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INTRODUCTION
The average person's view that sea level is constant is not shared by everyone, and for good reason.
Petroleum companies and their geologists find oil on dry land once covered by prehistoric seas, and
paleontologists find marine fossils on desert plains. Nevertheless, within the period of time relevant to most
decisions, the assumption that sea level is stable has been appropriate. Only in a few cases have local
changes in relative sea level due to land subsidence and emergence been large enough to have important
impacts.
Recently, however, the view that current sea level changes are unimportant has been called into
question. Coastal geologists are now suggesting that the thirty centimeter (one foot) rise in sea level that has
taken place along much of the U.S. coast in the last century could be responsible for the serious erosion
problems confronting many coastal communities.' Furthermore, according to the National Academy of
Sciences, the expected doubling of atmospheric carbon dioxide and other greenhouse gases could raise the
earth's average surface temperature 1.5-4.50C (3-80F) in the next century. Glaciologists have suggested that
the sea could rise five to seven meters (approximately twenty feet) over the next several centuries from the
resulting disintegration of the West Antarctic ice sheet.
A more immediate concern is that the projected global warming could raise the sea as much as one
meter in the next century by heating ocean water, which would then expand, and by causing mountain
glaciers and parts of ice sheets in West Antarctica, East Antarctica, and Greenland to melt or slide into the
oceans. Thus, the sea could reach heights unprecedented in the history of civilization. Until this effort, no
one had attempted to forecast sea level rise in specific years or determine its importance to today's activities.*
A rise in sea level of even one meter during the next century could influence the outcomes of many
decisions now being made. In the United States, thousands of square miles of land could be lost, particularly
in low-lying areas such as the Mississippi Delta, where the land is also subsiding at approximately one meter
per century. Storm damage, already estimated at over three billion dollars per year nationwide, could also
increase, particularly along the well-developed and low-lying Atlantic coast. Finally, a rising sea will
increase the salinity of marshes, estuaries, and aquifers, disrupting marine life and possibly threatening some
drinking water supplies. Fortunately, the most adverse effects can be avoided if timely actions are taken in
anticipation of sea level rise.
Although action may be taken to limit the eventual global warming from rising atmospheric CO2,
the warming expected in the next sixty years and the resulting rise in sea level are not likely to be prevented.
Most CO2 emissions are released by burning fossil fuels. Because these fuels are abundant and relatively
inexpensive to produce, a voluntary shift to alternative energy sources is very unlikely. Regulatory action
that would effectively limit CO2 concentrations is also unlikely. Such actions by any one nation, even the
*Editors' note: After the submission of this manuscript, the NAS released a projection that sea level could rise seventy centimeters by 2080, not
including the impact of Antarctica (see Revelle, 1983).
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United States, could delay the effects of increasing concentrations of CO2 by a few years at most, while
imposing competitive disadvantages on the nations industries. Emissions of other trace gases (such as
chlorofluorocarbons and methane) could add significantly to the projected global warming. Furthermore,
the uncertainties surrounding the impacts on climate currently make it impossible to determine whether
preventing the global warming would provide a net benefit to the world or to individual nations. Finally,
even if emissions are curtailed, global temperatures and sea level will continue to rise for a few decades as
the world's oceans and ice cover come into equilibrium.
Although preventing a global warming would require a worldwide consensus, responding to its
consequences would not. Communities can construct barriers or issue zoning regulations; companies and
individuals can build on higher ground; and environmental agencies can take measures to reserve dry lands
for eventual use as biologically productive wetlands.
To meet the challenge of a global warming, society will need accurate information concerning the
likely effects of sea level rise. Unfortunately, communities, corporations, and individuals do not by
themselves have sufficient resources or incentives to undertake the basic scientific research required to
reduce existing uncertainties. This responsibility falls upon national governments throughout the world.
Only their efforts can provide the information that decision makers will need.
This book is based on interdisciplinary efforts that the United States Environmental Protection
Agency (EPA) initiated to encourage the development of information necessary to adapt to sea level rise.
In the spring of 1982, EPA organized a project aimed at developing methods to study the effects of sea level
rise and estimate the value of policies that prepare for this rise. The project proceeded in the following steps,
as illustrated in Figure 1-1.
Available scientific research was used to project conservative, low, medium, and high scenarios of global
sea level rise through 2100.
The scenarios were adjusted for local trends in subsidence to yield local sea level rise scenarios through
2075 for two case study sites-Galveston, Texas, and Charleston, South Carolina.
Economic and environmental scenarios were developed for the two case study sites, assuming no rise in
sea level.
The physical effects of sea level rise for the case study areas were estimated.
The economic effects of sea level rise if it were not anticipated were estimated,
Options for preventing, mitigating, and responding to the effects of sea level rise were developed.
The economic effects of sea level rise if it were anticipated were estimated.
The value of anticipatory actions and better projections of sea level rise was assessed.
Given the broad range of disciplines encompassed in this effort and the range of individuals to whom
it might be of interest, this introductory chapter provides an overview of the entire project, written for the
general reader. Chapters 2 through 10 explore the issues in more detail.
Chapter 2 summarizes the scientific evidence on the relationship between rising C02 concentrations
and global temperatures.
Chapter 3 sets forth the range of estimates for sea level rise that underlie the remainder of the
analysis.
Chapter 4 presents the method and results of an analysis of the effects of sea level rise on the
Charleston area. The chapter projects the two causes of shoreline retreat, inundation and erosion, as well as
changes in flood levels and salt intrusion into aquifers.
Chapter 5 presents an analysis similar to that in Chapter 4, using somewhat different methods for the
Galveston Bay area.
Chapter 6 catalogues the potential engineering responses to sea level rise, their costs, and their
potential effectiveness.
Chapter 7 presents the methods, data, and results of an economic impact analysis of the physical
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effects of sea level rise at the two case study sites as well as an analysis of the benefits of anticipating the rise
in terms of reducing adverse impacts.
Chapter 8 examines policy options for resort communities adapting to sea level rise and the decisions
that property owners on Sullivans Island, South Carolina, would face after a major storm.
Chapter 9 indicates how sea level rise may affect existing hazardous waste facilities and implications
for the regulation of proposed facilities.
Chapter 10 presents the reactions of six potential users of this information delivered to a conference
on sea level rise in Washington, D.C., on March 30, 1983. In the first comment, Dr. Sherwood Gagliano
discusses Chapters 4, 5, and 6, as well as his experience with relative sea level rise in Louisiana. The other
comments present a broad range of views on the technical and social implications of sea level rise.
Progress in understanding sea level rise and the most appropriate ways to respond will require discussions
within and between diverse disciplines including biology, climatology, economics, engineering, geology,
geography, hydrology, meteorology, and urban planning. The most important needs are: less uncertainty in
the range of sea level rise estimates; better methods to assess the physical effects of sea level rise; better
methods to estimate economic impacts on specific communities and private-sector firms; assessments of the
actions that could be taken in response to, and in anticipation of, sea level rise; greater awareness on the part
of potentially affected parties; and better estimates of the potential savings from anticipating sea level rise.
We have only begun to determine the degree to which research should be accelerated to produce
better forecasts of sea level rise. Such an assessment is necessary to ensure that government efforts to
address sea level rise are allocated a level of resources commensurate with the potential benefits of such
efforts. The case studies reported here indicate that Charleston and Galveston could save hundreds of
millions of dollars by preparing for sea level rise. If additional analyses are consistent with the findings of
the case studies, then the value of better forecasts would easily justify the substantial costs of developing
them. More research should be undertaken to confirm our findings; because of the time it will take to
improve sea level rise estimates, an evaluation of the appropriate priority for such research should not be
delayed.
This book provides a framework for understanding the importance of sea level rise. The methods
developed and applied to Galveston and Charleston can be used for other jurisdictions. They can also be
used by corporations, municipalities, or states to evaluate individual project decisions in the coastal zone.
Parties that could be affected by sea level rise should determine whether the impacts will require changes
in their operations and the importance of better forecasts.
We hope that this book proves to be more than a collection of useful scientific papers. We believe
that it raises important policy issues that warrant the attention of all citizens, not just those who allocate
research budgets, issue government regulations, and make investment and locational decisions. Responding
to the challenge of a rising sea will require better assessments and public awareness of the future rate of sea
level rise, the likely effects, and options for slowing the rise or adapting to it. Our goal is to accelerate the
process by which these issues are resolved.
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SEA LEVEL, CLIMATE, AND
CARBON DIOXIDE EMISSIONS
The rise and fall of sea level is influenced by both geological and climatic factors. Changes in midocean ridge systems may have been responsible for a drop in sea level of three hundred meters (one thousand
feet) over the last eighty million years (Hays and Pitman, 1973 ).2 Even today, emergence and subsidence
of land can have a noticeable effect on local sea level. For example, Louisiana is currently losing over one
hundred square kilometers (approximately fifty square miles) of land per year, largely because of subsidence
estimated at one meter per century (Boesch, 1982). In contrast, emergence has caused difficulty for Finnish
port authorities facing progressively shallower harbors.
Geological events affecting sea level are, however, generally slow and unlikely to accelerate.
Although this has generally been true for climatic changes in the past, the future may be different. This
section looks at the relationship between sea level and climate, explaining how rising atmospheric
concentrations of carbon dioxide can raise the earth's average surface temperature and thereby dramatically
change both climate and sea level.
The Relationship between Climate and Sea Level
Climate influences sea level in two ways: by moving the earth's water between glaciers resting on
land and the oceans and by changing the temperature of the ocean water and thus its volume. If all the
glaciers in Antarctica and Greenland melted, sea level would rise more than seventy meters (over two
hundred feet). In the past, enough ocean water has accumulated in glaciers to lower sea level about one
hundred and fifty meters (five hundred feet).
Although complete melting of land-based glaciers would take thousands of years, partial melting
could raise sea level as much as a meter in the next century. Furthermore, glaciers grounded under water
could disintegrate more quickly. Two leading glaciologists have estimated that the entire West Antarctic ice
sheet (the largest marine-based glacier) could enter the oceans in two hundred years (Hughes et al., 1979)
and five hundred years (Bentley, 1980) raising sea level five to seven meters (about twenty feet). Although
a complete disintegration of this marine based glacier will not occur in the near future, parts of it and other
icefields, as well as mountain glaciers, could be vulnerable in the next century.
Because water expands when heated, a warmer climate could raise the sea even without any
contribution from glaciers. Although a warming of the entire ocean would take several centuries, the upper
layers could warm and raise sea level as much as a meter by 2100. This shorter-term effect of a global
warming is frequently overlooked.
Past Trends in Climate and Sea Level
For the last two million years and probably longer, sea level and climate have fluctuated together in
cycles of 100,000 years. These cycles are caused by changes in solar irradiance due to cyclic changes in the
tilt of the earth's axis. During ice ages, the earth's average temperature has been about 5EC (9EF) colder than
at present, with glaciers covering major portions of the continents. During the Last Glacial (12,000-20,000
years ago), sea level was approximately one hundred meters (over three hundred feet) lower than today.
During previous ice ages it may have been one hundred and fifty meters lower (Donn et al., 1962).
During the warm interglacial periods, temperatures and the sea have risen to approximately the levels
of today. There is no evidence that the land-based glaciers in Greenland and Antarctica have ever completely
melted in the last two million years. However, glaciologist J. H. Mercer (1972) has suggested that the West
Antarctic ice sheet has completely disappeared, with sea level rising five to seven meters above its present
level, probably during the last interglacial (115,000 years ago). From the end of the Last Glacial until about
six thousand years ago, sea level rose approximately one meter per century.
In the last century, tidal gauges have been available to measure sea level at specific locations.
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Studies combining these measurements to determine trends in worldwide sea level have concluded that it has
risen ten to fifteen centimeters (four to six inches) in the past century (Fairbridge and Krebs, 1962;
Gutenberg, 1941; Lisitzin, 1974; Barnett, 1983; Gomitz et al., 1982). At least part of this rise can be
explained by the warming trend of 0.4EC in the last century and the resulting thermal expansion of the upper
layers of the ocean (Gornitz et al., 1982). The remainder may be due to a small amount of glacial melting
and a delayed response of deep-ocean waters to longer-term warming trends.
The Greenhouse Effect and the Prospect of Global Warming
Although climate and sea level have been relatively stable in recent centuries, the next century may be very
different. In the past, the delicate balance of the global climatic system has evolved slowly as its various
determinants shifted. Current activities, however, are altering this balance.
Man is reversing millions of years of natural evolution by putting back into the atmosphere carbon
that had been sequestered over the ages as fossil fuels. Atmospheric concentrations of CO2 are likely to
double, and possibly triple, by 2100. Because no historical precedent exists, reasonable expectations about
future climate must be based on scientific evidence, not geological records. After evaluating the available
evidence, the National Academy of Sciences concluded that a doubling of atmospheric concentrations of CO2
would warm the earth's average surface temperature 1.5-4.5EC (2.7-8.1EF) (Charney, 1979; Smagorinsky,
1983).
The greenhouse effect of the atmosphere has never been doubted. Most of the sun's radiation is
visible light, which passes through the atmosphere largely undeterred. When the radiation strikes the earth,
it warms the surface, which then radiates the heat as infrared radiation. However, atmospheric CO2, water
vapor, and some other gases absorb the infrared radiation rather than allow it to pass undeterred through the
atmosphere to space. Because the atmosphere traps the heat and warms the earth in a manner somewhat
analogous to the glass panels of a greenhouse, this phenomenon is generally known as the "greenhouse
effect."? Without this effect, the earth would be 33EC (60EF) colder than it is currently.
The extent to which CO2 absorbs heat has been known for almost a century (Arrhenius, 1896). In
Chapter 2, Hansen et al. show that a doubling of atmospheric C02 would raise the average temperature 1.2EC
(2.OEF) if nothing else in the earth's climatic system changed. However, many parts of the climate will
change, amplifying the direct impact of C02. Because these changes are not completely understood, the total
warming is difficult to estimate. The current uncertainty surrounding the impact of C02 on average
temperature is centered around these climatic "feedbacks," not the direct warming from C02. Evidence of
some of these feedbacks is so strong that the National Academy of Sciences has concluded that the warming
will be at least 1.5EC.
The most important feedback will result from the warmer atmosphere's ability to retain more
moisture. Because water vapor also absorbs infrared radiation, additional heating will result. Hansen et al.
estimate that doubled C02 would increase the atmosphere's water vapor content 30 percent, heating the earth
an additional 1.4EC.
Another important positive feedback concerns the impact of snow and ice cover on the earth's albedo,
the extent to which it reflects sunlight. Ice and snow reflect most of the sun's radiation, while water and soil
absorb it. An increase in surface temperatures would melt snow cover on land and floating ice and thereby
allow the earth to absorb energy that would otherwise be reflected back into space. Hansen et al. estimate
an additional warming of 0.4EC from the albedo effect.
A feedback that is less understood is the impact of a global warming on clouds, which also reflect
sunlight into space. The effects of clouds on the earth's albedo depend on their heights and other properties,
as well as the extent of cloud cover. Thus, the impact of a global warming on clouds is somewhat uncertain.
Nevertheless, with somewhat less confidence, Hansen et al. estimate a 2 percent reduction in cloud cover and
a resulting warming of 0.5EC. They also estimate that increases in cloud height would result in an additional
warming of 0.5EC, for a total impact of 1.0EC from clouds.
Although the increase in the average temperature of the earth is a convenient shorthand description
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Of C02-induced climatic change, it masks important regional implications. Most researchers agree that polar
temperatures would increase two to three times the earth's average increase. The world's climate depends
largely on circulation patterns by which the atmosphere and the oceans transport heat from warm to cold
regions. As a result, any significant change in the difference between equatorial and polar temperatures
could dramatically affect climatic patterns. A particularly important effect of these changes will be shifts
in annual and seasonal precipitation and evaporation, with some areas gaining and others losing.
Furthermore, because hurricanes require an ocean temperature of 27EC (80EF) or warmer, a global warming
could allow hurricanes to form at higher latitudes and during a greater part of the year. Although these
changes could be important to coastal communities, they have not been examined in this study. 4
Increasing Atmospheric Concentrations of Carbon Dioxide and Other Greenhouse Gases
Although the climatic change that would result from C02 emissions is poorly understood, there is
complete agreement that C02 concentrations are increasing. The measured concentration of C02 in the
atmosphere increased from 315 parts per million in 1958 to 339 ppm by 1980 (Keeling, 1982). Estimates
from tree rings suggest that the concentration was approximately 280 ppm in 1860.
Approximately one-half the C02 released by combustion of fossil fuels has remained in the
atmosphere. It is generally believed that most of the remaining C02 has dissolved into the oceans. Although
tropical deforestation and cement production also result in C02 emissions, their contributions have been and
will continue to be much less important.
In the next few decades, C02 emissions are unlikely to be curtailed, either voluntarily or by
regulation. The world's infrastructure is built around fossil fuels. The cost of using coal, gas, and oil is low
compared with nuclear and solar power, and this relative cost advantage is expected to continue. Therefore,
a voluntary reduction in C02 emissions is unlikely.
The only governmental action that could successfully reduce C02 emissions would be to curtail the
use of fossil fuels. Emission controls (scrubbers) for C02 from power plants would at least quadruple the cost
of electricity (Albanese, 1980). For smaller users of fossil fuels, such as homes and motor vehicles, control
is not even feasible. Other plans, such as sequestering carbon in massive tree plantings, are even less
plausible (Greenberg, 1982).
Even if political leaders decide to take drastic actions to limit worldwide consumption of fossil fuels,
it is probably already too late to prevent significant rises in global temperatures and sea level. A recent study
by EPA investigated the impact of drastic energy policy changes on the expected timing of a greenhouse
warming (Seidel and Keyes, 1983). The authors concluded that such policies could have important impacts
by 2100, but would not substantially delay the 2EC warming expected by 2040. They estimated that a 300
percent tax on fossil fuels would delay the 2EC warming by only five years, and that even a worldwide ban
on coal, shale oil, and synthetic fuels would delay the warming by only twenty-five years, if implemented by
2000. Furthermore, such a ban would delay the rise in sea level expected through 2040 by only twelve years.5
The political feasibility of instituting such a ban by 2000 is also doubtful, because only a worldwide
agreement to curtail emissions could be successful. Any individual nation that curtails its own emissions will
delay the day when C02 concentrations double by a few years at most. (This delay would be even less if the
resulting drop in energy prices induced other nations to increase their own consumption.)6 Furthermore,
because energy costs would increase for any nation that curtailed its emissions, that nation's industries would
be placed at a competitive disadvantage compared with those of the rest of the world. The failure of most
other nations to follow the United States' lead in banning chlorofluorocarbons in spray cans, where the costs
were very minor, indicates that reaching a worldwide consensus on curtailing emissions is extremely
difficult. Finally, political leaders would require proof that such a policy would be more beneficial than
adapting to higher C02 levels. Such proof will probably remain impossible to provide for the foreseeable
future.
Several other gases emitted by human activities also absorb infrared radiation, and would thus
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contribute to a global warming. The most significant of these trace gases are methane, nitrous oxide, and
chlorofluorocarbons. As Hansen et al. discuss in Chapter 2, emissions of these gases added 50-100 percent
to the greenhouse effect from C02 Although less is known about the future importance of these gases,
emissions of some of them, particularly chlorofluorocarbons, may grow much faster than C02 (Palmer et al.,
1980).
The impact of increasing concentrations of greenhouse gases will almost certainly be an unprecedented
global warming. Some people have suggested that this warming may be offset because the earth would
otherwise be entering a cool period. However, a natural cooling would take place over tens of thousands of
years and is thus unlikely to significantly offset the global warming in the next century. Even a drastic
increase in volcanic activity would offset less than 10 percent of the projected rise in sea level (Hoffman et
al., 1983).
Estimating the Magnitude of the Greenhouse Effect
In the last few decades, mathematical models have been developed to estimate the impact of C02 on climate.
Two of the most complete climate models, those of Hansen et al. and Manabe and Stouffer (1980), estimate
the warming from doubled C02 to be 4EC and 2EC, respectively.7 In Chapter 2, Hansen et al. discuss the
differences between these models, and other evidence supporting estimates of the magnitude of the
greenhouse effect. They conclude by estimating that in the 1990s the warming from the greenhouse effect
will exceed the fluctuations that have occurred in this century, laying to rest any remaining doubts about the
importance of the greenhouse effect.
One of the most important differences between the two models is that Manabe and Stouffer assume
that the behavior of clouds would not change, while the Hansen et al. model predicts it to be an important
positive feedback. The former model also assumes that less sea ice exists and therefore that the albedo effect
will be less significant. Finally, the Manabe and Stouffer model assumes that the atmosphere transports all
heat from equatorial to polar regions, while Hansen et al. assume that ocean currents also transport heat.
These differences cause Manabe and Stouffer's estimate to be lower than that of Hansen et al.
Hansen et al. identify three types of evidence that support estimates of the magnitude of the
greenhouse effect: temperatures on other planets, recent global temperature trends, and long-term climate
cycles. Compared with the earth, Mars has lower concentrations and Venus higher concentrations of C02 and
other greenhouse gases. Hansen et al. show that temperature differences between these planets are wellexplained by the greenhouse effect, not merely by their distances from the sun. For example, without the
greenhouse effect, Venus would be approximately the same temperature as the earth. However, because the
planet's atmosphere is mostly C02 and traps infrared radiation more than one hundred times as efficiently as
the earth's atmosphere, Venus is 400EC hotter.
Hansen et al. show that their model's predictions are also consistent with historical evidence. In the
past century, global temperatures have increased 0.4EC, with 0.1EC fluctuations from decade to decade.
Hansen et al. show that much of the variation in temperature can be explained by their model when the
impacts of C02 and volcanoes are considered. Another type of historical evidence is the ability of the
models to explain climatic periods from long ago. Over the last 18,000 years, the earth's average
temperature has increased 4EC as the ice covering much of North America, Europe, and Asia retreated.
Hansen et al. show that the changes in ice cover used by their model to predict the warming from C02 is
consistent with the changes in ice cover that have occurred in the last 18,000 years.
SEA LEVEL RISE SCENARIOS
Faced with the consequences of a global warming, coastal decision makers would like to have a
precise projection of sea level rise. Unfortunately, because of the large degree of uncertainty in many of the
factors influencing sea level, available scientific knowledge is inadequate to generate a precise forecast.

Sea Level Rise: Overview of Causes and Effects

Nevertheless, in Chapter 3, Hoffman argues that available knowledge is sufficient to estimate the
likely range of sea level rise in the next century. For each of the factors influencing sea level rise, he
consulted the experts and the literature to determine conservative and high estimates. He then linked various
combinations of these estimates to produce scenarios of worldwide sea level rise ranging from conservative
to high.
Scenario Building
Figure 1-2 illustrates the relationships among the factors influencing sea level rise that Hoffman
considered. Several different models representing these components were used to generate over 90 scenarios.
From these, a conservative, a mid-range low, a mid-range high, and a high scenario were identified.
The major factors influencing sea level that Hoffman considered were: C02 emissions; fraction
airborne (the fraction of C02 emissions that remains in the atmosphere); concentrations of other trace gases;
climate sensitivity (global warming resulting from increases in atmospheric concentrations of C02 and trace
gases); thermal expansion of ocean water; and snow and ice contributions.
For the first five factors, Hoffman specified a conservative, a mid-range, and a high assumption. For
snow and ice contributions, he used only a high and a low assumption.
Carbon Dioxide Emissions. The World Energy Model of the Institute for Energy Analysis was run
under a variety of assumptions regarding population growth, economic activity, and the relative costs of
various sources of energy to produce scenarios of C02 emissions (Institute for Energy Analysis, 1982). Based
on the work of Keyfitz et al. (1983), all scenarios assumed that world population achieved zero growth by
2075. The high scenario assumed that per capita economic growth decreased from 3.5 percent per year in
1980 to 2.2 percent by 2100. These rates are lower than experienced by the world economy in the last thirty
years. For the conservative scenario, growth will diminish from 2.2 percent in 1980 to 1.7 percent in 2100.
All scenarios assumed that energy efficiency improves, and the conservative scenario also assumed that the
cost of producing nuclear power was reduced 50 percent in 1980. As a result of these assumptions, C02
emissions would grow at average rates of 1.7 percent, 2.0 percent, and 2.3 percent per year from 1980 to
2100, for the conservative, mid-range, and high scenarios, respectively.
Fraction Airborne. Two methods were used to determine the percentage of carbon emissions that
remain in the atmosphere (i.e., the fraction airborne). In the conservative scenario, the historical average of
53 percent was used. In the mid-range and high scenarios, the Carbon Cycle Model of the Oak Ridge
National Laboratories (ORNL) was used (ORNL, undated). This model simulates the movement of carbon
among the biosphere, oceans, and atmosphere, taking into account decay, oxidation and other biochemical
actions. Largely because the upper layers of the ocean would approach saturation as warmer surface
temperatures reduced vertical mixing of the oceans, the model predicted that the rate of atmospheric retention
of C02 would grow from 60-80 percent by 2100. As a result, atmospheric concentrations of C02 would double
by 2055 in the high scenario and by 2085 in the conservative scenario.
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Figure 1-2. Basis for scenarios. For each factor or relationship, high and low assumptions were developed using the published
literature.

Sea Level Rise: Overview of Causes and Effects

Concentrations of Other Greenhouse Gases. Knowledge of the origins and fates of other gases that absorb
infrared radiation is insufficient to project their atmospheric concentrations in the same manner as was done
for C02. Hoffman only considered four of the most important trace gases: methane, nitrous oxide, and two
chlorofluorocarbons, CFCl3 (R-11) and CF2Cl2 (R-12).
Because of the ozone depletion potential from chlorofluorocarbons, all scenarios assumed that
emissions would not increase after 2020. From 1980 until that date, the conservative, mid-range, and high
scenarios assumed that emissions of these gases would increase linearly by 0.7, 2.5, and 3.8 percent of the
1980 level, respectively, each year. Concentrations of these gases were calculated by assuming the half-lives
of CFCl3 and CF2Cl2 to be 60 and 120 years, respectively. For nitrous oxide and methane, Hoffman projected
atmospheric concentrations directly. The three scenarios assumed that methane concentrations would
increase geometrically by 1.0, 1.5, and 2.0 percent per year, and that nitrous oxide concentrations would
increase by 0.2, 0.45, and 0.7 percent per year.
Climate Sensitivity. Hoffman used the National Academy of Sciences' estimated range of the
impact of a C02 doubling on average surface temperature (Charney, 1979; Smagorinsky, 1982). The
conservative scenario assumed that the average surface temperature would increase 1.5EC (2.7EF), the midrange scenarios assumed 3.0EC (5.4EF), and the high scenario used 4.5EC (8.1EF). Given these assumptions
about the impact of a doubling, Hoffman projected year-by-year increases in temperature using the increases
in greenhouse gases with an equation fit to the results of a climatic model that includes heat transfer from
the atmosphere to the oceans. 8
Thermal Expansion of Oceans. Although surface waters would warm quickly with rising global
air temperatures, the downward transport of heat into deeper ocean layers would warm them much more
slowly. Hoffman employed an ocean model that uses diffusion as a surrogate for all heat transport processes
to estimate heat transported into the top one thousand meters (3,200 feet) of the ocean. All scenarios used
coefficients based on interpretation of data on ocean tracers.9 Because glacial melting and climate change
might alter ocean currents drastically, special-case scenarios were also developed. 10 These extreme
assumptions did not have large effects on the resulting projections of sea level rise. The expansion of water
was computed at each depth using standard coefficients of expansion for the temperature, pressure, and
salinity of a globally averaged column of water.
Snow and Ice Contributions. Very little work has been done concerning the impact of a global
warming on deglaciation. As a result, Hoffman acknowledges that his assumptions about the impact of
global warming on glaciers constitute the weakest part of the analysis. He notes that in the last century, a
global warming of 0.40C (0.70F) would be sufficient to explain a 5 cm (2 in) rise in sea level from thermal
expansion. However, various authors have estimated that the actual rise was 10-1 5 cm (4-6 in). Therefore,
factors other than thermal expansion - most likely snow and ice contributions from land-accounted for the
other 5-10 cm rise. Given the absence of glacial process models. Hoffman assumed that this relationship
would persist.
Therefore, the conservative and mid-range low scenarios assumed that the rise in sea level from
deglaciation would equal the contribution from thermal expansion, while the mid-range high and high
scenarios assumed that it would be twice the contribution. Hoffman notes that these assumptions were
consistent with estimates of melting derived from Hansen et al. three-dimensional global climate model,
which simulates world climate on an hour-by-hour basis in a manner very close to observed conditions.
Nevertheless, he argues that this aspect of the scenarios should be improved as soon as possible by using
glacial process models*.
* Editors’ Note: Subsequent analysis had led Hoffman to conclude that the mid-range low scenario is more likely than the mid-range high scenario.
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Results of Sea Level rise Scenarios
Table 1-1 illustrates Hoffman's results for global sea level rise through 2100. Under the high scenario, sea
level will rise about 17 cm (6.7 in) by 2000, 117 cm (3.8 ft) by 2050, and 345 cm (11.3 ft) by 2100. Under
the conservative scenario, sea level will rise about 17 cm (6.7 in) by 2000, 117 cm (3.8 ft) by 2050, and 345
cm (11.3 ft) by 2100. Under the conservative scenario, sea level will rise 4.8 cm (2 in) by 2000, 24 cm (9.4
in) by 2050, and 56 cm (22 in) by 2100. Because of local subsidence, most of the Atlantic and Gulf coasts
of the United States can expect the sea to rise 15-20 cm more in the next century than these figures indicate.
Tables 1-2 and 1-3 show the sea evel rise scenarios that Kana et al. And Leatherman used in the
Charleston and Galveston case studies. These scenarios differ from Hoffman’s scenarios for several reasons.
First, Hoffman made several improvements in his scenarios after Kana et al. And Leatherman had completed
their chapters. 11 Second, Kana et al. And Leatherman adjusted the global scenarios to account for local
conditions. Third, instead of using the conservative scenario, the case studies used a basline scenario
calculated by extrapolating past trends of global sea level rise and using judgment regarding local trends.
Finally, the “mid-range low” scenario is called “low” and the “mid-range high” scenario was replaced by a
“medium” scenario equal to the average of the high and low scenarios.
Research Necessary to Reduce Uncertainty
Opportunities are available for substantially reducing the major uncertainties regarding sea level rise.
However, better knowledge will require considerably greater research expenditures than are currently being
made. Moreover, a mission-oriented management will be needed to induce the necessary coordination
between researchers who normally work apart in such diverse fields as climatology, oceanography,
glaciology, and biogeochemistry.
Of the major factors considered in Hoffman's scenarios, insufficient research is currently being
undertaken on concentrations of trace gases, deglaciation, and incorporation of the oceans into climate
models. Although there is a modest amount of ongoing research to determine the likely impact of C02
emissions on average global temperatures, these activities are not driven by a sense of urgency that is based
on the need to produce year-by-year estimates that are useful for decision makers.
In researching trace gases, the short-term priority should be to identify all the sources and sinks, both
current and future, that will influence concentrations of chlorofluorocarbons, methane, nitrous oxide and
other important gases neglected in this study. Over the longer term, biogeochemical models that accurately
represent the atmospheric, oceanic, and terrestrial processes that control the levels of these gases need to be
developed.
Climate models that incorporate realistic geography, realistic heat uptake and transport by the oceans,
and the feedback effects of melting, evaporation, sublimation, and snowfall in polar regions should be run
on a year-by-year basis as soon as possible in order to provide estimates of the time path and geography of
climate change. A major effort to include better ocean models should be the highest long-term priority. A
better representation of polar processes in global climate models is also necessary.
The response of glaciers to a global warming is the least understood of the major factors that will
determine sea level rise. In the short run, global climate modelers, southern ocean oceanographers, and
glaciologists can produce scenarios of meltwater runoff and deglaciation that complement the scenarios of
thermal expansion developed by Hoffman. In the longer term, a greater data collection will be needed.
Without the better observations necessary to build and validate models, it will be impossible to provide
reliable and precise estimates. In the next decade, more complete models of icefields should be developed,
based on the specific topography of each field. Experiments such as towing icebergs into warmer water could
also be undertaken to provide additional insights into the behavior of glaciers under radically different
conditions. Observational programs using satellite data to track the advance and retreat of glaciers should
also be undertaken. Together, these efforts can greatly improve the precision of estimates of snow and ice

Sea Level Rise: Overview of Causes and Effects

Sea Level Rise: Overview of Causes and Effects

contributions to sea level rise. Finally, models of thermal expansion that consider longitude and latitude
should replace the one-dimensional model Hoffman used. Over the longer run, models of ocean circulation
capable of considering the impacts of global warming and deglaciation on ocean mixing, and thus heat
uptake, should be developed.
The challenge of advancing our knowledge will require careful management of research. Only if
sustained long-term support is given to interdisciplinary scientific teams can accelerated research speed the
development of necessary information and narrow the range of plausible sea level rise scenarios. The
sporadic stop-and-start efforts and the support of individuals or groups working in isolation that have
characterized many recent efforts are not likely to be sufficient for this challenge.
EFFECTS OF SEA LEVEL RISE
This section describes the physical and environmental effects of sea level rise, and the activities that
can be undertaken to prevent or adapt to these effects.
The Physical Consequences of Sea Level Rise
The physical consequences of sea level rise can be broadly classified into three categories: shoreline retreat,
temporary flooding, and salt intrusion. The most obvious consequence of a rise in sea level would be
permanent flooding (inundation) of low-lying areas. A sea level rise of a few meters would inundate major
portions of Louisiana and Florida, as well as beach resorts along the coasts. Marshes and low-lying flood
plains along rivers and bays would also be lost.
Many coastal areas with sufficient elevation to avoid inundation would be threatened by a different
cause of shoreline retreat: erosion. In fact, the current trend of sea level rise may be causing the serious
erosion that is taking place in many coastal resorts (New Jersey, 1981; Pilkey et al.,1981). The constant
attack of waves causes beaches to take a particular profile, which fluctuates seasonally. Winter storms erode
the upper beach and deposit sand offshore, and the calmer spring and summer waves redeposit the sand and
restore the beach. However, a rise in sea level alters the relationship of the shore profile to the water level
(see Figure 1-3). Because the water near the beach is deeper than before, more energy is required to move
the offshore sand back to the beach. Consequently, some of the material deposited offshore by winter storm
waves remains offshore, and a portion of the beach is lost (Bruun, 1962; Schwartz and Fisher, 1979).
Another cause of beach erosion from sea level rise is overwash and the resulting landward migration
of coastal barriers (Massachusetts, 1981; U.S. Department of Interior, 1983). Many American beach resorts
lie on narrow islands and spits (peninsulas with the ocean on one side and a bay on the other). Rather than
erode them in place, overwash processes cause the islands and spits to migrate landward in a fashion similar
to a tank tread. These processes take place during storms and raise islands as well as move them landward.
Although this process may protect the barrier itself, property on the seaward side may be totally lost.
Increased storm damage is an economically important result of sea level rise. Wind and low pressure
during hurricanes and other storms cause the water level in an area to rise temporarily, sometimes by several
meters. The Federal Emergency Management Agency classifies these storms in terms of both their frequency
and the magnitude of the elevation in water level -the latter phenomenon is known as storm surge. Regions
with 1 percent and 10 percent chances of flooding in a given year are designated as 100-year and 10-year
flood zones, respectively. Existing development is often predicated on the basis of these flood frequencies.
An increase in sea level would increase the water level during a flood by approximately the amount of sea
level rise, bringing new areas into the flood zones. Higher water tables also exacerbate flooding by
decreasing the ability of land to drain stormwaters. Finally, erosion and deeper water could subject new areas
to damaging storm waves.
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Figure 1-3. Concept of profile adjustment to increased sea level. Given a shore profile at equilibrium and a rise in
water level, Bruun's Rule (1962) states that beach erosion occurs in order to provide sediments to the shore bottom so
that the shore bottom can be elevated in proportion to the rise in water level (a). The volume of sediment eroded from
the beach (V) is equal to the volume of sediment deposited on the shore bottom (V). (Source: after E. B. Hands, 1981.
Predicting Adjustments in Shore and Offshore Sand Profiles on the Great Lakes. CERC Technical aid 81-4, Ft.
Belvoir, Va.: Coastal Engineering Research Center)

Sea level rise also causes the salt content of aquifers and estuaries to migrate landward. In coastal
aquifers, a layer of freshwater floats on top of the heavier saltwater. The saltwater generally forms a wedge
such that the farther inland (the higher the water table), the farther below ground is the boundary between
fresh and saltwater. Where sea level rise results in a landward movement of the shoreline, this boundary will
move inland as well. Because the level of the water table is itself determined by sea level, a rise in sea level
causes the freshwater/saltwater boundary to rise. The landward and upward shift of this boundary implies
that certain freshwater wells may become salty. Overpumping of coastal aquifers also has resulted in salt
intrusion, however, and in many instances this problem dwarfs the possible impact of sea level rise.
A rise in sea level also would increase the salinity of rivers and estuaries. Since the last ice age, as
sea level rose approximately one hundred meters (several hundred feet), such freshwater rivers as the
Susquehanna have evolved into estuaries like the Chesapeake Bay. A decrease in the flow of a river or an
increase in the volume of water allows salt to migrate upstream. An increase in sea level of only thirteen
centimeters (five inches) could result in salt concentrations in the Delaware River migrating two to four
kilometers (one to two miles) upstream (Hull and Tortoriello, 1979). A rise of one meter could cause salt
concentrations to migrate over twenty kilometers, possibly enough to threaten part of Philadelphia's water
supply during a drought. Because some rivers recharge aquifers, some aquifers might become salty as well.
The impacts of storm damage and salt intrusion may be exacerbated or mitigated by the impacts of
an enhanced greenhouse effect on climate. For example, possible increases in hurricane frequencies would
further increase storm damage, while reductions in the severities of northeasters could reduce it. Flohn
(1981) has suggested that in the mid-latitudes less precipitation might result, which would amplify salinity
increases. Because these possibilities are still very tentative, they are not included in the analyses presented
here.
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Impacts on Today's Decisions
The costs associated with the physical effects of sea level rise could be very high. Although the worst effects
would not begin to be felt until 2025, low-lying areas and beach resorts could be seriously affected before
then. Furthermore, a wide variety of decisions made in the next decade will significantly influence the extent
of the damages from sea level rise in the next century.
A popular convention used in evaluating large-scale projects is to assume that the project has a
lifetime of thirty years. For many purposes, this convention is useful. Unfortunately, it has also led some
managers to view the future beyond thirty years hence as completely irrelevant, even for projects that last
much longer. Although machinery may only last ten years, many factories last fifty to one hundred years.
Although pavement may last only ten years, a road lasts and channels land development for centuries. The
location and layout of most major cities in the eastern United States were determined by decisions made
before 1800. Houses, bridges, port facilities, airports, utilities, cathedrals, and office buildings constructed
in the next decade may be useful for the next century or longer.
Sea level rise could affect all of these projects. Buildings could be destroyed by erosion and storms.
Federal government programs that aid victims of natural disasters could become much more costly. Roads
could be destroyed, and the costs to localities of maintaining infrastructures could increase. Bridges, docks,
and aids to navigation would have to be reconstructed. Communities with high water tables would have to
redesign drainage systems, and basement flooding could become more severe. Salt intrusion could
necessitate constructing expensive desalinization facilities or relocating water intakes. Existing riparian
rights and pacts to distribute water between municipalities might become unfair.
Environmental Impacts of Sea Level Rise
Like the physical effects, the environmental impacts of sea level rise fall into the categories of
shoreline retreat, salt intrusion, and increased flooding. Perhaps the most serious environmental consequence
would be the inundation and erosion of thousands of square miles of marshes and other wetlands. Wetlands
(areas that are flooded by tides at least once every 15 days) are critical to the reproductive cycles of many
marine species. Because marsh vegetation can collect sediment and build upon itself, marshes can "grow"
with small rises in sea level. But for faster rates of sea level rise, the vegetation will drown. Its resulting
deterioration may significantly erode land previously held together only by the marsh vegetation. Relative
sea level rise of one meter per century is eroding over one hundred square kilometers (about fifty square
miles) per year of marshland in Louisiana.
Salt intrusion is a threat to marine animals as well as vegetation. Many species must swim into
fresher water during reproduction. In response to sea level rise, fish might swim farther upstream, but water
pollution could prevent such an adaptation from succeeding. Some species, on the other hand, require salty
water, such as the oyster drill and other predators of oysters. Consequently, salinity increases have been cited
for the long-term drop in oyster production in the Delaware Bay (U.S. Fish and Wildlife Service, 1979;
Haskin and Tweed, 1976), as well as recent drops in the Chesapeake Bay. Salt intrusion could also be a
serious problem for the Everglades.
Flooding could have a particularly important impact on environmental protection activities. As
Chapter 9 indicates, regulations for hazardous waste sites promulgated under the Resource Conservation and
Recovery Act currently impose special requirements for sites in 100-year flood zones. Another EPA
program, Superfund, has responsibility for abandoned waste sites, some of which are in low-lying areas such
as Louisiana and Florida that could be inundated.
There are over one thousand active hazardous waste facilities in the United States located in 100-year
floodplains (Development Planning and Research Associates, 1982) and perhaps as many inactive sites. Sea
level rise could increase the risk of flooding in these hazardous waste sites. For example, if a hazardous
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waste facility is subjected to overwash by strong waves or simply to flooding that weakens the facility's cap,
the wastes can be spread to nearby areas, thus exposing the population to possibly contaminated surface
water. Moreover, by intruding into clay soils (which are often used as liners for hazardous waste disposal)
saltwater can increase leaching of wastes.
RESPONSES TO SEA LEVEL RISE
We briefly review here the numerous methods that are available to prevent, mitigate, and respond
to erosion, flooding, and salt intrusion from sea level rise. Sorensen et al. provide more detail in Chapter 6.
Communities and individuals must decide whether to attempt to protect themselves from the
consequences of sea level rise or adapt to them. Generally, prevention will be economically justifiable only
at valuable locations, such as population centers, defense installations, historical sites, and areas of
environmental importance such as habitats of endangered species. Other areas would have to adjust to the
consequences.
Prevention of erosion requires keeping waves from attacking the shore. This is generally achieved
by intercepting the waves offshore or by armoring the beach itself. Offshore breakwaters limit the size of
incoming waves. Revetments armor the beach itself and can be useful for moderate size waves.
Several means of preventing inundation and storm surge also serve to limit erosion. Seawalls, levees,
and bulkheads are vertical wall structures made of materials of various strengths, depending on the size of
the waves. New Orleans and other low-lying communities are protected by levees, while Galveston is
protected by a seawall. With a rising sea, however, these structures may require protection themselves.
Shoreline retreat in Galveston, for example, threatens the seawall's foundations. Accurate forecasts of future
sea level rise could enable engineers to determine the heights and best design of these structures so that their
initial construction is appropriate and cost-effective for their entire lifetime.
Because beaches and waves are important to resort communities, structures are not always an
acceptable response to erosion, inundation, and storm surge. A popular but expensive option is artificial
beach nourishment, that is, pumping sand from offshore or dredging a nearby channel. Because it would
increase the amount of sand required, a rise in sea level could significantly increase the cost of such
activities. In Chapter 8, however, Titus argues that the substantial real estate values would justify beach
nourishment in many resorts, provided the sand was available.
Restoring other mechanisms of natural systems can also protect against erosion and storm surge. For
example, dunes can provide a reservoir of sand to slow erosion and act as a levee against storm surges. Also,
some marshes are supplied with sufficient sediment during floods to keep up with sea level rise. Where
dunes have been destroyed or rivers levied to prevent flooding, restoring these natural mechanisms may be
cost effective.
Adjustment to the physical consequences of sea level rise may sometimes be more appropriate than
prevention. In anticipation of erosion, some communities may prohibit construction in the most hazardous
areas, and abandonment may even be necessary. In Chapter 8, Titus suggests that in the aftermath of a
devastating storm, low-density communities might require development to retreat landward by fifty meters
(one to two hundred feet). Such a policy could prevent subsequent losses to erosion and storms and help
preserve a recreational beach. In the case of barrier islands, he recommends that communities consider
imitating natural overwash processes by pumping sand to the bay side to preserve total acreage. Marsh
systems could be maintained by identifying and reserving higher ground for migration, and later, by planting
marsh vegetation.
Communities could adapt to increased storm damage by using measures already required in many
hazard-prone areas. Houses can be elevated on pilings, waterproofed, and designed so that the first floor is
a carport or utility area. Orienting structural walls parallel to the prevailing wave direction can protect them
from destruction by storm waves. Commercial buildings can be designed so that the most valuable
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equipment is above future flood levels.
Adaptation to erosion and storm damage requires more advanced warning of sea level rise than
building protective structures. For example, once completed, a building frequently is used for fifty to one
hundred years; a highway influences development even longer. In contrast, protective structures and beach
restoration can be accomplished in only a few years.
As with erosion, inundation, and flooding, individuals may either prevent or adapt to salt intrusion.
In rivers, salt migrates upstream from both sea level rise and droughts. Therefore, preventive methods that
currently focus on droughts could be extended to incorporate sea level rise. The Delaware River Basin
Commission has responded to salt intrusion by constructing reservoirs that release water during droughts,
maintaining a minimum flow. Areas that rely on rivers for drinking-water supplies can also maintain the flow
by restricting consumption during droughts. Smaller communities can respond by moving intakes upstream
or shifting to alternative supplies.
Most marine species can respond to salt intrusion by migrating upstream. Although sessile species
such as oysters cannot move upstream fast enough to respond to salinity increases from droughts, the gradual
rise in sea level would probably be slow enough to accommodate a migration. Because water pollution from
urban areas upstream might make such a migration impractical, additional water pollution controls might be
necessary.
The most frequent response to salt intrusion into a coastal aquifer is to seek alternative water
supplies, such as wells farther inland. However, valuable aquifers, such as the Potomac-Raritan-Magothy
aquifer system in southern New Jersey, might warrant engineering solutions. Freshwater can be injected near
the salty body of water that is recharging the aquifer, forming an injection barrier that reverses the flow of
water back into the saltwater body. Extraction of the intruding salt water, physical barriers, and increasing
the amount of freshwater available to recharge the aquifer are other options. However, all of these options
are expensive and have had only limited application.
The increased risk of flooding hazardous waste sites could be addressed by strengthening existing
programs, particularly as they apply to closed and abandoned sites. As Chapter 9 discusses, EPA regulations
already require operating waste sites in 100-year floodplains to ensure that wastes do not escape and
contaminate surrounding areas during floods. With a rise in sea level, the 100-year flood boundary would
shift inland, and these regulations would require more sites to undertake flood mitigation measures as the
risks increase4. However, existing regulations provide no similar protection against contamination from
closed or abandoned sites. Regulations governing the closure of waste sites in the future could be modified
to ensure that the sites are secure in the event of sea level rise.
METHODS USED IN THE CASE STUDIES
The case studies were innovative approaches to problems that previously had not been explored.
Because in many instances there was little or no research on which to build, we adopted the case study
approach so that our efforts would produce methods as well as results.
Each analysis required inputs from the previous analysis. Using the projections of sea level rise,
Kana et al. and Leatherman projected the shoreline retreat and storm surge that would result if no additional
protective measures were implemented. Using this information, Gibbs projected the economic impacts of
sea level rise, both for the cases where sea level rise is and is not anticipated. In both cases, he used the
analysis of Sorensen et al. to develop possible structural responses to sea level rise. The difference between
these impacts (i.e., with and without anticipation of sea level rise) provides a measure of the value of policies
that anticipate sea level rise. Titus used Gibbs's estimates of economic impacts to explore homeowners'
decisions of whether to rebuild oceanfront houses destroyed by a major storm.
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Choices of Study Areas
Several factors were considered in choosing our case study sites. We wanted to represent different
coasts and different tidal and erosion patterns. We wanted commercial and industrial development patterns
to vary. The costs of obtaining data covering both natural phenomena (such as the National Weather
Service's Storm Surge Model) and socioeconomic variables had to be within the study's budget. The
availability of expert coastal scientists with extensive experience in that particular study area was also
considered important.
In response to these considerations, Galveston and Charleston were chosen as study areas.
Galveston's history of subsidence and the availability of maps dating back to 1850 provided a record of the
impact of relative sea level rise on the area. The two areas have different tidal patterns, Galveston Bay being
microtidal (tide ranges average less than two feet) and Charleston being mesotidal (tide ranges average five
to six feet).
Charleston and Galveston also exhibit different industrial development, resources, amenities, and
protective approaches to storm threats. The most highly developed part of the Galveston study area is
directly exposed to the ocean, with extensive protective structures throughout the area. Charleston lies
behind a string of barrier islands and has few coastal works other than a seawall guarding the tip of the
peninsula. Charleston's extensive historic district poses special economic and
environmental challenges, while Texas City, in the Galveston study area, boasts one of the country's largest
petrochemical and refinery complexes. Growth within the Galveston area is limited by land subsidence and
groundwater shortages, while parts of Charleston will experience rapid build, growth over the next two
decades. The National Weather Service's new storm Surge Model was available for the Galveston area.
Finally, Leatherman (for Galveston) and Kana et al. (for Charleston) had extensive experience in coastal
research and mapping of their respective areas.
Projecting Shoreline Retreat
Sea level rise causes shorelines to retreat both because land lying below future sea level will be
permanently inundated and because erosion of nearby land will increase. The particular method appropriate
for estimating shoreline retreat at given points on the coastline depends upon topography, beach composition,
wave climate, sediment supply, and available historical data.
A theoretical model for estimating the impact of sea level rise on shoreline retreat is provided by the
Bruun Rule (see Figure 1-3). This rule assumes that after a rise in sea level, the beach profile that existed
prior to the rise will be restored through wave action eroding away the upper part of the beach and
redepositing the material on the bottom. Essentially, the Bruun Rule says that shoreline retreat should be
predicted using the average slope of the entire beach system from the dune crest to an area several thousand
feet out to sea, rather than the slope of the portion of the beach immediately above sea level.
Despite its importance as a conceptual tool, the Bruun Rule is insufficient to predict shoreline retreat.
If a certain percentage of sediment is likely to be carried away, the method must be adjusted by using an
estimate of the percentage of material lost. Furthermore, estimating the offshore limit of the beach system
can be difficult and involves an element of judgment. Finally, the Bruun Rule only estimates shoreline
changes caused by sea level rise, while our analysis requires estimates of all factors influencing shoreline
location. Therefore, even where the Bruun Rule can estimate shoreline retreat due to sea level rise, it may
be necessary to rely on other methods to account for shoreline changes caused by other factors.
In the Galveston case study, Leatherman used an empirical model for determining shoreline retreat
and concluded that the model was consistent with results obtained from applying the Bruun Rule. Using
maps dating back to 1850, he determined that the local relative sea level rise (global sea level rise plus
subsidence, which has been of major importance in the Galveston area) of forty centimeters (sixteen inches)
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was the only major cause of the shoreline retreat that had been observed. Because the area has a constant
slope, he assumed that another forty-centimeter rise would result in the same amount of shoreline retreat as
had been observed in the past. Therefore, Leatherman predicted shoreline retreat by an empirical formula
that says, essentially, that each centimeter of future sea level rise will result in a shoreline retreat equal to
one-fortieth the retreat that has occurred since 1850.
Determining the impact of sea level rise on the Charleston area presented a more difficult problem.
First, the record for shoreline change was available only for the last 40 years, during which relative sea level
rose only ten centimeters (four inches). Equally important, because the three rivers that converge to form
Charleston Harbor deposit significant amounts of sediment and much of the shore had actually advanced,
historical sea level rise has been only one of many factors responsible for historical shoreline change.
Furthermore, because Charleston Harbor is narrower than Galveston Bay, the waves are smaller. Therefore,
wave-induced erosion (predicted by the Bruun Rule) would not be as significant. On the other hand, a rise
in sea level would slow river currents and alter the amount of resulting shoreline change. Finally, while most
of the case study area was in the harbor, the area also included a barrier island (Sullivans Island).
Kana et al. generated a baseline shoreline by extrapolating past trends, making allowances for the
probable rediversion of the Santee River, which would reduce sediment supply. Their projections of
shoreline change due to sea level rise within the harbor assumed that all shoreline changes would be due to
inundation (i.e., no erosion would result from sea level rise within the harbor). For Sullivans Island, Kana
et al. used the Bruun Rule to predict erosion due to sea level rise until the island reached a critical width.
At that point, they assumed that the island would migrate landward at a rate of six meters per year, on the
basis of experience with other barrier islands in "overwash mode" in the region. All existing development
on the island would be destroyed as the island migrated by approximately its own width.
For protected shorelines, both case studies assumed that the protective structures would halt all
erosion up to the point where they were overtopped. Leatherman, however, points out that earthen levees
in Texas City would erode before being overtopped unless they were reinforced.
Storm Surges
Storm surge refers to the superelevation of water associated with hurricanes and northeasters.
Predictions of storm surge elevations are generally based on historical records of previous storms. The
Galveston Bay area was one of the first areas modeled by the National Hurricane Center using the SLOSH
(Sea, Lake, and Overland Surges for Hurricanes) model, which Leatherman used to estimate existing storm
surge frequency. SLOSH simulates wind speeds and storm surges based on the probabilities of various
combinations of tides, meteorological conditions, topography above and below the water, and existing coastal
structures. The model estimates the frequency of flooding and maximum surge. Because this model was not
yet available for Charleston, a previous analysis based on the National Oceanic and Atmospheric
Administration's SPLASH (Special Program to List Amplitudes of Surges from Hurricanes) model was used
to predict storm surge frequencies and magnitudes given existing sea level.
Both case studies estimated the new storm surge levels for areas already in flood zones by adding
the amount of sea level rise to the amount of flooding predicted by SPLASH and SLOSH under current
conditions. Both assumed that the floodplain boundaries would move inland to the point where the resulting
increase in elevation of the boundaries was equal to the rise in sea level. (This assumption of no attenuation
of the flood surge would not be appropriate for very flat areas, such as Florida and the Mississippi Delta.)
For protected areas, Kana et al. and Leatherman assumed that there would be no flooding unless
surges were great enough to overtop seawalls. Although sea level rise would subject some barriers to greater
stresses than they were designed to withstand, Kana et al. and Leatherman assumed they would remain intact.
Both assumed that once a barrier was overtopped, the water level on the protected side would rise to the level
to which it would have risen without the seawall. Although a barrier should provide some protection,
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Leatherman believes this assumption to be reasonable for Texas City because of the city's small size. In the
case of Galveston, flooding would occur from the bay side before the seawall was overtopped.
Salt Intrusion
The two case studies considered only the salt intrusion into aquifers, not surface waters. The
"Ghyben-Herzberg relation" was used to estimate the present location of the freshwater/saltwater boundary.
This principle states that the depth of the saltwater/freshwater interface is forty times the elevation of the
water table above mean sea level. This is conservative in that the boundary has undoubtedly moved landward
due to overpumping. Sea level rise was assumed to shift the water table and freshwater/saltwater boundary
upward by the amount of sea level rise and landward in accordance with shoreline retreat.
Admittedly, more sophisticated models might have been used. However, we did not believe that salt
intrusion into aquifers warranted additional investigation because the salt intrusion from overpumping in the
Charleston area dwarfed all impacts from sea level rise, and Galveston-Harris County prohibits additional
pumping of groundwater because of historical problems with subsidence.
Economic Impacts
Gibbs's economic analysis in Chapter 7 proceeds in two steps. First, he defines and measures the
economic value of the land affected by shoreline movement and storm surge. The economic impact estimates
are measured in terms of the real resource costs to society caused by sea level rise. Then, he analyzes the
value of anticipating sea level rise. Gibbs's analysis does not, however, consider the impacts of salt intrusion
or the impacts (positive or negative) on parties outside the study area.
Real economic losses fall into three categories: (1) the direct losses of economic services from land
and capital caused by shoreline retreat and storm damage; (2) the cost of protection, mitigation, and response
measures taken to reduce these losses; and (3) lost opportunities due to sea level rise. Gibbs encompassed
these three consequences with a single measure called "net economic services." This measure is the value
of all services produced minus the costs of producing them (costs include expenditures for new investment,
maintenance, and protection and mitigation actions). Because structures remaining at the end of the time
period analyzed will continue to produce economic services, their value must also be considered.
To compute net economic services, Gibbs simulated investment, the damages from storms and
erosion, and prevention, mitigation, and response measures for each decade. Because human behavior is
difficult to predict, Gibbs examined the sensitivity of the economic analysis to various parameters and
assumptions. For example, he varied the behavioral assumptions that determine development patterns and
the choice of protective actions, with different responses to the same experience and information being tested.
Expectations will play a key role in determining future damage. By considering behavioral
responses, the analysis explicitly accounted for the effects of expectations of sea level rise on future
decisions. For example, if no one anticipates sea level rise, certain areas could be developed, only later to
face the threats of shoreline retreat and storm damage. In this instance, the costs of storm damage (and
possibly of protective measures needed later) would increase. If sea level rise were anticipated, however,
such areas might be developed differently or not at all, reducing adverse impacts. Three types of community
response action are used in the analysis: stop or reduce the rate of shoreline movement through the use of
revetments, levees, or other means; eliminate the threat of storm surge (up to a given elevation) through the
use of seawalls and levees; and reduce or prohibit investment in given areas by promulgating land use
regulations.
In computing net economic services, the lost opportunities associated with less development and the
cost of building protective structures were subtracted.
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The Value of Anticipating Sea Level Rise
The value of anticipating sea level rise and its consequence depends on how much people change
their behavior to avoid the resulting economic losses. Gibbs estimated this value using a variety of
assumptions about how people would change their behavior. Changes in both private investment and
community planning were considered. Private investment was simulated to be reduced in areas of increasing
hazard due to sea level rise. Changes considered in community actions include forgoing development of areas
that would be lost because of sea level rise and taking more timely and effective protective measures.
Gibbs did not examine impacts on environmental amenities. Later analyses will need to consider
these impacts. For example, sea level rise could destroy the marsh habitat of an endangered species, and
advanced planning could save the marsh. The value of saving the marsh would include such disparate
consequences as savings to the fishing industry and preventing a species from becoming extinct.
CASE STUDY RESULTS
This section summarizes the impacts of sea level rise on the Charleston and Galveston areas. The
physical impacts of sea level rise are summarized in terms of the area of land lost and changes in the areas
subject to flooding. (Chapters 4 and 5 present detailed maps showing these effects.) Because salt intrusion
into groundwater from sea level rise was not projected to be significant, this impact is discussed only briefly.
Finally, we summarize Gibbs's estimates of the economic impacts of sea level rise and the extent to which
these impacts could be reduced by policies that anticipate this rise.
Before discussing the results of the case studies, we strongly emphasize that these results should be
viewed with extreme caution, particularly the projections for specific neighborhoods. The case study
Chapters 4, 5, 7, and 8 are initial applications of methods developed for this book. Although the methods
use realistic assumptions and rely as much as possible on empirical evidence, none of the authors can be
certain that all major factors were adequately considered. Therefore, the results should be viewed as
approximations to illuminate our understanding of sea level rise, not as precise forecasts of the fates of
particular city blocks. This caution applies most of all to the Chapter 8 analysis of Sullivans Island. We also
remind the reader that we expect the actual rise in sea level to be between the low and medium scenarios.
Although we investigated the high scenario, we believe it to be very unlikely.
Charleston Study Area
Description. The Charleston study area consists of the land around Charleston Harbor, which is
formed by the confluence of the Cooper, Ashley, and Wando Rivers (see Figure 1-4). The study area
includes all of Charleston and parts of North Charleston, Mount Pleasant, Sullivans Island, and James Island.
The shores of the harbor are dominated by fringing salt marshes and tidal creeks. Lower Charleston
peninsula, in the center of the study area, has a maximum elevation of only six meters (eighteen feet) and
includes several low-lying areas that have been reclaimed from the harbor. North Charleston, on the upper
part of the peninsula, has elevations up to ten meters (thirty feet). West Ashley, to the west of the peninsula,
is a relatively flat area fronted by extensive marshes along the shores of the harbor and the tidal creeks, with
elevations of three meters or less. Mount Pleasant, while also flat, is generally higher, with elevations
between three and ten meters. Sullivans Island, in the northeast portion of the study area, is a narrow barrier
island whose average elevation is less than three meters above sea level.
Because of the harbor's funnel shape, tides range up to two meters (about six feet). Although the
Charleston area does not have a history of extensive hurricane damage, the tides and the extensive network
of tidal creeks expose parts of the peninsula, West Ashley, and Sullivans Island to periodic flooding. The
Cooper River has recently been responsible for a large amount of sedimentation, which has led to the
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accretion of shorelines in the marshy areas within the harbor.
The only major protective structure in Charleston is the Battery, a six foot seawall located at the tip
of Charleston Peninsula. Even today, 100-year storm would overtop the Battery.
The Charleston study area had a population of approximately 120,000 in 1980. Charleston
Peninsula, with over 70,000 people, is the economic and population center for the study area. The southern
end of the peninsula has a densely populated historic district and other residential, commercial, and port
areas; the central peninsula consists of industrial parks and marshland; and the upper peninsula (North
Charleston) has a combination of residential areas and heavy industry, including a very large naval
reservation.
Because most of the peninsula is already highly developed, the potential for the Charleston area to
grow is limited. Undeveloped land is scarce, and although some growth may take place in the northern
portion or elsewhere through shifts to more high-density land uses, the long-term growth rate for population
and employment has been estimated at 0.8 percent per year for the next fifty years.

West Ashley and James Island (population 8,500 within the study area), on the mainland to the west
of the peninsula, consist mostly of low-density single-family housing. Portions of these communities lie
within the city limits of Charleston. Future development will be mostly single-family housing on currently
vacant land.
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Mount Pleasant (population 21,800) is a residential commuter town with attendant commercial
development. It has the greatest potential for growth of any community in the study area. Most of this
growth will be in the form of additional housing, but extensive industrial development will probably take
place to the north, near the new South Carolina Port Authority terminal and the planned expressway.
Sullivans Island (population 10,000) is a residential and resort community located to the east of
Mount Pleasant along the coast. The island itself has been extensively developed with single-family homes,
with high-rise and condominium construction currently prohibited by zoning regulations. Changes in those
regulations would be a prerequisite to any substantial growth on Sullivans Island. Because of sediment
supply and a jetty that protects Charleston Harbor, much of the island is currently accreting.
The Charleston study area has five hazardous waste facilities in the current 100-year floodplain, and
six outside the floodplain. Of the hazardous wastes stored, treated, or disposed of at these sites, carcinogens
and ecotoxins probably present the greatest risks to human health and the environment in the event of a
release. The types of hazardous wastes at these facilities include cadmium, arsenic, benzene, beryllium,
chromium VI, nickel, and vinyl chloride.
Impacts of Sea Level Rise. The analysis by Kana et al. concludes that up to one-half of the
Charleston area could be permanently flooded if no response actions were taken. Gibbs concluded that
taking anticipatory actions could save the area as much as $1.5 billion.
Table 1-4 summarizes the impacts of sea level rise on shoreline retreat and on the 10- and 100-year
floodplains for the years 2025 and 2075 under the low, medium, and high scenarios, as well as an
extrapolation of current trends. In general, the impacts of the high scenario in 2025 are slightly less than the
impacts of the low scenario in 2075. Even if only current trends continued, the study area would lose 4
percent of its land by 2075, mostly on Sullivans Island and in the marshes along Charleston Harbor. Under
the low scenario, 5.2 percent of the land would be lost by 2025 and 15 percent by 2075. Under the high
scenario, 14 percent of the area would be lost by 2025 and 45 percent by 2075.
Tables 1-A through 1-C in the appendix provide similar estimates of the impacts on specific
communities. In the medium scenario, Sullivans Island could lose the first one or two rows of houses along
the ocean by 2025 and would migrate landward by its own width by 2075, destroying virtually all existing
development. Developed portions of Charleston Peninsula would not be threatened under the low scenario, partly
because of existing seawalls and bulkheads. However, these protective structures would not prevent inundation of onequarter and one-half of the peninsula by 2075 for the medium and high scenarios, respectively. The West Ashley/James
Island area would be even more vulnerable, and Mount Pleasant would be the least affected.
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Table 1-4 also shows that by 2075 in the medium scenario, a 10-year storm would cause as much
flooding as a 100-year storm would inflict today. About one-third of the study area is currently in the 10-year
floodplain, and about two-thirds is within the 100-year floodplain. By 2075 under the low scenario, almost
one-half the study area would be in the 10-year floodplain, and three-quarters within the 100-year floodplain.
Under the high scenario, 75 percent of the study area would be within the 10-year floodplain by 2075, and
almost 90 percent of the study area, including five additional hazardous waste sites, would be in the 100-year
floodplain.
Kana et al. found that the freshwater/saltwater interface could shift up to sixty meters (two hundred
feet). They concluded that this impact would be negligible, compared with the impact of overpumping on
salt intrusion.
Shoreline retreat and additional storm flooding could inflict heavy economic losses. Gibbs estimated
the economic impacts of sea level rise for two assumptions about how individuals and communities would
address sea level rise: (1) people would have no foresight and would adapt only in response to the observed
effects of sea level rise; and (2) people would use foresight to adapt in anticipation of these impacts. The
value of anticipating sea level rise would be the difference between these two impacts. Table 1-5 displays
Gibbs's estimates of economic impact for each of the sea level rise scenarios. This table combines results
shown for storm surge and erosion damages in table 1-C in the appendix. The assumptions used to calculate
these results are presented in detail in Chapter 7.
The cumulative economic impact in the Charleston study area would range from $280 million in the
low scenario through 2025 to $2.5 billion in the high scenario through 2075, if sea level rise were not
anticipated.12 These impacts range from 5 percent to 35 percent of the total economic activity that would take
place in the study area in the absence of sea level rise.
Gibbs concluded that the impacts could be reduced by 43-65 percent by anticipating sea level rise.
Anticipation of sea level rise was represented by reducing private investment in areas of increasing hazard
and more timely implementation of community responses, such as the construction of seawalls and levees.
Although Gibbs assumes that most options would be implemented after 2000, Titus concludes in
Chapter 8 that by 1990 sea level rise may be a critical issue to Sullivans Island, a barrier resort. His
conclusion was based on the data underlying Kana's projection that the first or second row of houses could
be eroded by 2025 under the high scenario and on Gibbs's unreported result that a 100-year storm would
devastate much of the island. Titus concludes that unless the community plans to pump increasing amounts
of sand onto the beach for the foreseeable future, perhaps 20 percent of the houses should not be rebuilt in
their original locations after a storm in 1990 if the high scenario is expected.
Galveston Study Area
Description. The Galveston study area includes the northern third of Galveston Island, the top of
Bolivar Peninsula, and the nearby mainland areas of Texas City, La Marque, and San Leon (see Figure 1-5).
The land throughout the study area is primarily a gently sloping coastal plain broken by estuaries and lagoons
along the shores of Galveston Bay. Most of the study area is less than five meters above sea level. Tides in
the area range from fifteen centimeters in Galveston Bay to sixty centimeters in the Bolivar Road inlet.
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The Galveston study area has a history of shoreline retreat and storm damage. Six thousand
people died in the 1900 hurricane, the worst natural disaster in U.S. history. There has been a
considerable amount of land subsidence within the study area over the past century, causing a relative sea
level rise of more than thirty centimeters (one foot) along the coast. Historical records show that this sea
level rise has been accompanied by shoreline retreat throughout the study area. Consequently,
communities in the area have built a variety of structures to reduce erosion and flooding of developed
areas, including seawalls, levees, and pumping
facilities.
The Galveston study area had a population of approximately 122,000 in 1980. The area is
expected to grow moderately in the future with La Marque, Texas City, and San Leon growing much
faster than Galveston. Major commercial development should occur in Texas City, just to the west of the
study area. A lack of water supplies may, however, impede both industrial and residential development
in parts of the mainland.
The city of Galveston (population 65,000) is located on the northern third of Galveston Island.
This portion of the study area is mostly developed and includes residential housing, commercial districts,
light industrial and port facilities, and the University of Texas medical center. A five meter seawall runs
along the south side of Galveston, protecting it from storm waves and gulfside flooding. The downtown
section of Galveston has sufficient elevation to avoid flooding from the bayside. However, other
developed parts of the city experience flooding even during a 15-year storm.
There is little room for further development on that part of the island within the study area.
Galveston's economy, based on shipping, transportation, medicine, tourism, and recreation, has limited
long-term development potential, and the population of this part of the study area is likely to remain
stable or increase slightly over the next fifty years. Pelican Island consists of marsh and dredge spoils,
with some university and shipping facilities. The part of Bolivar Peninsula in the study area includes
only a few hundred houses.
Texas City and La Marque constitute the geographic and economic center of the study area, with a
population of 57,000 and taxable property valued at over two billion dollars. Three-quarters of Texas City
consists of undeveloped, low-lying floodplain, some of which has been further affected by land subsidence.
That portion of La Marque within the study area has undeveloped marshes to the south and southeast, and
low-density residential areas and attendant commercial development in the center of the city. The densely
developed portions of Texas City and La Marque are protected from storm surge by an extensive network
of structures, including the Texas City Levee System. However, a 100-year storm would currently cause over
$130 million in damage to the unprotected, moderately developed areas.
Texas City and La Marque's economy is based on petrochemicals, petroleum refining, shipping, and land
transport. One-half of the developed land is occupied by a one billion dollar petrochemical complex, which
provides the major employment and tax base for the region. The continued strength of the energy and energyrelated sectors should cause these communities to grow more rapidly than Galveston and increase their
population by one-third by the end of this century.
San Leon is a residential area for commuters who work in Houston, Galveston, and Texas City. There
is little commercial development in this area. Its population of 2,000 is expected to double over the next
twenty years. In spite of a history of shoreline retreat, San Leon has little protection against erosion or storm
surge.
In the Galveston study area, the 100-year floodplain contains ten hazardous waste facilities. The
carcinogens identified to be located at these sites include benzene, carbon tetrachloride, chromium VI, polynuclear aromatic hydrocarbons, beryllium, nickel, cadmium, and arsenic. The ecotoxins identified include
the pesticides methyl parathion and lindane.
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Impacts of Sea Level Rise. Because Galveston and Texas City are largely protected by seawalls and
levees, the impact of sea level rise would not be as great for this study area as for Charleston. However, by
2075, a 100-year storm would overtop the Galveston seawall in the medium and high scenarios. Damage
from such a storm would be approximately two billion dollars -four times greater than if sea level did not rise.
Table 1-6 shows the area lost to sea level rise for the four scenarios. Current sea level trends would erode
about 2.5 percent of the study area by 2075. The low scenario would result in a loss of 1.5 and 6 percent of
the study area by 2025 and 2075, respectively. Under the high scenario, 3 and 12 percent would be lost by
2025 and 2075, respectively. With the exception of Sea Leon, whose entire peninsula would erode under the
high scenario, the erosion would take place in undeveloped areas, the only places not protected by seawalls.
The impact of sea level rise on floodplains would be more significant. As Table 1-6 shows, one-quarter of
the study area is now in the 15-year floodplain. By 2075, this proportion would increase to one-third under
the low scenario and over one-half in the high scenario.
In particular, up to 80 percent of Galveston would be vulnerable to a 15-year storm. By 2075 under
the high scenario, a 15-year storm would inflict the amount of flooding that took place during hurricane
Alicia in August 1983. The 10-year floodplain would increase from 60 percent of the study area currently
to 95 percent by 2075, even in the low scenario. Under the medium and high scenarios, almost all the study
area would be vulnerable, and storm waves would overtop all existing protective structures.

Twenty-two additional hazardous waste sites would be within the 100-year floodplain, for a total of
thirty two under the high scenario for 2075. However, if the existing levees and seawalls were raised, these
sites might not have to undertake any additional flood mitigation measures.
In their examination of the potential effects of sea level rise upon rates of salt intrusion into
groundwater in the Galveston area, Leatherman et al. (1983) concluded that unconfined groundwater aquifers
in the Galveston Bay area are generally polluted or salt-contaminated and that any incremental rise in sea
level probably will have little effect on the two principal confined aquifers in the region.
Table 1-7 displays Gibbs's estimates of the economic impacts of sea level rise for two cases of
adaptive behavior for Galveston. The actions he assumed would be taken in response to sea level rise are
presented in detail in Chapter 7.
The cumulative economic impact in the Galveston study area ranges from $115 million in the low
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scenario through 2025 to $1.8 billion in the high scenario through 2075. These impacts range from 1.1
percent to 16 percent of the estimated total value of the economic activity that would take place in the study
area over the same time periods in the absence of sea level rise. The economic value of damages would be less
significant than in the Charleston area, given the smaller amounts of shoreline retreat and changes in floodplains.

The third column of table 1-7 presents the savings from policies that anticipate sea level rise. Even
in the low scenario, economic impacts can be reduced by over $245 million through 2075. Under the high
scenario, impacts could be reduced by $220 million through 2025 and $1.1 billion through 2075.
Gibbs emphasizes that his methods are conservative and that the potential savings could be even
greater. Chapter 7 presents estimates for both case study sites using alternate discount rates and discusses
the sensitivity of the results to various assumptions about investment behavior and community responses to
sea level rise.
REACTIONS AND RECOMMENDATIONS
The impacts of sea level rise on the Galveston and Charleston areas suggest that in the coming
decades, sea level rise may become one of the most important issues facing coastal communities. Even today,
erosion attributable to current trends is a major concern to Louisiana and many resorts. As Chapter 7 shows,
many of the adverse consequencescould be avoided if timely actions are taken in anticipation of sea level
rise. Although some of these actions may not be necessary until 2000 and thereafter, others may only be
timely if the planning process starts soon.
In March 1983, many of this book's findings were presented to a conference of over 150 scientists,
engineers, and federal, state, and local policy makers. Although those attending agreed that sea level rise,
if substantiated, would justify the attention of policy makers at all levels, some doubted whether anything
less than a catastrophe could motivate people to undertake the necessary actions. Chapter 10 presents the
reactions of six well-known representatives of the public and private sectors to our research and its
implications.
Edward Schmeltz, an assistant vice president and department manager for coastal engineering at
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PRC-Harris, agrees with the conclusion of Chapter 6 that adequate technology is available to respond to sea
level rise. He argues, however, that much greater confidence must be developed in the sea level rise
projections before the engineering profession could convince clients to spend large sums of money to protect
projects from sea level rise. Schmeltz argues that many people would view sea level rise projections as
"hypothesis and conjecture." He further points out that many existing projects could withstand a one-half
meter (two foot) rise in sea level but not a rise of three meters (ten feet).
Jeffrey Benoit, coastal geologist for the State of Massachusetts Coastal Zone Management Program,
states that planning for sea level rise should start immediately if the projection of a four meter rise is correct.
Like Schmeltz, however, he emphasizes that state agencies need a narrower range of uncertainty to address
the rise properly. He also recommends that more attention be given to altered development patterns and
regulation, in contrast to the "hard" coastal engineering responses described by Sorensen et al.
Sherwood Gagliano, who first popularized the relationship between relative sea level rise
(subsidence) and coastal erosion in Louisiana, provides extensive comments on Chapters 4, 5, and 6. He
concludes that the methods employed were very satisfactory for the sandy beaches of Galveston and
Charleston but that future research should also consider the impacts on muddy beaches and changing tidal
regimes.
Charles Fraser, chairman emeritus of Sea Pines Corporation (which developed Hilton Head Island,
South Carolina) notes that institutions do not always respond to scientifically documented problems, even
when the experts agree on the proper response. Furthermore, he questions whether coastal governments and
property owners would be willing to consider the problems of the next century. He argues, however, that it
could take several decades to develop societal responses and therefore that planning for sea level rise should
continue.
Colonel Thomas Magness III (formerly assistant director for civil works, U.S. Army Corps of
Engineers) notes that the Army Corps of Engineers has a planning horizon sufficiently long to prepare for
sea level rise, and that the Corps is already starting to do so. Lee Koppleman, executive director for the Long
Island Regional planning Board, indicates that on first reading, he thought that the prospect of sea level rise
appeared to be sufficiently in the future that we might leave this issue for the next generation. He states,
however, that as he thought about it, he decided that there is, in fact, a problem. Koppleman argues that
planners can and will consider sea level rise if scientific research continues to be presented in a form they
can understand. Gagliano also emphasizes the importance of presenting research in a useful form: “It was
only after disclosure that a given coastal parish would last only 50 years before it eroded into the sea that the
state legislature and the governor enacted a program for coastal erosion protection and shoreline restoration”
(Chapter 10, page 300).
The reactions of the independent reviewers had two major messages in common: first, estimates of
sea level rise must be improved; and second, even then, it will be difficult to induce an adequate response.
The fact that many of the adverse consequences can be avoided does not guarantee that the necessary action
will take place.
At this time, we can only speculate about the best way to overcome these difficulties. Because
nothing will be done in the absence of information, increasing public awareness must be a top priority.
Although this process will take time, researchers and professionals should not automatically assume that
people will not plan for the future. At best, such an assumption ignores the substantial efforts that have been
undertaken to respond to long-term problems such as population growth; at worst, the assumption could be
self-fulfilling.
Nevertheless, it would be a mistake for research to focus only on the physical effects of sea level rise.
We must also determine how to motivate society to act in a way that will lead it to be satisfied with the results
of its actions, rather than regret its lack of foresight.
Based on the analysis presented in this book, the following recommendations are appropriate.
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1. Federal research on the physical, environmental, and economic impacts of sea level rise should
be substantially expanded. The pilot studies reported in this book provide rough estimates of some of the
physical and economic impacts of sea level rise and of the value of preparing for these impacts. However,
deciding which anticipatory
measures should be implemented will require a better understanding of the impacts of sea level rise and
possible responses.
The Army Corps of Engineers has already undertaken considerable research into the impacts of
current sea level trends on beach erosion. That research should be expanded into a general model capable
of predicting erosion from both storms and an accelerated rise in sea level. However, the importance of such
a model requires that experts in the private sector, academia, and other government agencies also participate
in its development.
Government agencies charged with protecting the environment also must assess the vulnerability of
their programs to sea level rise. For example, a one meter rise could devastate much of the existing wetlands
in Louisiana and perhaps elsewhere. By undertaking the necessary research now, it may be possible to
identify inexpensive ways to ensure that ecosystems and economic activities adapt to sea level rise without
unnecessary conflicts.
2. Federal support for scientific research on the rate of future global warming and sea level rise
should be greatly expanded. The benefits of this research would clearly justify the costs. Coastal
communities could save billions of dollars by implementing timely actions in anticipation of sea level rise.
But better forecasts of sea level rise will be necessary for these communities to take the right actions at the
right time.
The highest priority should be research into the impact of a global warming on glaciers. Experts in
glaciology could substantially improve upon the estimates of ice discharges used in this book, but have not
been given the support necessary to adequately collect and analyze measurements and data produced by
climate models. Other areas in need of research include the sources and sinks of the minor greenhouse gases,
models of ocean currents, and the impact of a global warming on the frequencies, tracks, and severities of
tropical storms and northeasters.
3. State coastal programs should be strengthened. Because of federal and state budget problems,
many state coastal programs are being curtailed or eliminated. These programs are absolutely necessary to
ensure that communities are provided with the required technical expertise and that adjacent jurisdictions
adopt compatible response strategies.
4. Federal, state, and local coastal programs should consider the impacts of accelerated sea level
rise in their planning. At the state and local levels, shore protection projects and post-disaster plans have
a particular need to consider sea level rise. Communities should explicitly decide the amount of resources
they are willing to invest to resist erosion. State and local governments that intend to maintain current
shorelines should make the public aware of the ultimate cost of doing so.
Many federal agencies should also consider these impacts. The Federal Emergency Management
Agency should consider the impact of sea level rise on its programs to prevent coastal flood disasters. The
National Park Service and the fish and Wildlife Service should consider whether their objective of
maintaining marine ecosystems will require coastal uplands to be preserved so that future marshes can
migrate landward. Finally, the Corps of Engineers should consider the impact of sea level rise on its coastal
engineering programs.
5. Coastal engineers should revise standard engineering practices to consider accelerated sea level
rise. Coastal structures designed today will last well into the next century and perhaps longer, while soft
engineering projects such as beach nourishment are very sensitive to even slight rises in sea level. Therefore,
future sea level rise is likely to have an important impact on the outcome of coastal engineering decisions
made today.
6. Research into the most effective means of communicating risks and motivating effective responses
should be undertaken. Such efforts could draw on the Federal Emergency Management Agency's experience
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with individual and community responses to flood risks.
7. A well-respected group of coastal engineers, planners, and other decision makers should conduct
an independent review of the necessity of planning for sea level rise. Practitioners cannot rely solely on the
conclusions of researchers, whose incentives may differ from their own. Yet the individual engineer or
planner will not have the time to review completely all of the evidence. A review panel could bridge the gap
between researchers and practitioners.
This book discusses only the potential physical and economic impacts of sea level rise in the United
States. However, the impacts could be much more serious in other parts of the world. In 1971, the storm
surge from a tropical cyclone killed three hundred thousand people in Bangladesh. Countries in the Indian
subcontinent, the eastern Mediterranean and other low-lying coastal areas could be devastated by even a
moderate rise in sea level. These nations are densely populated, poor, and often cannot evacuate people in
the event of a storm. Planning for sea level rise would not only save economic resources but human lives
as well.
NOTES
1.

2.
3.

5.
6.
7.

8.
9.
10.
11.

12.

All measurements in this chapter are presented in the metric system. Where doing so is not redundant, English
equivalents are provided in parentheses. To avoid presenting a false sense of precision, this chapter translates
entire idioms in several instances. Therefore, we translate "about a meter" into "a few feet" rather than into
"about 3.3 feet."
Prehistoric shorelines have been found in the Mesabi Range in Minnesota (Sleep, 1976).
This term is technically a misnomer because a greenhouse prevents convectional, rather than radiational,
In a related effort, EPA held a symposium on the possible relationship between increased
4.
cooling.
atmospheric levels of C02 and the frequency, severity, and track of hurricanes.
This calculation considered the lag between global temperature and thermal expansion of the ocean, but not
the lag between temperature and ice melting (from computer printouts underlying Seidel and Keyes, 1983).
For example, the United States is expected to be responsible for only 14 percent of all C02 emissions by 2025,
less than one decade's growth in emissions.
The model of the National Center for Atmospheric Research has recently estimated the warming to be nearly
4EC. See Warren M. Washington and Gerald A. Meehl, "Seasonal Cycle Experiments on the Climate
Sensitivity Due to a Doubling of C02 with an Atmospheric General Circulation Model Coupled to a Simple
Mixed Layer Ocean Model, " NCAR/8041/82-1 [ E 1, Boulder: National Center for Atmospheric Research,
August 1983, paper submitted to Journal of Geophysical Research.
This equation uses specified thermal sensitivity (the NAS estimates), greenhouse gas increases generated, and
surface temperatures of the ocean and was developed by the Goddard Institute for Space Studies.
The conservative scenario assumed a diffusion coefficient of 1.18 cm?/sec; the mid-range scenario, 1.54
cm?/sec; and the high scenario, 1.9 cm?/sec.
These special cases were run with coefficients of 0.2 cm?/sec and 4.0 cm?/sec.
The old assumptions that the case studies are based on, subsequently changed by Hoffman, are as follows:
Low: Emissions of chlorofluorocarbons remain constant at the mid-1970s level; methane concentrations
increase linearly by 2.0 percent of the 1980 level each year; and nitrous oxide concentrations increase linearly
by 0.2 percent of the 1980 level each year. High: Concentrations of the trace gases all grow geometrically by
1.674 percent each year. These scenarios produced estimates of global sea level as follows: low- 22.4 cm in
2025 and 74.6 cm in 2075; high-57.9 cm in 2025 and 219.3 cm in 2075.
As is generally the case with economic analyses conducted over a long period of time, the results are
sensitive to the discount rate used to compute present values. If discount rates larger than the 3 percent
assumed here are used, the economic impacts and value of anticipating sea level rise would be much
smaller. Chapter 7 presents estimates using alternate discount rates and discusses the sensitivity of the
results to various assumptions about investment behavior and community responses to sea level rise.
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