resulted in the disproportionately rapid expansion. Indeed, unbridled urbanization on risk-prone
areas along beloved, yet hazardous, shorelines is placing populations in danger zones. Under
mounting evidential reports, scientists are warning us that, due to climate change and rising
seas, storms are expected to be stronger and fiercer than ever before. Reminders of seaside-
living risks abound too tragically in the news, worldwide.The acceleration of human migration
toward the shores is a contemporary phenomenon, but the knowledge and understanding of the
potential risks pertaining to coastal living are not. Indeed, even at a time when human-induced
greenhouse-gas emissions were not exponentially altering the climate, warming the oceans, and
leading to rising seas, our ancestors knew how to better listen to and respect the many
movements and warnings of the seas, thus settling farther inland. For instance, along Japan’s
coast, hundreds of so-called tsunami stones, some more than six centuries old, were put in
place to warn people not to build homes below a certain point. Over the world, moon and tides,
winds, rains and hurricanes were symbiotically and naturally guiding humans’ settlement
choices.Modern humankind appears to be the only species on earth whose propensity is to
migrate its habitat counter-intuitively, ruled solely by will, preference, greed, and, most
dangerously, a sense of technological and engineering invulnerability against nature’s
changes.With our children’s future in mind, we must reconnect with our innate memory of the
risks. We must be humble and accept scientifically corroborated facts.We must be reasonable
and become malleable to nature’s evolution.We must be wise and build farther inland at higher
elevations. We must be courageous and accept the need to retreat from the shores.Insanity has
been defined as doing the same thing over and over and expecting different results. We must
cease the insanity, as the seas are rising…ineluctably.The Santa Aguila Foundation is proud to
have helped make Retreat from a Rising Sea possible. The Foundation is a U.S. nonprofit
organization dedicated to the preservation of coastlines around the world. It was created after
the Foundation’s founders witnessed the destruction of the beautiful beaches of Morocco by
sand mining. Since then, the Foundation has focused its energy on global coastal issues and
education. Our education efforts include the management of the beach website coastalcare.org



and the publication of four books authored by Orrin Pilkey: The World’s Beaches: A Global Guide
to the Science of the Shoreline, Global Climate Change: A Primer, The Last Beach, and Retreat
from a Rising Sea: Hard Decisions in an Age of Climate Change. We also brought our support to
the award-winning documentary film Sand Wars.We hope that you will enjoy this book and take
as much pride as we do in defending and protecting our coastal environment.For further
information, please visit .THE SANTA AGUILA FOUNDATIONPrefaceIn 1969, Hurricane Camille
roared ashore on the Mississippi coast with wind gusts in excess of 200 miles per hour,
producing an astounding storm surge of more than 20 feet. Possibly the strongest, though not
the largest, hurricane to hit North America in the twentieth century, Camille was a Category 5
storm.My parents had retired to Waveland, Mississippi, in the early 1960s. Their house was
situated at an assumed elevation of 20 feet, presumably high enough to be safely above any
expected storm surge. At one point, my engineer father did a hand-level survey from the shore to
the house and found the house to be at a baffling 13-feet elevation. He was puzzled because
before buying, he had examined city maps to make sure that their house was at 20 feet. He
decided that he must have miscounted some of his level sightings and didn’t pursue it further.At
the height of the storm, my parents’ house flooded, filling with 5 feet of water. My brother and I
spent several weeks there, cleaning the house and recovering their life. The mystery of the
elevation was solved a few weeks after the storm when my father reexamined a city map and
discovered, written in fine print in the legend, the notation that sea level was 6 feet, meaning that
the zero-elevation line was 6 feet below current sea level—based on the earth’s geoid. The
geoid is the shape of the ocean’s surface if only the earth’s gravity and rotation are in control and
there are no winds or ocean currents.There is no discernible reason to base city-planning land
elevation maps on the geoid. No doubt, few citizens of Waveland knew that sea level was
actually at 6 feet elevation. Probably the city officials had misinformed them in order to
encourage more development, expand the tax base, and increase prosperity. If so, the cost was
lost lives and destroyed property. This was my first lesson in the length to which coastal
communities would go to in order to encourage development in dangerous areas.Hurricane
Katrina arrived with true terror 36 years after Camille, in 2005. By this time, my parents were
dead, and another family had long occupied the house. Katrina’s storm surge was a remarkable
28 feet. The house, along with the entire seaward part of the town, was wiped clean. Along the
five city blocks between the beach and the concrete slab that once held my parents’ house,
essentially nothing remained but other concrete slabs and tough live-oak trees.A few months
later, on a visit to Waveland, I saw signs on various concrete beachfront slabs offering home
sites for sale. Unstated in the real-estate sign was that some of the slabs, which were for sale for
$700,000 to $800,000, had once been occupied by houses destroyed in both Hurricanes
Camille and Katrina.The lesson here for me was that the drive to live next to the beach and the
push for profits will be an almost insurmountable hurdle to overcome as we respond to the
inevitable rise in sea level.It was this family connection that inspired the production of this book
about the necessity of retreating from the shoreline. The level of the sea is rising, the rush to



develop near the beach continues, the size and number of beachfront buildings go up, and
storms are intensifying—all of which means that the magnitude of future disasters will increase.
Had the city of Waveland decided to implement a retreat policy in 1969 after Camille and
prohibited the reconstruction of destroyed houses, the damage from Katrina would have been
much, much less. Instead, in much of the South, there is a strong undercurrent of skepticism
about global climate change, including the reality of rising sea level. Why bother with retreat
when the future of the sea level is uncertain and especially when there’s money to be made?
Another motivation for us to write this book was the gradual diminishment of state-level coastal
management programs in the twenty-first century as good regulations from the 1970s and
1980s (such as the prohibition of building beach-destroying seawalls) were compromised after
influential people’s houses were threatened by erosion. In the case of North Carolina, the state’s
once courageous and pioneering coastal management program has virtually collapsed on itself,
and the prospect of sea-level rise has been ignored and denied.The PlotThe initial chapter in our
book lightly touches on our main conclusions. This is followed by a study of the mechanics of
sea-level rise, how it is measured, and why it varies from place to place along the world’s
shorelines. To understand the credibility of sea-level rise projections, we explain the workings of
the Intergovernmental Panel on Climate Change (IPCC) and then look at the future of three cities
and one country, a study of great contrasts. Miami and New Orleans are the two cities most
vulnerable and least prepared for sea-level rise in the United States. Both are doomed in the
long run. We compare the United States’ best-prepared city, New York, with the world’s best-
prepared country, the Netherlands.The plot moves on with discussions of the role of geology,
politics, societal wealth, and culture in determining the likely response to sea-level change. Atolls
and small Alaska Native villages are in immediate danger, and retreat is already under way. In
less-developed countries where houses are sometimes built to be mobile, retreat has been
under way for many decades. In wealthy countries, sea-level rise is often ignored, as it is in
South Florida. But in the Netherlands, it is not only recognized, but a carefully planned response
is already being carried out. The British plan to abandon some lowlands, and a number of states
and countries have prohibited or restricted seawalls. Other topics that we explore include• The
infrastructure that is threatened by sea-level change, including landfills and toxic-waste sites,
water-treatment systems, landmark buildings, and energy facilities.• The legal framework for
subsidizing community responses and the failure of staying in place (mitigation) rather than
retreating.• The major humanitarian crisis that we face around the world as environmental
refugees flee to higher ground. Thousands of residents of Arctic shoreline villages, a million
Pacific and Indian Ocean atoll dwellers, and millions of delta inhabitants will soon be
environmental refugees.• The huge problem of land loss and environmental refugees fleeing to
the cities or other countries, conceivably a cause of social strife and even wars.• The climate
change deniers and their corporate supporters, with an emphasis on those that dispute sea-
level rise.In the final chapter, we briefly recount the shoreline history of the United Kingdom’s
Holderness Coast to make the point that we are dealing with a long-term problem. Since the



invasion of the Romans about 2,000 years ago, the shoreline there has retreated by 2 to 3 miles,
and 28 villages have fallen into the sea and now reside on the continental shelf.ORRIN H.
PILKEYAcknowledgmentsFirst and foremost, we acknowledge with much gratitude the support
of Eva and Olaf Guerrand Hermes and their Santa Aguila Foundation, discussed in the foreword.
They are friends of the beaches (and us as well) and staunch supporters of the effort to preserve
beaches for future generations. Among other things, they are resolute opponents of the mining
of beach sand, an important but often unrecognized factor in beach destruction worldwide. They
also have started the foremost coastal/beach website: coastalcare.org. The website manager,
Claire Le Guern Lytle, furnished us with much information (and insight) for the book.We have
benefitted from discussions about responding to sea-level rise with many colleagues over the
years. Hal Wanless, Paul Stout, and Al Hine assisted us in understanding the future of Miami;
Joe Kelley and Rob Young helped us through the complexities of New Orleans.We are indebted
to a large number of people who have furnished us with information, ideas, and suggestions.
They include Andrew Cooper, Bill Neal, Andy Short, Alex Glass, Peter Haff, Fred Dodson, Frank
Tursi, Rob Young, and Miles Hayes. Bill Neal did us the privilege of reading the entire manuscript
at an early stage and making numerous suggestions and comments. Andy Coburn provided
much information about the world’s beach-replenishment programs. Tonya Clayton sent a raft of
media articles that boosted our understanding of the public’s view. Thanks especially to Norma
Longo, an invaluable research and editorial assistant and able copy editor, who managed to
organize the three authors to prevent much overlap and duplication. The Nicholas School of the
Environment supported us throughout the writing process. We also benefitted from financial
support from North Carolina State Representative Pricey Harrison, one of the state’s leading
proponents of a sound long-term coastal management policy.We really appreciate the patience
and support of our significant others: Jim, Melissa, and Sharlene. Unfortunately, Sharlene
passed away as we were finishing the writing, and so we dedicate this book to her.1Control + Alt
+ RetreatThe coast is crashing with the rising sea. There is no question that the sea will continue
to rise and that the rate of rise will accelerate. Even now, in our lifetime, sea-level rise is affecting
humanity as both Inupiats along Arctic Ocean shores and dwellers on coral atoll islands in the
Pacific and Indian Oceans frantically seek new home sites. Delta dwellers on the Ganges,
Mississippi, Niger, Yangtze, and Nile Rivers also are at great risk because the sinking of the
deltas enhances sea-level rise and flooding. In Miami Beach, Norfolk, Annapolis, and Queens,
some drivers worry about saltwater rusting their car axles as they plow through saline waters on
low-lying streets when high tides arrive. The flooding problem is well known in a number of other
cities around the world, including, most famously, Venice, Italy. The world’s immediate future
holds a horde of environmental refugees who must escape as the sea rises: thousands of
Inupiats, a million atoll residents, and hundreds of millions of delta inhabitants.Why Has the Sea
Level Risen?Our dependence on fossil fuels has in large part brought us to this place, causing a
chain of events that warms the atmosphere, which in turn warms and expands the oceans, melts
glaciers and ice sheets, and consequently raises the seas. The sea level has changed



throughout the earth’s long history, rising and falling and leaving behind a record for us to read.
Global variations in the sea level are due to changes in the volume of water in the earth’s oceans
(primarily from expanding warmer water or melting glaciers and ice sheets) and very gradual
changes in the capacity of the ocean basins (global tectonic changes). Local and regional
variations in the level of the sea take place with the sinking or rising of the land due to the
following:• Earthquakes and other crustal movements• Formation or melting of ice•
Extraction of water or oil• Sediment compaction on deltasIn addition to changes in the
elevation of the land, variations in the direction and intensity of ocean currents can cause sea-
level changes, which is why the sea level is 8 inches higher on the Atlantic side than on the
Pacific side of the Panama Canal.In less-developed communities around the world, sea-level
rise is a multiplier for underlying stressors and vulnerabilities, including poverty, pollution,
isolation, and overpopulation. Inundation during high tides and storms degrades agriculture
along the margins of bays, killing coconut palms on tropical shorelines everywhere, ruining
drinking water supplies through salinization, and forcing communities to move.The water’s edge
on all types of coastlines from the Arctic to the equator is advancing at rates that will surely pick
up as the ice sheets in Greenland and the Antarctic break up. Greater shoreline erosion in the
warm climes of the more-developed countries will lead to continuing large expenditures in futile
attempts to hold shorelines in place and to preserve the all-important beaches. But saving
beaches is a battle that won’t be won.The water’s edge on all types of coastlines from the Arctic
to the equator is advancing at rates that will surely pick up as the ice sheets in Greenland and
the Antarctic break up. Greater shoreline erosion in the warm climes of the more-developed
countries will lead to continuing large expenditures in futile attempts to hold shorelines in place
and to preserve the all-important beaches. But saving beaches is a battle that won’t be won.
Ultimately, beachfront property owners and communities will favor the preservation of buildings
over beaches. In fact and unfortunately, within a few decades, the battle to save the beaches in
developed beachfront communities will be lost.There are so many inequities in this crisis. The
developing coastal countries are beginning to demand monetary assistance from the larger
polluting countries for the retreat process and compensation for their suffering. Island nations
such as the Maldives and less-developed coastal countries like Bangladesh are demanding a
halt or at least a reduction in the production rate of greenhouse gases. These nations believe
(perhaps correctly) that those that contribute the least to the human causes of sea-level rise will
be hurt the most. Unfortunately, even if we reduced the production of CO2 tomorrow, it would
have little effect on the rate of sea-level rise in this century.The deniers of climate change and
sea-level rise continue to have a voice that seems to grow weaker with each superstorm. But a
closer look shows that the deniers provide a facade of credibility for a host of politicians who
contrive to ignore the rising sea. Deniers have vested interests (mostly related to the fossil-fuel
industries) in confusing us and thereby delaying regulatory action. After all, the cost of
responding to sea-level rise will be immense, and as long as we delay a response, there’s
money to be made by fossil-fuel companies and coastal developers. But there’s money to be



made in the retreat process as well.The deniers of climate change and sea-level rise continue to
have a voice that seems to grow weaker with each superstorm. But a closer look shows that the
deniers provide a facade of credibility for a host of politicians who contrive to ignore the rising
sea.Given the widespread, measurable evidence from tide gauges and satellite measurements
that document the story, fewer skeptics now claim that the sea level is not rising. But a camp of
deniers persists, arguing that the rise is both minor and temporary and that soon the sea level
will drop again. Regrettably, politicians still commonly respond to questions about sea-level rise
and its causes by claiming ignorance of the topic, saying they aren’t scientists. Even though
these politicians may not believe the findings of climate scientists, they are likely to believe the
science of their doctors, dietitians, and meteorologists. Short-term deviations from long-term
trends, such as the fact that in 2013 the extent of summer sea ice in the Arctic was greater than
in 2012, are disingenuously touted as evidence indicating that the earth is cooling.What is to be
done with the many hundreds of miles of high-rises jammed up against the sea around the
world, most spectacularly in Florida? To move all these buildings is not economically feasible,
but even if they could be moved, a suitable place for them would be difficult to find. One could
build seawalls that would have to enclose the islands completely and grow bigger and higher
with time, but these would destroy the very beaches that drew the construction in the first place.
Preserving beaches for future generations is a compelling reason to retreat in response to sea-
level rise. As former Florida governor Bob Graham asserted, “This generation doesn’t have the
right to destroy the next generation’s beaches.” So for the sake of our grandchildren and great-
grandchildren, we don’t have the right to build beach-destroying seawalls to save our beachfront
buildings from sea-level rise.We can’t begin to replenish (i.e., pump or truck in new sand) all of
Florida’s beaches. Furthermore, much of Florida’s beachfront development is on permeable rock
through which water will rise and flood behind seawalls or levees. Replacing cars with small
boats might work until the waves from big storms roll through the community. Demolishing the
high-rises would cost a fortune and produce a vast amount of water pollution, although modern
demolition techniques could salvage and recycle large portions of the building materials. Thus,
by the latter half of this century, much of the beachfront high-rise problem will be in our laps to
solve.We humans find it hard to grasp the magnitude of changes that are under way, especially
when the deniers try to confuse us. Sea-level rise is at the forefront of the expected changes,
and if the higher estimates of sea-level rise rates are valid, a true global human catastrophe by
the end of this century is in the offing. Our perception of what is permanent or lasting will be
challenged, even though nothing is happening with regard to the sea level that hasn’t happened
before in the geologic past. The recent disasters intensified by rising seas are not random
events without underlying causes. Indeed, climate changes, including the frequency of extreme
events, have advanced to the point that we can no longer predict future events based partly on
what has happened in the past.Even events on the scale of Hurricane Sandy rarely result in
immediate significant changes in coastal development patterns. In the 1980s, many coastal
planners and scientists were saying that if just one more hurricane hit, surely things would



change, and we would start moving back from the beachfront and prohibit further construction in
these extremely dangerous areas. Then along came Hurricane Hugo in 1989, and the idea of
responding sensibly to the storm to prevent damage from the next inevitable storm was tabled.At
the time, South Carolina had a law that any beach house destroyed in a storm could not be
replaced. This law was perhaps the most merciful and politically least controversial way to begin
a retreat from the beach. But influential citizens with damaged houses howled, and the rules
were changed so that if you could find the roof of your house, you could rebuild! When the dust
cleared, Hurricane Hugo had become an urban-renewal project with many mom-and-pop
cottages replaced by “McMansions” and even some high-rise condos. Several other post-Hugo
hurricanes in the southeastern United States also proved to be urban-renewal projects when
they should have been opportunities to retreat. These urban-renewal projects also have
effectively priced out lower-income residents from the coast.Why have we routinely brushed off
any long-term response to natural disasters at the shoreline, all of which will be exacerbated by
the sea-level rise? Certainly this is due in part to sympathy for those who have suffered loss,
especially right after the storm. Too, there is an element of pride and nationalism that promotes
rebuilding rather than giving in to nature. “We’ll be back because we are Americans and we don’t
give up” is the cry often heard after a big storm has blown by. As one U.S. Army Corps of
Engineers colonel explained, “We are not going to throw up our hands and slink away.” The
philosophy is that we will come back stronger than ever (but not necessarily wiser).Greed and
selfishness are often part of decisions to protect property at the price of beach destruction. In
Southampton, New York, several beachfront billionaires are building massive walls to protect
their individual homes, despite the community’s opposition. In North Carolina, citizens from the
“wealthiest island,” Figure Eight Island, have succeeded in altering the state’s regulation barring
hard shoreline stabilization (seawalls). In South Carolina, Debidue Island, Figure Eight Island’s
equivalent, has obtained a permit to rebuild a seawall, which originally was against the
regulations, and of course this will open the floodgates (pun intended) for other communities to
circumvent wise planning. In Florida, new walls are rising with the approval of a state agency that
no longer turns down permits for walls. Up and down the coast, we see what were good
regulations in the 1980s being picked apart and slowly diluted in the twenty-first century. With
increasing wealth feeding the rush to the beach, conceding the shoreline to nature has become
increasingly unpopular.Up and down the coast, we see what were good regulations in the 1980s
being picked apart and slowly diluted in the twenty-first century. With increasing wealth feeding
the rush to the beach, conceding the shoreline to nature has become increasingly
unpopular.What Can We Do About the Rising Sea?In the short term, retreat is certainly not the
only option at the shoreline, but it will be an integral part of our approach to rising seas. Even in
areas where we must adapt, some degree of retreat will be necessary. That is, we will have to
abandon some homes, businesses, or lands or change land use in order to accommodate the
floodwaters.Many practical construction techniques already are in existence that can make
coastal buildings more resilient. For instance, it is not uncommon for houses to be built on



pilings, allowing floodwaters to flow beneath the living quarters. This idea of moving valuable
living/working space above the potential flooding level can benefit cities as well. By using the
ground floor and basements of buildings for nonresidential purposes, we can minimize storm
damage. Instead, lower floors and basements can be used for parking structures that can
withstand flooding with relatively minor damage, and the more valuable shopping or residential
units can be safely situated above the floodwaters. For example, the Dutch have built an
underground parking garage in Rotterdam that doubles as a water storage area to hold water
during flood events. In addition, more and more parks in the Netherlands are being designated
as storage areas for floodwaters that will be released once the flood conditions have passed.
This type of accommodation on a wide scale requires some degree of retreat, though, in that
buildings and houses must be torn down or relocated to make room for flood-control measures,
most of which will become useless in a major sea-level rise. Wetlands restoration is another
method that can and will be employed to help as a buffer against floods and storms, but this too
may call for retreat in the form of buying out homes and businesses.We in the United States
undoubtedly will follow the Dutch example and construct large-scale dikes and levees to protect
our cities. Massive dikes, too, can offer some cities the opportunity to expand housing and
commercial enterprises, thereby reducing some of the cost of building large-scale protective
structures. This appears to be on the verge of happening in New York, as discussed in chapter 4.
Although the Dutch have led the way in engineering technology, which we also describe in
chapter 4, they are turning away from their previous hard stance of not losing any land to
flooding toward a softer approach of “living with water,” that is, accommodating floodwaters in
some areas while protecting others.We can help curb inland coastal flooding during storm
events as well through green infrastructure, such as living or green roofs that can help absorb
storm water. We can improve water management to decrease runoff, though as we point out in
chapter 2, sea-level rise presents challenges to managing inland floodwaters.There are many
creative ideas about how to accommodate the anticipated increased flooding associated with
sea-level rise. The Dutch architect Koen Olthuis appears to be leading the way in the use of
floating structures. Olthuis calls for letting “water in and even making friends with it.” His
amphibious architecture allows buildings to detach from the ground during flood events.
Olthuis’s company and the Dutch Docklands firm have built Greenstar, a floating hotel and
conference center in the Maldives, and are constructing a similar floating hotel in Norway called
the Krystall. H&P Architects, a Vietnamese firm, have designed a prototype of a low-cost floating
house made from bamboo that is secured to pilings and sits atop recycled oil drums to allow the
house to float during flood events. Similarly, Ann English’s Buoyant Foundation hopes to retrofit
Louisiana homes in flood-prone areas atop Styrofoam blocks to turn them into amphibious
houses that can rise with floodwaters.In addition, many both traditional and emerging ideas can
help respond to sea-level rise, though these are beyond the scope of this book. While we will
undoubtedly employ numerous engineering and/or green techniques to combat sea-level rise,
we will also inevitably retreat from the rising sea. As the scale of the rise becomes clear, we will



do what we can to save our major cities, including armoring the coast, that is, building hard
structures to hold back the waters. But we must realize that in building hard structures on
beaches, we will ultimately lose the beach (which might have been the very reason for building
next to the ocean in the first place). Even though this may be an acceptable loss in order to save
large cities, it is not acceptable on a large scale. Why protect the homes of the few (and largely
wealthy) at the cost of losing the beaches that so many of us enjoy? Also, the cost of armoring
the entire U.S. coastline would be astronomical. In the end, we will likely choose to defend our
major cities and move back from most other areas.Why move back? Why retreat? Why not hold
the shoreline in place with massive seawalls or replenished beaches as the Dutch do? We can
name three reasons:1. As the sea level rises, the replenishment sand will become less stable,
will erode faster, and will have to be replenished more frequently, and the cost will rise
exponentially.2. Seawalls built on eroding beaches will eventually cause the loss of the beach,
and of course, the beach is why communities were established there originally.3. In a few
decades, the funding for holding the shorelines in place for tourist communities—such as those
lining the beaches in Florida—will be overridden by the massive cost of saving cities such as
Alexandria, Ho Chi Minh City, Amsterdam, Mumbai, Tokyo, Shanghai, Boston, Miami, and New
York. When we have to spend billions of dollars to defend the big cities around the world, there
will be little funding for the small municipalities and the tourist towns stretched along thousands
of shorefront miles. This money drain for urban salvation will inevitably hasten the retreat from
other shorelines.Like it or not, we will retreat from most of the world’s nonurban shorelines in the
not very distant future. Our retreat options can be characterized as either difficult or catastrophic.
We can plan now and retreat in a strategic and calculated fashion, or we can worry about it later
and retreat in tactical disarray in response to devastating storms. In other words, we can walk
away methodically, or we can flee in panic. These are the choices we have.Like it or not, we will
retreat from most of the world’s nonurban shorelines in the not very distant future. Our retreat
options can be characterized as either difficult or catastrophic.2The Overflowing OceanLarry
Atkinson, a professor of oceanography at Old Dominion University in Norfolk, Virginia, pays
close attention to the tide cycles. The route he takes to his office at the university normally takes
him down Hampton Boulevard, but at every spring tide (when the moon is new or full), Atkinson
takes Granby Street to work. The reason is that during the high tides, his usual route becomes
flooded by saltwater forced up from the waters of Chesapeake Bay. If the wind is blowing
onshore, the water level rises even higher. For the same high-tide reason, although the Unitarian
Church of Norfolk is still holding services in its 112-year-old building, it now hopes to sell it. The
problem is that flooding occasionally prevents access to the parking lot, so members of the
congregation are urged to check the tide tables before coming to church.Norfolk’s original
planners did not build a neighborhood that regularly went underwater at least twice a month.
Rather, the tidal-flooding problem began only a few years ago. Sea level has risen to the point
that spring tides routinely spill over into the fringes of the city. Normal high tides with just a minor
onshore wind also penetrate the lower reaches of the city.The city hired a consultant from a



Dutch coastal-engineering firm to guide its plans to fight the sea with higher roads, better storm
drains, and floodgates. The cost to Norfolk’s population of 250,000 for engineering the shoreline
and holding it in place will be about $1 billion. Even for that price, the city can be protected from
only a 1-foot rise in sea level. Since 1920, the sea level at Norfolk has risen an extraordinary 1.5
feet. So far, the main response from those homeowners in Norfolk who can afford it has been to
raise buildings 3 to 5 feet higher. New buildings are required to be elevated. Retreat has been
mentioned, but only in passing. Norfolk has the same problem as Florida’s high-rise–lined coast:
the area around the city is flat and doesn’t have an abundance of suitably elevated land on
which to move buildings.The How and Why of Sea-Level RiseNorfolk, Virginia; Larry Atkinson’s
driving habits; and the problems facing the Unitarian Church of Norfolk all are harbingers of the
future of coastal cities worldwide.Wet PavementsNorfolk isn’t unique. All over the world, even on
calm, windless days, waterfront roads, sidewalks, parking lots, buildings, drainage ditches, and
docks are flooded by spring high tides. Local spring tide flooding is an expected and predictable
phenomenon in parts of North America, from Queens, New York, to Miami Beach, Florida, to
Galveston, Texas, to San Francisco, California, to Vancouver, British Columbia.A 2014 report by
the National Oceanic and Atmospheric Agency (NOAA) indicates that the rate of minor flooding,
often referred to as nuisance or tidal flooding, causing at least wet pavement or ponded parking
lots, has increased significantly in recent years. Before 1971, Wilmington, North Carolina;
Washington, D.C.; Annapolis, Maryland; Atlantic City, New Jersey; Sandy Hook, New Jersey;
and Charleston, South Carolina, all experienced, on average, fewer than five flood levels per
year. But since 2001, these communities have undergone an average of more than 20 each year.
Annapolis seems to have suffered the most. In the 1950s, the number of nuisance floods there
averaged five per year, but now the number is close to 40. The flooding is intensified if wind is
blowing onshore or if the high tide is a king tide, an especially high spring tide that occurs two or
three times a year when the moon and the sun are oriented just right to create a larger than
usual tide range.The Union of Concerned Scientists predicts that by 2045, the fringes of
Washington, D.C.; Annapolis, Maryland; and Wilmington, North Carolina, will have nuisance
flooding every day of the year. By 2045, Atlantic City, Miami, and Baltimore will suffer tidal
flooding about 250 days each year.King TidesKing tide is a colloquial term for the very highest of
tides. In New South Wales, Australia, the Department of the Environment came up with the
brilliant idea to use king tides to educate the public about sea-level rise. This led to the Witness
King Tides community photography project, which has spread, as the King Tide Photo Initiative
(KTPI), to a number of U.S. states, British Columbia, and even Tuvalu, an island nation in the
Pacific. Each of these organizations announces to the public the dates of the next king tide and
urges citizens to document the now-routine flooding with photos to display online. These
photographs of king tides offer a glimpse into our future—a preview of where the increasing
levels of the sea are headed and an engaging way to alert and educate the concerned, the
skeptical, and the unaware.The Mechanics of Sea-Level RiseThe consensus among
climatologists, glaciologists, and oceanographers is that our society should be prepared for a 3-



foot rise by 2100. For Norfolk, Virginia, where sea-level rise is unusually rapid, the expected rise
could be 5.5 feet. Norfolk has such a high rate of sea-level rise because it is simultaneously
affected by four of the main causes of sea-level change: the increased volume of seawater from
melting ice; the increased volume of seawater from warming oceans; the subsiding land; and the
changes in ocean circulation causing the central Atlantic Ocean bulge to flatten and contribute
water to the mid-Atlantic coast. We discuss these causes later.The consensus among
climatologists, glaciologists, and oceanographers is that our society should be prepared for a 3-
foot rise by 2100.Estimates of future sea-level rise are largely based on mathematical models,
which in turn are based on an escalating series of assumptions, most of them good but some a
bit fuzzy. Climate model uncertainties (the fuzzy bits) include• Rate of production of CO2 in a
future industrial world• Future cloud cover as the earth warms (i.e., low-lying white clouds
reflect back some of the sun’s radiation, a process that would reduce the rate of atmospheric
warming, whereas higher cirrus clouds absorb radiation, reinforcing the greenhouse effect)•
Local changes in atmospheric processes• Climate variability• Future behavior of the ice
sheets in Greenland and AntarcticaThe real world, with melting ice, failing ice sheets, warming
ocean water, and both tide gauge and satellite measurements, leaves no room for doubt as to
the future of our shorelines. We, the people, are the primary cause of sea-level rise because of
our production of greenhouse gases, particularly carbon dioxide, which prevent some of the
sun’s heat from reflecting back into space. As a consequence, the heat stays in our atmosphere
and thereby warms the earth. The warmed atmosphere then causes the ocean waters to expand
and the ice sheets to melt, leading to a rising sea level.We, the people, are the primary cause of
sea-level rise because of our production of greenhouse gases, particularly carbon dioxide,
which prevent some of the sun’s heat from reflecting back into space.Measurement of the Sea
LevelSea-level changes are measured from the geoid in two ways, by means of either tide
gauges or satellites. The geoid is the theoretical surface of the ocean, assuming no winds or
currents. All told, there are more than 1,700 long-term tide-gauge records worldwide, most
concentrated in the Northern Hemisphere. The oldest records go back about 150 years,
although an Amsterdam tide record goes back to the year 1700. But because most gauges are
situated in sheltered water rather than in the open ocean, they may produce apparent but not
real changes in sea level. This could happen when a new channel or inlet is dredged or when an
inlet closes up, affecting the volume of water flowing into and out of a sheltered bay. Instead, the
ideal location for a tide gauge is on some sort of stable platform (like a concrete pier) along an
open ocean shoreline.Tide gauges measure relative sea level, the level of the sea with respect
to the location of the gauge. Thus, if the land is moving up, as in those parts of Scandinavia
where the weight of glaciers has been removed, the tide gauge may show a drop in sea level. On
deltas, the land is often sinking, providing a tide record that indicates a sea-level rise more rapid
than the global rate. In both these examples, the gauge is measuring the combined movement of
the earth’s surface and the ocean’s surface.Over the last 20 years, satellite altimeter
measurements have changed. Now we have millions of measurements of the sea surface in the



open ocean and have gained a startlingly detailed understanding of the global variations in sea
level. Maps showing sea-level change all over the globe indicate the strong effects of winds,
ocean currents, rainy seasons, and El Niño, a band of unusually warm water in the equatorial
Pacific with a variety of side effects. The current global sea-level rise calculated by using satellite
data is 0.1 inch per year, or around 1 foot per century.A third kind of sea-level-change data, on a
much longer timescale, that may help us understand the future, is the evidence of rates of past
sea-level changes preserved in the “recent” geologic record. This could provide a reality check
for what sea-level rise may have in store for us. For the last 2 million years, the earth has
undergone at least eight major ice ages during which sea level has gone up and down as the
glaciers released or captured water. Thus, although the sea level has always varied widely, the
difference now is that we have built cities, towns, and infrastructure on the shore that are directly
affected by the rising seas.Ancient sea-level changes are measured by mapping preserved
deposits from past shorelines. This includes those that have been submerged and overrun by a
rising sea as well as those stranded above the current shoreline, left behind when a new ice
advance came along and the sea level dropped. Radiometric dating of submerged ancient coral
heads that once flourished at sea level, as well as beach sand deposits well above and far
inland from today’s shoreline, can provide clues to or indicators of how fast the sea level is
moving up and down.Although the sea level has always varied widely, the difference now is that
we have built cities, towns, and infrastructure on the shore that are directly affected by the rising
seas.The Causes of Sea-Level ChangeGlobal ChangesThe sea level rises and falls for a
number of reasons. The global cause with which we are most concerned, because it operates
on a timescale of interest to humans, is the change in the volume of the sea. This rise comes
mainly from the melting of the world’s ice sheets and mountain glaciers and from thermal
expansion, the increase in the ocean’s volume as it absorbs heat from the atmosphere. During
most of the twentieth century, the thermal expansion of the water in the upper 2,000 feet of the
ocean was the main cause of sea-level rise, but now it accounts for about half. In the twenty-first
century, meltwater from ice will likely take over as the driving force behind sea-level rise.The
potential for sea-level rise from the world’s ice bodies goes something like this: If all of
Greenland’s ice melted, the sea level would rise 20 feet. If the West Antarctic Ice Sheet melted
completely, the seas would rise 16 feet. The much larger East Antarctic Ice Sheet would raise
the seas by 164 feet, and all the world’s mountain glaciers would contribute between 1 and 2
feet.The most obvious and compelling evidence of global climate change is the retreat of
mountain or outlet glaciers. An outlet glacier is one that flows from a less mobile, central ice cap.
Outlet glaciers are found extending from both the Greenland and Antarctica Ice Sheets as well
as in Iceland, Canada, the Himalayas, and in Patagonia in Argentina and Chile.The Jacobshavn
Glacier in western Greenland produces 10 percent of all of Greenland’s icebergs and was
responsible for an estimated 4 percent of the global sea-level rise in the twentieth century. This
area produced the iceberg that sank the ship Titanic in 1912, which was memorialized in 1997 in
Titanic, a blockbuster film directed by James Cameron. In recent years, Cameron has become



an environmental advocate who speaks out on global warming and sea-level rise.In the past few
years, the movement of the Jacobshavn Glacier to the sea has sped up to 150 feet per day,
becoming the fastest-moving major glacier in the world. The glacier had been jammed up by a
bump on the seafloor, but the thinning of the ice from below suddenly released the glacier from
the bump and led to the spectacular speedup. Since 1500, the Mendenhall Glacier near Juneau,
Alaska, has retreated 2.5 miles, with 1.75 miles of that retreat occurring since 1958 when a lake
formed in front of the glacier. A glacier terminating in a water body, whether in a lake or the sea,
calves and loses ice at a faster rate than does a glacier that is entirely on land. As the
Mendenhall Glacier retreated, the land rebounded from the loss of the weight of the ice, thus
causing the relative sea level to drop along Juneau’s shoreline.Global warming is not the only
condition that affects the rate of glacier retreat. In a 2013 study, National Aeronautics and Space
Administration (NASA) scientists found that between 1860 and 1930, a time when local
atmospheric temperatures dropped slightly, large valley glaciers in the Alps nevertheless
retreated by 0.66 mile. This was a rate of retreat that had not been seen in recorded history. Why
did this happen, when the atmosphere wasn’t warming? The study of ice cores from those
glaciers showed that very likely the anomalous retreat was caused by black carbon or soot from
industry that reduced the reflectivity of the ice and thus increased the glaciers’ absorption of
heat. The villain was the Industrial Revolution! Even today, industrial soot and volcanic ash
continue to affect melting rates around the world.Satellite measurements are as important on ice
as they are over the ocean. Satellite altimetry measures the elevation of the ice sheet. Satellite
gravity measurements on Greenland and western Antarctica determine the mass of the ice and
answer the important question of whether there is an annual net gain or loss of ice. The answer
is that there is a significant loss of mass (thinning) in both Greenland and western Antarctica,
which indicates that the winter snowfall does not balance out the loss of ice during the summer
melt season.The Greenland Ice Sheet’s rate of loss is controlled primarily by global warming and
the slope of the land. The Antarctic Ice Sheets’ loss of mass is more complex than that of the
Greenland Ice Sheet. Because of the extremely low temperatures, very little ice melts on
Antarctica. The huge East Antarctic Ice Sheet lies almost entirely on land, largely ringed by ice
shelves, and so far is shedding very small amounts of ice into the sea. But western Antarctica
has a number of outlet glaciers that are grounded on offshore islands or bumps on the
continental shelf, and as these glaciers thin, they will become detached or ungrounded, causing
them to flow seaward and accelerate. This will set the scene for a rapid loss of ice (and a rapid
increase of water flowing into the sea).The Greenland Ice Sheet’s rate of loss is controlled
primarily by global warming and the slope of the land. The Antarctic Ice Sheets’ loss of mass is
more complex than that of the Greenland Ice Sheet.In addition, the warming seawater along the
western margin of the Antarctic continent is a major cause of the recent uptick in the rate of ice
melting. The seawater warms as newly formed wind patterns blow the colder near-surface
seawater offshore, which then is replaced by warmer water from below the sea surface.
Normally, the deeper ocean water is cooler than the surface water, but along Antarctica, the



reverse is true because of the melting sea ice in summer and icebergs calving from the ice
sheets.A factor of great importance contributing to the future sea level is the ice shelves. These
are flat, floating ice platforms, 300 to 3,000 feet thick, positioned around the seaward margins of
ice sheets, particularly in Antarctica. Two very large ones around the margin of western
Antarctica are the Ross Ice Shelf (166,000 square miles) and the Ronne-Filchner Ice Shelf
(188,000 square miles). Most of the large outlet glaciers abut these shelves, which are thinning
from below as the oceans warm, and already they are making a significant contribution to the
rising sea level. As the shelves weaken and eventually break up, the glaciers will suddenly be
unobstructed and will flow into the sea, where they, like the ungrounded glaciers, will release
more meltwater. Studies reported in 2014 indicate that the West Antarctic ice shelves are
thinning and may now be in the process of breaking up. In 2014, NASA glaciologist Eric Rignot
coauthored a paper and presented the results at a conference arguing that the deterioration of
the Amundsen Sea portion of the West Antarctic Ice Sheet (an area almost the size of France)
was now unstoppable. The collapse of this portion of the ice sheet, perhaps over a time period of
two centuries, will, by itself, raise sea levels by 3 feet. Mother Jones magazine characterized this
observation as a “holy shit moment” for global climate change.Several relatively small ice
shelves, such as the Larsen B on the Antarctic peninsula, already have broken up. Scientists
believe that the large, sudden collapse of the Larsen B Ice Shelf in 2002 may have been caused
by the ice rebounding from the loss of the weight of thousands of small meltwater lakes on the
surface that suddenly drained through fractures in the ice during a (relatively) warm summer.
This caused a chain reaction in which stress fractures propagated to the base of the ice, leading
to the rapid disintegration of the Larsen B Ice Shelf, which was approximately the size of Rhode
Island. The collapse of the last remnant of Larsen “is most likely in progress,” according to
California scientists.Local ChangesLocal sea-level changes are sometimes of overriding
importance in affecting coastal communities. River deltas, including the Mississippi, the Ganges,
the Niger, the Yangtze, and the Nile deltas, are home to more than 350 million people and are
subsiding (sinking) because of compaction of the large sediment load that accumulates at river
mouths over thousands of years. In addition, dams upstream from most deltas have cut off the
supply of fresh river sediment. Although this sediment would make up for some of the sinking,
other factors are evident as well. For instance, oil and water are being extracted from some
deltas, which adds to the sinking and, of course, increases the local sea-level rise in those
areas. One example is a portion of the Mississippi Delta, where the sea level is rising at a rate of
4 feet per century, mostly as a result of subsidence, in contrast to the overall global rate of 1 to
1.5 feet per century.River deltas, including the Mississippi, the Ganges, the Niger, the Yangtze,
and the Nile deltas, are home to more than 350 million people and are subsiding (sinking)
because of compaction of the large sediment load that accumulates at river mouths over
thousands of years.Along some mountainous coasts, local sea levels change because of
tectonic forces that are part of the mountain-building processes. For example, the Pacific coast
of Colombia at the foot of the northern Andes has frequent small earthquakes that cause local



shorelines to drop as much as 3 feet overnight (resulting in an overnight rise in sea level of 3
feet) along shoreline distances of 50 miles or so. Shoreline erosion rates increase immediately,
and local people move their houses, which are designed to be easily moved away from the
shore. Overall rates of sea-level rise may be as high as 10 feet per century along the Pacific
coast of Colombia. Earthquakes can work both ways, however. The Great Alaska Earthquake of
1964 affected a huge area and both lowered and raised local sea levels.Changes in ocean
circulation are responsible for much of the local sea-level change in all of the world’s oceans. In
recent years, the sea level has risen two to three times faster than the global rate along the U.S.
Atlantic coast from Cape Hatteras, North Carolina, to Cape Cod, Massachusetts, because of a
slowing down of the Gulf Stream. This narrow, fast-moving current started to slow down in 2004,
which lowered the elevation of the central Atlantic Ocean, which had been “held up” by the
forces of the Gulf Stream. This lowering of the central ocean bulge pushed water toward the
Atlantic coastal waters, accelerating the local sea-level rise in the process (and adding to Larry
Atkinson’s driving-route problem in Norfolk, Virginia). In 2014, University of Arizona and NOAA
scientists reported in an article in Nature Communications that the sudden surge of almost 4
inches in sea-level rise in 2009/2010 between New York and Canada was probably due to a
slowdown in a major ocean current system known as the Atlantic Meridional Overturning
Circulation (AMOC), of which the Gulf Stream is a component.The gravitational pull of large
masses of ice, as on the Antarctic continent, pulls the ocean toward the continent and raises the
local sea level there. As the ice melts, the local nearshore sea level slowly drops because the
gravitational pull of the ice mass decreases (and the land rebounds from the loss of the weight
of the ice). Of course, though, the melting ice causes the sea level to rise elsewhere.The
widespread clearing of land for agriculture reduces the absorption of water by forests and
vegetated soils and causes more runoff to the sea, as does the vast increase of impervious
surfaces in cities and towns.The cycle of water on dry land leads to both the rise and the fall of
the sea level. The widespread clearing of land for agriculture reduces the absorption of water by
forests and vegetated soils and causes more runoff to the sea, as does the vast increase of
impervious surfaces in cities and towns. Likewise, the extraction of groundwater at rates higher
than the amount of compensating rainfall also adds water to the sea. Conversely, both trapping
water in reservoirs behind dams and irrigating arid lands, where much of the water soaks into
the groundwater, decrease runoff to the seas. Overall, the portions of the water cycle on land
that cause the sea level to rise and fall more or less cancel each other out.The graphs of sea-
level rise over time are what scientists call noisy because of the year-to-year and decades-long
variations in some of the factors just cited. Because of the many peaks and valleys on the line
marking the sea level, at least a decade of data is required in order to sort out any trends. One
downward trend lasted for 18 months from 2010 into early 2011 when the global sea level
dropped about 0.3 inch. According to a study published in Geophysical Research Letters in
2013, the probable cause of this temporary drop was the number of torrential rainfall events in
over a 2-year period (2010/2011) in Australia, coupled with the dry soils of the Australian desert



and its poorly developed drainage system. Much of the rain did not immediately reach the sea.
Since then, however, the rate of sea-level rise has resumed its pre-2010/2011 pace.A Voice in
Unison: The IPCCThe United Nations’ Intergovernmental Panel on Climate Change (IPCC) may
mark the first time in global history that the world’s scientists have joined together to warn the
world about a perceived impending natural disaster. The IPCC has issued five IPCC reports, in
1990, 1995, 2001, 2007, and, the latest, 2013. The IPCC has an annual budget of around $9
million and an administrative staff of only 12 people who work out of a small office in the World
Meteorological Organization building in Geneva, Switzerland. A budget of only $9 million seems
like only a tiny drop in the bucket for an organization of such importance!The actual work of the
IPCC is carried out by thousands of scientists who work for no salary. Not surprisingly, coming
up with something even close to a consensus in these large groups is taxing and time-
consuming in the extreme. Nonetheless, the fact that committees consisting of hundreds of
individuals can come up with any report at all is admirable. Perhaps the most important
document from the IPCC is the Summary for Policy Makers (SPM), a report prepared by a dozen
or so experts who draw conclusions from the more comprehensive documents. Then comes the
kicker. The representatives of every government in the world that wishes to join the IPCC cause
must approve the SPM document or else drop out. Long, intense meetings are held at which
important issues as well as adjectives, commas, and semicolons are discussed in order to come
out with the final SPM. The very existence of the SPM, therefore, seems like a miracle! No
wonder it is often densely written.The actual work of the IPCC is carried out by thousands of
scientists who work for no salary.After the 2007 IPCC report, issues arose that affected the
whole global climate-change debate. The first was the disclosure of e-mails involving IPCC
writers allegedly trying to suppress data. This turned out to be grousing among colleagues,
blown out of proportion by those who sought to deny the existence of climate change. A second
problem was the inclusion of a mistaken non-peer-reviewed estimate in the report noting that the
Himalayan glaciers would disappear with startling rapidity in 35 years, a highly unlikely rate of
loss.Because there is an army of global-change deniers waiting to pounce on the slightest
perceived inaccuracy, the IPCC tends, if anything, to be too conservative. For example, so far
the panel has consistently been low in its estimate of sea-level rise rates. The 2007 IPCC report
did not include ice-sheet melting in its projections, feeling that more information about measured
rates of melting was needed, but the 2013 report does include ice sheet behavior in the estimate
of sea-level rise. Another bit of conservatism involved the Arctic Ocean’s sea ice. Although the
2007 report suggested the summer sea ice would be gone by 2100, it now appears that in a
worst-case scenario, it more than likely could be gone by 2020.The IPCC’s 2013 report
emphasizes a couple of issues: One is the apparent slowing down of warming during the last 15
years (very recent reports argue that there wasn’t a slowdown). The earth is still warming, but at
a slower rate as atmospheric CO2 continues its upward march to 400 parts per million (ppm)
and beyond. The slowdown then brings up whether the climate is less sensitive to carbon
dioxide than we’ve been assuming. Scientists believe that one explanation is that the oceans are



absorbing much of the increased heat. But more fundamentally, it is well established that the
increasing heat in the atmosphere is determined by more than just its CO2. There are variations
in the rates of release of other greenhouse gases, such as methane from the melting permafrost.
And there are natural variations related to the amount of solar radiation that reaches the earth.
Thus, occasional slowdowns and speedups are to be expected.How Fast and How FarCurrently,
a widely accepted sea-level rise scenario is a minimum of 1.5 feet, a maximum of 5 feet, and a
likely rise of 3 feet by the year 2100.In the 1980s, James Hansen, former director of NASA’s
Goddard Institute for Space Studies, was the first to bring global climate change and sea-level
rise to the attention of the U.S. Congress. Then in 2015, Hansen and 16 colleagues dropped a
bombshell prediction of a possible maximum 10-foot sea-level rise in this century. This number
was based on the assumption that once the ice sheets begin to break up, melting will proceed at
an accelerating, rather than a steady, pace.In another paper, published in 2013, Hansen and
three others argued that “burning all fossil fuels would make most of the planet uninhabitable by
humans, thus calling into question strategies that emphasize adaptation to climate change.” In
other words, we can’t neglect the critical importance of reducing atmospheric carbon dioxide.
Climate scientist Ken Caldeira, coauthor of a 2015 paper that looks at what could happen if we
burned up all available fossil fuels, predicts a sea-level rise on the order of 100 feet in 1,000
years. With a sea-level rise of that magnitude, we would be forced to abandon coastal cities
worldwide.Other scientists approach the problem of predicting the future rise of the sea by
studying the geologic past. Because we have been able to observe the behavior of the sea level
for only (geologically speaking) a very short time, we must go to the geologic past to expand our
horizon and get a peek into what might be in store for us.The Quaternary period (which includes
the Pleistocene [ice age] epoch) represents the last 2.6 million years of geologic time. During the
Quaternary, massive glaciers often advanced over large areas of land far from the poles.
Between each major glacial advance was a warmer interglacial period when the climate was not
much different from what it is today. Now we are in an interglacial time known as the Holocene
and the Anthropocene (a newly recognized segment of geologic time that indicates when we
humans began to have a major impact on the earth’s surface, after the onset of the Industrial
Revolution). The previous interglacial, the Eemian interglacial period, is assumed to have begun
130,000 years ago and to have ended about 114,000 years ago when the glaciers began to
accumulate ice once again. The Eemian period (also referred to as Marine Isotope Stage 5e) is
significant today because the events of that time come the closest as an example of where the
current sea-level rise may be headed. With each of the massive glaciers’ advances and retreats,
the level of the sea changed dramatically. When water was tied up in the ice, the sea was much
shallower, and as the ice melted, the sea rose.One of the best and most comprehensive
discussions of sea levels past, present, and future is Rising Seas, by Vivien Gornitz. Geologists
like Gornitz understand quite well the big picture of sea-level rise on a scale of tens of thousands
of years. The fact that the sea level has risen 400 feet in the past 18,000 years and came close
to its current level 5,000 years ago is easily demonstrated in the geologic record. But



understanding how fast and how far sea levels in the past have risen over short periods of time,
such as a century or two, is a different matter. It is the potential for short-term changes that is of
the most interest to our society today. We must keep in mind that it is human activity, mainly the
burning of fossil fuels, which was not a factor in the geologic past, that is driving the current sea-
level rise. The IPCC’s 2013 report expresses 95 percent confidence that we humans are the
problem, that we are producing the CO2 and other greenhouse gases that are the cause of
global climate change.The sea level during the Eemian interglacial was above the current
shoreline, probably hovering around 20 feet higher for most of the time. The more recent sea-
level rise events, as recorded in beach or salt marsh deposits or coral heads stranded on land
far from the sea, provide an important indication of how the sea level changed in the past.
Gornitz’s global summary of field evidence of ancient shorelines shows that at times between
121,000 and 119,000 years ago during the Eemian, the sea level rose suddenly by 20 feet or
more.In the same time frame, very rapid changes in sea level (as much as 8 feet per century) are
suggested by oxygen isotope studies of Red Sea foraminifera, tiny organisms that live on the
seafloor. The oxygen isotope composition of foraminifera in long marine cores reflects the
volume of ocean water locked up in ice, which in turn translates roughly to sea level.In 2013,
Australian Michael O’Leary and five colleagues published a study of the Eemian shoreline
evidence along 1,000 miles of the coast of western Australia. They chose this location because
Australia’s west coast has not experienced geologically recent ups and downs caused by the
weight of glaciers or by deep-seated crustal forces. Because the earth’s movements have not
distorted the sea-level change record there, the field evidence collected from the west coast is
assumed to be particularly strong. These scientists found evidence of a jump in sea level of 17
feet during the last interglacial that occurred over a maximum period of 1,000 years (but possibly
a shorter time within the 1,000-year span). The accuracy of their dating techniques would not
allow a more exact estimate of the timing of the leap. Nonetheless, the important takeaway from
this research is that a significant sea-level rise can be rapid, and thus we (i.e., present-day
civilization) must recognize that possibility and prepare accordingly.The world is already
experiencing and is locked into a warmer climate and rising seas, no matter how successful we
are at reducing CO2. This basically involves the momentum of change. Anders Levermann, the
lead author of the latest IPCC report’s chapter on sea level, argues that in order to halt a rise,
atmospheric CO2 must actually be removed from the atmosphere, not just reduced in the
quantity produced by humans. He compares the rise in sea level to a big ball: “It takes a while
until you get it rolling, but once it’s rolling you can’t stop it easily.” Carbon dioxide has an
atmospheric lifetime of thousands of years, and as a consequence, the CO2 now held in the
atmosphere will keep air temperatures warm even if CO2 production is stabilized or
reduced.Carbon dioxide has an atmospheric lifetime of thousands of years, and as a
consequence, the CO2 now held in the atmosphere will keep air temperatures warm even if CO2
production is stabilized or reduced.Levermann’s point is that we have enough heat in the
atmosphere to do lots of damage right now. Sea-level rise will continue for a long time even if



atmospheric warming doesn’t continue to increase but instead remains steady. The reason for
this long lag-time for reversal is that the oceans and the ice masses are very large, and
atmospheric warming penetrates “slowly but inevitably.” The result is that sea levels will continue
rising for centuries and perhaps millennia.Levermann and his co-workers believe that over the
next 2,000 years, we can expect 7.5 feet of sea-level rise per degree Celsius (1 degree
Fahrenheit should raise the sea level about 4 feet) of atmospheric warming as the melting of the
world’s big ice sheets, which they refer to as “slumbering giants,” overtakes the ocean’s thermal
expansion as the principal cause of sea-level rise. How long the sea level’s response (to each
degree of warming) will take is unknown. Certain that the sea level will take some time to “catch
up,” Levermann and his colleagues believe that the momentum of change in the huge masses of
the oceans and ice sheets “imposes the need for fundamental adaptation strategies on
multicentennial time scales.” In other words, we need to be planning on a long-term
basis.Andrea Dutton and several coauthors of a 2015 paper looked at five different warm
periods in the geologic past and found that at least 20 feet of sea-level rise had occurred in each
instance. Their result agreed with Levermann’s. A sea-level rise of 15 or more feet is a possibility
with 2 degrees Celsius of warming of the atmosphere. No time frame is predicted for such a
rise.The Tragedy of the Bruun RuleThe big remaining question is how far and how fast
shorelines will retreat in response to a given rise in the sea. On one scale, the answer is obvious.
The shoreline will retreat faster on a gently sloping coast than on a steep mountainous coast.
The same goes for a sandy coast versus a rocky coast. But these generalizations are not usually
of sufficient accuracy to help a coastal property owner or an entire community trying to
understand their future in a rising sea.Predicting shoreline retreat is an immensely complicated
process. Storms are a major direct cause of retreat, and they are impossible to quantify because
of their random occurrence and variability in winds, direction, and duration. No one has come up
with a successful way to predict future shoreline retreat, and probably no one ever will.
Understanding shoreline retreat requires an understanding of continental shelf processes,
beach processes, future wave conditions including storm waves, a detailed knowledge of the
geology of the land, plus an understanding of how the shoreline has responded to past storms,
large and small. Probably the most widespread method of predicting future shoreline retreat
rates is by projecting the current annual erosion rates into the future.One common answer to the
big question all over the globe is that for every 1 foot of sea-level rise, there will be 100 or 200
feet of shoreline retreat. This absurd belief, based on a simple mathematical model called the
Bruun Rule, is a vivid example of the problems with blindly accepting mathematical models. The
rule, named for its inventor Per Bruun, a Danish American coastal engineer, is popular because
it is easy to use and needs only two pieces of information to apply. One is the local rate of sea-
level rise and the other is the slope of the local shoreface or inner continental shelf. The latter
number can be obtained from any reasonable navigation chart.The Bruun Rule makes some
invalid assumptions, which include these three:1. It does not take into account the slope of the
land surface over which sea-level rise will push the shoreline.2. It assumes without any basis



that the slope of the shoreface is the only control of shoreline retreat besides rising seas.3. The
model makes a number of other implicit assumptions that are not met in nature, including storm-
related processes.Perhaps the most important reason that the rule (or its tweaked modifications)
has survived is that no other model has taken on the task of solving such a hugely complex
question. The Bruun Rule is a classic case in which a mathematical model has done real
damage to society by underplaying the potential of a rising sea to push back the shoreline. In
fact, the slope of the land surface over which the shoreline or barrier island will move in
response to a rising sea must be a major factor. In North Carolina, the lowermost coastal plain
slopes average 1 to 2,000, meaning that in theory, a 1-foot rise in sea level could move the
shoreline back 2,000 feet. On the Outer Banks of North Carolina, the regional slope of the land is
1 to 10,000, which means in theory that a 1-foot rise in sea level could move the shoreline about
2 miles.A rise of 3 feet would be a disaster for coastal populations worldwide. The focus has
been on the projected 3-foot sea-level rise that is anticipated during this century, but the seas
are expected to continue to rise for centuries afterward. Coastal civilization won’t end in 2100, so
there is nothing magical about choosing that date as a planning goal. In fact, coastal planning
should be looking far ahead, as the Dutch do.
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Ebook Library Reader, “All the basics of the sea rise challenge.. This is an excellent basic primer
on the consequences of climate driven sea level rise for human coastal communities. The
authors critique the denialism, short term thinking, and outright irresponsibility that pervades
coastal development in the USA. And they have facts on their side: there is a "let the buyer
beware" mentality, that is combined with the rampant use of taxpayer dollars to shore up
repeated rescues of coastal homeowners from expensive floods and home-destroying
surges.The authors do deserve praise for their honesty and clarity. It is impossible to dispute
their contention that large numbers of people will be forced to retreat from the most vulnerable
coastal stretches over future decades and centuries. It is indeed impossible to push back a
rising ocean everywhere. I have only a couple of minor issues with the book. It could have been
longer- subtracting the copious notes it is under 170 pages, and there is more to say. In
particular, I wanted to know more about the area of Hampton Roads/Norfolk Virginia which is
only 100 miles east of me. I also felt that the writers should have paid more attention to the issue
of the need to reduce carbon emissions. Bailing out the boat only works if you plug the leak at
the same time, right? They do explain that it is already too late to avoid serious sea level rise.
True! But reducing carbon emissions might be enough to avoid horrible and unbelievable sea
level rise- which would be a great thing to avoid.Despite these quibbles, I see this as a very fine
work that deserves a very large audience of readers.”

Armande Clerc, “Good but could use more maps. This was a good book, an eye opener really.
The authors provide abundant, convincing data showing how serious the situation is when it
comes to rising sea levels. I only wish there were more maps, such as of the coastline of
Florida. It would help the reader visualize what is going on. Looking them up on the internet is
an option, of course, but it defeats the purpose of reading the book.”

CitCat, “How many areas of the world will be impacted, not just coastal areas.. It impressed me
so much that I'm going to give my book club a book review of it...only problem is there is so
much in it I need to discuss, it may take hours. This is so well documented and readable...and
I've also told many others about it.”

Christina Fixemer, “Accessible, Important Information. Please read.. It's not that I love it, but that
it's important to know these things. I give this five stars because the material is written for the
average person who has minimal climate understanding. The Pilkeys care deeply about the
issues of climate change and rising sea levels. We all should, and in this book, we learn why.”

Ebook Library Reader, “Five Stars. outstanding scholarship”

E S., “Five Stars. Accurate.”



Andrea, “Good. Good book”

Dave & Eileen Shannon, “Five Stars. Excellent book on the effects of green house gases on the
oceans”

The book by Mary-Jane Rubenstein has a rating of 5 out of 4.7. 24 people have provided
feedback.
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