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In no environment is the connection between people and nature stronger than in coastal systems.
Climate change, sea level rise, ecosystem evolution, altered river discharge, and changes in the
size, intensity, and duration of storms will accelerate the degradation of coastal realms over the
decades ahead. The coastal systems and coastal communities of the future will be different from
those of today.



Foreword

In no environment is the connection between people and nature stronger than in
coastal systems. Climate change, sea level rise, ecosystem evolution, hydrologic
modifications of river discharge to the coasts, and changes in the intensity and
duration of storms and attendant coastal erosion are likely to accelerate the alter-
ation of coastal realms over the decades ahead. In concert with these changes, the
socioeconomic environment that underpins human coastal communities is also
impermanent and dynamic. The interdependence of environmental and socioeco-
nomic processes in the Anthropocene is already giving rise to suites of highly
complex and nonlinear feedbacks, many of which are counterintuitive. Improved
abilities to predict, communicate, mitigate, and respond to the outcomes of future
coastal processes, gradual as well as abrupt, on both long-term and event timescales
are essential to the welfare of coastal communities and to the sustainability of
coastal ecosystems and built infrastructures. Those interested in understanding the
complex nature of coastal processes must take an interdisciplinary approach to
Earth system problems, and international collaborations to strengthen the rela-
tionships between the physical and social sciences must be nurtured.

The changes that are underway can be slowed, with a global commitment to do
so, but most cannot be stopped. The coastal systems of the future will be different
from those of today. Preparation of this general literature synthesis was undertaken
as an initiative of the Southeastern Universities Research Association’s Coastal and
Environmental Research Committee to lay a foundation for future collaborations
aimed at improving predictions and strategies for responding to the complex
changes that are occurring, and are expected to occur in the future, within the
world’s diverse coastal systems. Strategies for ensuring the joint resilience of
humans and nature will rely heavily on understanding how the many complex
facets of the system interconnect and how they might evolve in the foreseeable
future. This understanding must extend well beyond the scientific community to
include decision-makers, politicians, and the general public. This synthesis is
intended to contribute to that broad understanding and stimulate pursuit of
forward-looking solutions. This is not a technical or specialized treatise. The intent
is to provide a conceptual roadmap to show how some of the numerous pieces of
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complex coastal systems intersect and might interact under changing future envi-
ronmental regimes. The book is addressed to a nontechnical but environmentally
literate audience that includes the lay public, policy-makers, planners, engineers,
environmental scientists, and academics interested in the causes and consequences
of global environmental change and its effects on coastal systems. The book also
outlines some strategies for anticipating and responding to the challenges that lie
ahead. It is hoped that as future changes unfold, our understandings and abilities to
predict will also evolve.

Starkville, MS, USA David R. Shaw
Chair, Coastal and Environmental Research

Committee, Southeastern Universities Research
Association (SURA)
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Introduction

Life is a series of natural and spontaneous changes.
Don’t resist them. Let reality be reality. Let things
flow naturally forward.

Lao Tzu, c. 600 BCE

To greater or lesser degrees, everything that exists or happens in the universe, on
earth or within the realm of humanity somehow affects everything else. And the
causal links are multidirectional, which means that there are countless feedback
loops that produce never-ending change. Impermanence is a natural reality and the
idea of enforced stasis is not really rational. Eastern religions and philosophies have
long understood this. The scientific community has more recently come to view,
explain, and model the functions and outcomes of the myriad connections and
consequent dynamic changes in terms of Complex Systems Dynamics. The idea of
complexity is now widely accepted by modelers of dynamic systems involving the
nonlinear interdependence of multiple processes (Bar-Yam 1997; Liu et al. 2007).
The International Geosphere-Biosphere Programme (IGBP) has articulated the
importance of intersecting social and natural sciences and has evolved the
“Anthropocene” paradigm that considers human and natural earth processes to be
interdependent and to function and change as a unified complex system (Bondre
and Gaffney 2015). The IGBP’s successor, Future Earth, continues to promote this
idea.

Global change now challenges the scientific community to evolve strategies for
anticipating and adapting to possible future scenarios of natural and societal
impermanence. To meet these challenges, however, alternative future circumstances
must be predicted with progressively increasing confidence. Of crucial importance,
the predictions must also be understood and accepted by multidisciplinary scien-
tists, the public, and policy-makers. Observations, theory, numerical models, and
education must ultimately advance human and ecosystem resilience globally,
regionally, and locally.

Today, half of the world’s 7 billion people live within 100 kilometers (60 miles)
of the shore (Dawson 2017). Coastal communities and environments are among the
most severely threatened by the myriad changes that are underway. As detailed by
the U.S. Global Change Research Program (Wuebbles et al. 2017), among
numerous other recent national and international analyses, climate change, sea level
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rise, storm surge, land subsidence, and coastal urbanization, along with various
types of flood inundation, ecosystem evolution, hydrologic and human-induced
changes to river discharge and to nutrient and chemical inputs to rivers, and
changes in the intensity and duration of storms and attendant coastal erosion are
likely to accelerate the alteration of natural coastal realms over the decades ahead.
In concert with these natural changes, the socioeconomic environment that
underpins human coastal communities is also both impermanent and dynamic.

The coastal consequences of global change are far-reaching. For example,
increase in the earth’s average atmospheric temperature impacts climate, which in
turn alters ocean properties, such as salinity and temperature, which then affects
ecosystems such as coral reefs and wetlands. In fact, human habitation, food pro-
duction, potable water availability, health, safety, economic welfare, national and
class conflicts, and simple enjoyment of life are all impacted. As sea levels rise,
low-lying vulnerable urban areas throughout the world will be more frequently
flooded by storms. Low-income people in flood-prone areas will be increasingly
vulnerable to widespread tragedy. Frequent street flooding of low-lying neighbor-
hoods can paralyze traffic, sewers can be flooded, drinking water may be con-
taminated, and water-borne pathogens may be spread throughout neighborhoods.
And, as was the case in New Orleans in the days following Hurricane Katrina, when
Cyclone Nargis swept over Myanmar (Burma), when Hurricane Sandy plowed
across Caribbean nations such as Cuba, Dominican Republic, Haiti, and Jamaica
before making final landfall in the United States, and when Hurricanes Harvey,
Irma, and Maria made devastating landfalls in Texas, the Caribbean and Florida in
2017, extensive inundation of neighborhoods can impede rescue operations fol-
lowing nature-caused disasters. Model projections must support local government
officials in assessing resilience, planning for humanitarian assistance and identify-
ing the most vulnerable communities, environments, and facilities. Although
humanity may take reasonable actions to slow the rate of atmospheric warming, it is
highly unlikely that inevitable changes in such processes as inundation can be
halted. But, with greater understanding and collaboration, we can better anticipate
and adapt to future change.

Thus, there is a clear need for greater understanding, awareness, and prediction.
Improved abilities to predict, communicate, mitigate, and respond to the outcomes
of future coastal processes, gradual as well as abrupt, on both long-term and event
timescales are essential to the welfare of coastal communities and to the sustain-
ability of coastal ecosystems and built infrastructures. This will require collabora-
tion among interdisciplinary scientists to integrate natural and social sciences and
engage scientists, modelers, engineers, educators, and stakeholders from academia,
federal agencies, local and state governments, nongovernmental organizations, and
the private sector in the search for enhanced awareness of what the future may hold.
A high priority vision for future coastal science should be to enhance resilience of
coastal communities by anticipating and mitigating hazards to human health,
safety, and welfare and reducing economic harm to coastal industries such as
tourism, fisheries, and shipping.
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The purpose of this book is not to offer a technical treatise on how to build better
numerical models or to provide the cognoscenti with new scientific details or
theories. As pointed out in the preface, the purpose is to provide a general foun-
dation for understanding the interconnections of the myriad factors that are driving
coastal change and will determine what the future may hold. The writing is non-
technical, nonmathematical, and non-jargonized throughout. Wherever scientific
terms are required to avoid ambiguity, a clear and simple definition is presented and
those definitions are repeated in the glossary. We aim to communicate with all who
care about the future of coastal environments. Additional background material can
be found in a reference such as the Encyclopedia of Marine Science (Nichols and
Williams 2017). In Part I, we present some underlying general background realities
and concepts that are applicable to coastal processes and coastal change worldwide.
Part II reviews, in greater depth, some of the more important physical, ecological,
and societal causes and outcomes of coastal change. A selection of case studies of
some prominent and highly vulnerable coastal regions is presented in Part III. Some
strategies for facilitating and supporting collaboration among the global scientific
community, the public, and decision-makers to enhance future coastal resilience are
outlined in Part IV. Recent references are provided throughout in order to provide
the interested reader with a starting point for his or her own research and to provide
rigorous support for the explanations offered here.

If we understand what is happening and accept the fact of change,
we can go with the flow and still do some steering to adapt and survive.
Anonymous

Lynn Donelson Wright
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Part I
Understanding Coastal Systems

and Global Change



Chapter 1
Coastal Complexity and Predictions
of Change

Lynn Donelson Wright, J. P. M. Syvitski and C. Reid Nichols

All things are connected. Whatever befalls the earth befalls the
children of the earth.

—Chief Seattle of the Suquamish Native American people,
c. 1855

1.1 Coasts as Dynamic Processes

Most people tend to think of coasts as material “things”. What you see when you
look at a coast at any instant in time may be a beach composed of sand or a coastal
wetland consisting of vegetation, mud and crabs and perhaps some methane or
hydrogen sulfide gas. But in previous times it may have been very different and it
probably will be different in the future. In reality, coasts are not “things” but
processes; they are not static but are constantly becoming something new. This has
always been the natural way with coasts. The ever-changing coastal process
involves the interplay of solid material (e.g., sand and mud), chemistry (e.g., the pH
of the Earth’s oceans), forces, energy fluxes and transfers (e.g., physical, chemical,
biological, and solar), biological activity and ecological evolution, and, now, pro-
found human interaction. We may reasonably expect coastal change to be accel-
erated in response to the climate changes that are now underway in the
Anthropocene, a new geologic epoch in which human activities are causing pro-
found and enduring modifications to the earth’s surface (e.g., Steffen et al. 2016;
Fig. 1.1; more on this in Chap. 6). To adequately anticipate what a particular coastal
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environment may be like a few decades from now we must embrace a holistic
perspective as to the complex reality of impermanent and dynamic coastal systems
consisting of numerous interacting and mutually dependent agents.

Back in the middle of the 20th century, traditional science emphasized reduc-
tionist approaches in order to simplify understanding of cause/effect relationships.
In addition to making assumptions that cause and effect were distinct from each
other, efforts were made to limit the number of variables involved in processes of
change to as few as possible. A classic example from 1960s vintage coastal science
treated the height of breaking waves as “cause” and changes in beach gradient as
“effect”. The bidirectional interdependence whereby changing beach shape alters
breaker height and shape was neglected. Further constraining understanding and
prediction, disciplinary boundaries were strictly observed and physical, ecological,
chemical and geographical scientists remained within their own domains and sel-
dom shared paradigms or insights. Collaborations between natural and social sci-
entists were almost unheard of among scientists from the “Greatest Generation.”

We are now in an entirely new era and interdisciplinary research is increasingly
becoming the new norm. The need for new approaches to facilitating collaborative
interdisciplinary research and education was highlighted in a recent National
Research Council (NRC) report on “Convergence” (National Research Council
2014). As emphasized in this NRC report, “Convergence” is intended to imply
integration of knowledge, tools and ways of thinking from several disciplines. It is
not simply the “patching together” of results from one single discipline as an input
to another discipline. Today, high performance computing resources have

Fig. 1.1 Accelerating role of human-earth interaction in the Anthropocene (From Steffen et al.
2016)
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eliminated the need to excessively limit the number of variables in numerical
models and make it feasible to connect different types of models from multiple
disciplines. “Convergence” is very much within reach. The fifth assessment report
by the Intergovernmental Panel on Climate Change (IPCC 2013) describes the
numerous changes that are presently underway and are expected to accelerate
through the 21st century.

Over the next few years, advances in our ability to anticipate, plan for and
mitigate the impacts of adverse changes in coastal processes and coastal commu-
nities will increasingly require not only continued refinements of natural science
and social science models but also rely on development and application of complex
systems models (e.g., Bondre and Gaffney 2015; Janssen 1998; Nicolis and
Prigogine 1989) that account for a hierarchy of interconnections and non-linear
feedbacks. Many models can now be progressively and routinely assessed by
high-resolution and rapidly updated satellite data (e.g., Salisbury et al. 2017). To
enable such transformational advances, the scientific community can begin by
assessing:

1. Existing knowledge of human-environment complex system dynamics;
2. The ability to model socio-ecological interactions at different scales;
3. Relevance of existing models and analyses to engineering, policy making, and

management practices;
4. The potential impact of legal structures on community resilience to hazards;
5. Development and assessment of “social vulnerability indices;”
6. The applicability of complexity theories to analyzing interconnectedness of

socio-ecological systems and addressing coastal sustainability; and
7. New education and communication strategies to convince the general public and

policy makers of the realities of what likely lies ahead.

1.2 The Reality of 21st Century Coasts: Beautiful, Ugly,
Diverse

Coastal systems are not all beaches. Some are slums, some are marshes, some are
agricultural lands, some are estuaries, some are mud flats, some are rocky cliffs, and
some are egregiously luxurious and expensive housing developments, resorts or
condominium complexes. All are complex and impermanent and most are seriously
threatened by the climate and other environmental changes that are now underway
and accelerating. The photos that follow in Fig. 1.2 introduce the diversity of
coastal systems albeit at a very superficial level. Although these photos show what
exists now, some may also be representative of what might be coming as changes
occur. Another resource with powerful pictures, video, and information is Future
Earth Coasts, which was formally known as the Land Ocean Interactions in the
Coastal Zone (LOICZ) project. To connect with the Future Earth Coasts community
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visit URL: http://www.futureearthcoasts.org, a network providing information on
the world’s coastal zones and active collaboration between nations, disciplines,
programs, researchers and users of science.

Perhaps the most prominent feature of many of the photos is evidence of the
intersection of human occupation with water. The World Ocean Review estimates
the number of people, worldwide, currently living in low lying coastal areas subject
to recurrent flooding to be roughly half a billion. However, Baker (2012) and
Dawson (2017) suggest that number may be as high as two billion people. The
majority of these people live in squalid, densely populated urban environments
(Baker 2012; Dawson 2017). As sea levels rise and the world’s population grows,
these numbers are sure to rise. Increased vulnerability of coastal dwellers is one the
most damaging and imminent of the expected future changes. The World Ocean
Review (2015) presents data on the populations living in flood prone coastal areas
today. Some highlights are summarized in Table 1.1. Notably, in a few cases, such
as the Maldives (see Wadey et al. 2017; Fig. 1.2m), the entire population, though
small, is subject to frequent inundation and is likely to be displaced within a few
decades. A similar situation threatens the residents of the Marshall Islands (Goodell
2017).

1.3 Interconnected Agents of Coastal Change

The dynamic processes that we call coastal systems consist of numerous, interde-
pendent factors that share in the roles of cause and effect. Some of the more
prominent of these are listed in Table 1.2. When we consider the behavior of any
coastal system we must be aware that all of these factors interact to varying degrees
although some interactions are much stronger than others. In cases where the
interactions are non-linear, the outcomes may be unexpectedly dramatic. The time
frames of change can vary diurnally, fortnightly (e.g. two-week tides), seasonally
and annually. There are also significant inter-annual fluctuations in ocean circula-
tion, freshwater flow and weather. Coastal ecosystems are well adapted to those

cFig. 1.2 a Beach, Kauai HI (Courtesy of L. D. Wright). b Transgressing wetlands, W. Fl (Photo:
L. D. Wright). c Aftermath of Hurricane Rita, Mississippi Delta. This 3 October 2005 photo shows
in Holly Beach, a coastal community of 300 residents in Louisiana’s Cameron Parish. Credit: Win
Henderson, FEMA. d Coastal Taro fields, Hawaii (photo by L. D. Wright). e Coastal Slum,
Kolkata (Calcutta) India. Credit: Freelance Photographer Bertrand Celce.fotservis.typepad.com/
photos/mother_India_Calcutta_var/slums.html. f Mangrove swamp, Florida (Photo L. D. Wright).
g Gas lines, Plaquemines Parish, LA. (Photo: L. D. Wright). h Dying cypress swamp, Coastal La
2014 (Photo: L. D. Wright). i Fishing Village, Plaquemines Parish, LA (Photo: L. D. Wright).
j Mouth of the Waiapu River, NZ (Photo Steve Kuehl, VIMS). k Recreational Fishing, Xiamen,
China (Photo: L. D. Wright). l Nature Coast, Florida Gulf Coast 2016 (Photo: L. D. Wright).
m Malé, capital of the Maldives 2004 (Credit: Shahee Ilyas, via Wikipedia). n Estuarine coast.
Brisbane River, Queensland, Australia (Courtesy of C. R. Nichols). o Volcanic coast. Pagan
Island, Commonwealth of the Northern Mariana Islands (Photo C. R. Nichols)
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Fig. 1.2 (continued)
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cycles. However, human development, combined with global climate change,
attendant sea level rise, increased storm intensity, intense and frequent droughts or
floods, are now superimposing long-term trends on these more common cycles.
Figure 1.3 shows the impacts of changes that are happening, or will happen, in
natural ocean systems are likely to have on human economic systems.

Coastal ecosystems are particularly sensitive to changes in freshwater runoff and
to the shifts in the normal patterns of salt-water inundation that sea level rise is

Fig. 1.2 (continued)

Table 1.1 Coastal populations living in low-lying, flood prone areas

Nation Population in low-lying coastal areas
(M)

Percentage of nation’s total population
(%)

China 127.04 10

India 63.34 6

Bangladesh 53.11 39

Indonesia 41.81 20

Vietnam 41.44 53

Japan 30.83 24

Egypt 24.41 36

USA 23.28 8

Thailand 15.69 25

Philippines 15.12 20

Maldives 0.29 100

Source World Ocean Review (2015)

1 Coastal Complexity and Predictions of Change 9
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causing. Loss of coastal habitat is occurring in many cases (such as in the wetlands
of Louisiana; National Research Council 2006) because of a combination of
storm-induced erosion, land subsidence, sea level rise, and wetlands destruction by
human activities such as canal dredging. Socio-economic consequences of coastal
change include impacts on housing (especially low income housing), community
cohesion, agriculture, fisheries, tourism, and human susceptibility to water–borne
pathogens and toxins. But humans are not passive victims of coastal change; they
are also major agents of the changes that are causing problems. Beyond the
much-publicized impacts of human-induced carbon emissions on global warming,
there are numerous other anthropogenic sources of coastal change. The extensive
damming of rivers, the drawdown of groundwater, nutrient loading of rivers from
agriculture, excessive shoreline hardening, coastal housing developments and
human exacerbation of coastal subsidence by a variety of practices including water
and hydrocarbon extraction (Allison et al. 2016) and sediment compaction under
the weight of urban development. The extent to which these harmful practices are
permitted to prevail will depend in turn on a host of political and legal factors.

Fig. 1.3 Coastal zones are increasingly regarded as economic resources. The left column
illustrates climate change effects on established or emerging marine-related industries that are
listed on the right column (From Allison and Bassett 2015)
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1.4 Existing Discipline-Specific Short Term Predictive
Models

Predictive models will necessarily underpin our ability to understand and predict
future coastal circumstances and plan adaptive strategies on decadal time scales. In
order to fully appreciate and trust the predictions that the scientific community
offers, it is important to understand some basics of the models. It is not necessary to
be a modeler to benefit from a non-technical acquaintance with models. For those
who are intrigued to learn more than the basics, references offer further insight. We
keep the descriptions here brief, elementary, and non-technical.

At both long-range and disturbance or event time scales, we should expect
advances to be made progressively not only in modeling specific phenomena such
as storm surges and demographic shifts but also in linking models and model
outputs in ways that highlight feedbacks and non-linear connections. However,
most operational models remain discipline specific (e.g., atmospheric physics,
ocean physics, ecosystem dynamics, socioeconomic). Storm surge models in use
today include two-dimensional (e.g., vertically averaged properties across a spatial
domain) and three-dimensional models using both structured and unstructured
(irregular) grids. One of the simplest and lowest resolution models, is NOAA’s
operational two-dimensional SLOSH model. SLOSH is the acronym for Sea, Lake
and Overland Surges from Hurricanes. The academic community uses more
accurate unstructured grid models of coupled surge-wave effects (e.g., Luettich
et al. 2013). Although those models yield better results than the operational,
long-standing two-dimensional SLOSH model used by NOAA for several decades,
SLOSH continues to be the operational model of choice because it is well accepted,
fast and does not require High Performance Computing or HPC (advanced com-
puting) resources. The important lesson as we go forward is to remain sensitive to
the ever-present tradeoff between accuracy, computational efficiency, and
familiarity.

Existing models of inundation, river hydrology, water quality, coastal erosion,
ecosystem dynamics, populations, and related impacts will be needed in future
assessments of resilience. However, while physical and ecosystem modelers are
predicting natural threats, the affected communities are also changing. The ways
that their economies, health, age and cultural behaviors evolve changes the com-
munity’s vulnerability. As in the case of the natural sciences, the past few years
have seen significant advances in understanding and modeling societal factors and
changes that can impact community resilience (e.g., Gunderson and Holling 2002).
Van Zandt et al. (2012) consider neighborhood resilience in relation to social
vulnerability and housing. Norris et al. (2008) offer a treatise on the psychology of
community resilience as it impacts disaster readiness. Some discipline-specific
models are described in the following sub-sections.

Long-term Climate Models—Climate models such as the NCAR Community
Climate Model (CCM3) and its successors will probably provide the forcing inputs
for models of changes in storm frequency and intensity as well as ocean responses

12 L. D. Wright et al.



in the form of sea level, currents, waves and storm surges. At the present time
however, CCM3 has scale limitations that are now being corrected by
newly-emerging “grid-within-grid” methods. Event-scale forecasts of weather
events, such as hurricanes, will likely continue to depend on operational agencies
such as the National Weather Service (NWS) and the National Hurricane Center
(NHC), but improved tools from academia can help to make those forecasts more
reliable and relevant. The Intergovernmental Panel on Climate Change (IPCC
2013, see https://www.ipcc.ch/) points out that “Projections of changes in the cli-
mate system are made using a hierarchy of climate models ranging from simple
climate models, to models of intermediate complexity, to comprehensive climate
models, and Earth System Models”.

Coastal Meso-scale Atmospheric Modeling—There is much information avail-
able for incorporation into models of coastal flooding. Surface winds and atmo-
spheric pressure drive coastal ocean circulation and generate surface gravity waves
and storm surges. The operational Weather Research and Forecasting (WRF) Model
at the NOAA National Centers for Environmental Prediction (NCEP) runs opera-
tional models that predict these forcing winds. Whereas CCM3 is a climate model,
WRF is a weather model. The WRF predictions are available via web services.
Fortunately, the WRF, model and other mesoscale atmospheric community models
are available to the research community. Short-term predictions of hurricane wind
fields are updated several times a day by the National Hurricane Center and these
wind fields provide the inputs to ocean models that predict waves and storm surges.

Coastal Ocean Circulation Modeling—Coastal ocean forecasting is rapidly
becoming a reality. Operational predictions are being performed by the Navy and
NOAA’s National Ocean Service (NOS) is making operational predictions for the
Great Lakes and several estuaries, including Chesapeake Bay while advancing such
tools for other areas. Automated (quasi-operational) predictions for the coastal
ocean are also being performed by various academic research groups around the
Nation. Several different community circulation models are in use. Due to their
3-dimensional structure, the baroclinic circulation modeling and prediction systems
are well-positioned for utilization in ecosystem forecasting and, thus, in the analysis
of eutrophication, hypoxia, harmful algal blooms, water quality, larval dispersal,
marine mammal habitat characterization, etc. However, they can be critically
dependent upon the chemical inputs, suspended sediments, and bed loads due to
river discharges estimated from hydrological models.

Inundation and Storm Surge Modeling—Storm surge modeling is a more spe-
cialized activity. Depth-integrated 2-dimensional barotropic models that ignore
density stratification have been traditionally used by operational forecaster.
Operational storm surge modeling is performed by the National Weather Service
(NWS) (NCEP). Storm surge modeling using more advanced 3-dimensional and
unstructured grid model is performed by various federal entities as well as acade-
mia. Operational surface wave modeling is performed by NWS (NCEP). Accurate
operational shallow (surface) wave and surf modeling is still an issue being
addressed by a large research community. Storm surge and wave modeling, toge-
ther with tidal modeling are essential for coastal erosion/deposition and coastal

1 Coastal Complexity and Predictions of Change 13
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inundation estimates. A recent NOAA-IOOS funded Coastal Ocean Modeling
Testbed (COMT) program (Luettich et al. 2013, 2017), involving over 20 academic
institutions as well as several federal research centers focused on improving fore-
casts coastal waves, storm surge and inundation. Models were evaluated for hur-
ricanes Rita (2005) and Ike (2008) in the northern Gulf of Mexico where both
storms caused significant flooding and inland penetration of water. Models evalu-
ated were:

1. The NWS SLOSH model was coupled to the Simulating WAves Nearshore
(SWAN) spectral wave model for several available domains in the Gulf of
Mexico. SWAN was developed at the Delft University of Technology in the
Netherlands.

2. The Finite-Volume, primitive equation Community Ocean Model or FVCOM
(circulation, surge, inundation) was coupled to the spectrum-based surface wave
model SWAN and known as FVCOM-SWAVE for the study of nearshore ocean
processes such as tides, circulation, storm surge, waves, sediment transport, and
morphological evolution in the Gulf of Mexico.

3. SELFE (Semi-implicit Eulerian-Lagrangian Finite Element) SELFE (circulation,
surge, inundation) coupled to the Wind Wave Model (waves). SELFE is an
open-source community-supported modeling system, based on unstructured
grids, designed for the effective simulation of 3-dimensional baroclinic circu-
lation across river-to-ocean scales. The WWM is similar to well-known SWAN
model.

4. ADvanced CIRCulation (ADCIRC) was coupled to the unstructured SWAN
model (waves). ADCIRC is a finite element, time-dependent, long wave,
hydrodynamic circulation numerical model for the simulation of water level and
current over an unstructured gridded domain. Figure 1.4 shows ADCIRC and
SWAN model predictions of storm surge for the east shore of Puerto Rico
during Hurricane Georges.

Additional models not included in COMT, which may be applied to surge and
wave modeling include Delft3D, WAVEWATCH III®, and GeoClaw. Delft3D
developed by Delft Hydraulics (see Roelvink and Van Banning 1994), provides a
3-dimensional modeling suite that includes open source Delft3D flow (FLOW),
morphology (MOR) and waves (WAVE) modules to rapidly simulate nearshore
conditions. WAVEWATCH III is an operational model used by organizations such
as NOAA and the U.S. Navy. This wave modeling framework uses nested
storm-tracking winds to better model hurricane trajectories and intensities and
predicts wind-generated waves and swell, not tsunamis, storm surge, or tides.
A well-proven open-source storm surge model, which is part of the “Conservation
Laws Package” or Clawpack is GeoClaw, a finite volume solver for depth-averaged
flows a model with adaptive mesh refinement. GeoClaw was originally developed
for tsunami modeling.

Hydrologic Models—Coastal flooding comes not only from the sea but also
from rivers and torrential rain (e.g. Hurricane Harvey flooding of Houston Texas in

14 L. D. Wright et al.



August 2017). The U.S. Geological Survey gauging stations provide many
real-time river flows throughout the U.S., and NOAA (through the National
Weather Service and the National Water Center) provides operational river forecast
models, particularly the comprehensive National Water Model (NWM). The
existing river forecast system is based on empirical relationships between river
stage heights and flows. NCAR has recently developed a landscape hydrology
model with distributed overland routing called Noah-distributed, which is
data-compatible with a range of atmospheric models. The community
Noah-distributed model has recently been linked directly to the National
Hydrographic Dataset Plus (NHDPlus) surface water framework. NHDPlus is an
integrated suite of application-ready geospatial data sets that incorporate many of
the best features of the National Hydrography Dataset (NHD), the National
Elevation Dataset (NED), and the Watershed Boundary Dataset (WBD).
Hydrologists may use several other types of hydrological models to predict
hydrologic system behavior or processes.

While these types of models can be classified in different ways they tend to be
either static (steady state) or dynamic. Dynamic models include time while static
models exclude time. A runoff model provides estimates of runoff as a function of
the parameters that are used to describe the watershed over time steps. The static
model considers the relationship between variables such as river stage and dis-
charge along a cross-section at that same instant in time. Devi et al. (2015) provide
a general review and several examples of the different types of hydrological models.
Additional details of existing open-source hydrological models can be found online
at the Community Surface Dynamics Modeling System (CSDMS) project, a virtual
home for a vibrant and growing community of about 1000 international modeling

Fig. 1.4 Model results from combined ADCIRC-SWAN models for Puerto Rico with wind and
wave forcing for Hurricane Georges (van der Westhuysen et al. 2015)
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experts and students who study the dynamic interactions of lithosphere, hydro-
sphere, cryosphere, and atmosphere at Earth’s surface (see URL: http://csdms.
colorado.edu/wiki/Hydrological_Models). CSDMS presently lists 67 hydrological
models. Typically for surface runoff models they are broken down into
event-models (e.g., ANUGA), daily models (e.g., HydroTrend), hydraulic models
(e.g., TELEMAC), river-reach, drainage basin (e.g., TopoFlow, PIHM), and global
water balance models (e.g., WBMsed, VIC). Hydrological models are an important
and necessary tool for water and environment resource management. NOAA
recently inaugurated the NWM to simulate observed and forecast streamflow over
the entire continental United States using High Performance Computers (NOAA
2016). The NWM simulates the water cycle with mathematical representations of
the different processes such as precipitation, snowmelt and infiltration and move-
ment of water through the soil layers all which vary with changing elevations, soils,
vegetation types and a host of other variables. Additionally, extreme variability in
precipitation over short distances and times can cause the response on rivers and
streams to change very quickly. Blodgett et al. (2016) describe how collaboration
and the integration of systems such as the Great Lakes Observing System and the
National Ground-Water Monitoring Network are helping to provide accurate, local,
real-time flood forecasting to prevent loss of life and property during this era of
changing climate and extreme weather. Future Earth system modeling is focused on
the coupling of hydrological, meteorological, and oceanographic models.

Ground Water Hydrology Models—The U.S. Geological Survey (USGS) is
among the world’s leaders in numerical modeling of the flow of ground water
through porous aquifers. The USGS HYDROTHERM program is a
three-dimensional model for simulating the two-phase flow of ground water and
associated heat transfer and includes predictions of the rates of ground water
recharge by precipitation. The USGS Modular Ground Water Flow Model
(MODFLOW) includes simulations of the effects of alternated wetting and drying
within an aquifer. Linkages between MODFLOW predictions and surface water
flows are predicted via the Coupled Ground Water and Surface Water Flow Model
(GSFLOW). Perhaps the most well-known open-source watershed flow model is
PARFLOW, which results from a long, multi-institutional development history (see
URL: http://csdms.colorado.edu/wiki/Model:ParFlow). Ground water behaviors are
characteristically non-linear and these models accommodate these complexities.

Modeling Coastal Erosion and Shoreline Transgression—Forecasting the
responses of shores and coastal lands to rising sea level will require the coupling of
morphodynamic, ecological, physical, engineering and socioeconomic models. The
morphology of the coast and the relative elevation (to mean sea level) of its shores,
occupied land surfaces and intertidal wetlands are regulated by feedbacks among
sediment supply versus removal, plant communities, tidal flooding and production
of organic matter (Morris et al. 2002; Friedrichs and Perry 2001) as well as by the
built infrastructure including roads and breakwaters. In order for a marsh surface to
maintain its elevation relative to mean high tide, the rate of marsh growth must keep
pace with rate of sea-level rise. Some of the more widely used models of beach and
shoreline change include CEM, Delft3D, GEOMBEST, XBeach and
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Wetland3P. Most recently, Vitousek et al. (2017) have developed a decadal-scale
model of long-term coastal evolution that assimilates data from routine monitoring.
A complete inventory of open-source coastal models can be accessed through the
CSDMS project (see URL: http://csdms.colorado.edu/wiki/Coastal_models).

Coastal Ecosystem Modeling—Coastal ecosystems modeling efforts currently
recognize that ecosystem modeling is fully multidisciplinary. It considers nutrient
inputs, exposure to light, followed by primary productivity and then interactions at
all higher trophic levels. With coastal ocean nutrients deriving from both
deep-ocean and land drainage sources, coastal ocean ecosystem models integrate
coastal circulation models and connections of the continental shelf with estuaries.
Coupling circulation models with bio-chemical models helps to account for bio-
logical interactions. Recent advances have been made in developing forecast
models of dissolved oxygen in terms of circulation, wind, fresh-water input and
nutrient inputs for estuaries such as the Chesapeake Bay (e.g., Irby et al. 2015;
Scully 2013) and the Northern Gulf of Mexico continental shelf (e.g., Fennel et al.
2016).

Social Sciences Models—Social scientists are working to predict what
socio-economic changes may be coming over the next few decades. Significant
advances are being made in understanding and modeling societal factors and
changes that can impact community resilience (e.g., Gunderson and Holling 2002).
Van Zandt et al. (2012) consider neighborhood resilience in relation to social
vulnerability and housing. Cutter et al. (2010, 2014) have evolved the concept of
Baseline Resilience Indicators for Communities (BRIC) as empirical metrics for
gaging the resilience of communities to disasters. Berkes et al. (2003) offer in depth
analyses of social-ecological complexity in assessing community resilience.
Guillard-Gonçalves et al. (2014) have developed a “Social Vulnerability Index”
(SoVI) which can be readily applied to most regionally specific communities.
Typically, social science models are broken down into (1) Integrated Assessment
Models such as the kind used by IPCC, (2) General Equilibrium Models (such as
used by economists), (3) Agent or Individual Based Models, and (4) Land cover
Land use models. Decentralized development of these models is evidenced by the
Open Agent Based Modeling (OpenABM) Consortium which has grown into the
Network for Computational Modeling in Social and Ecological Sciences
(CoMSES). These large formal institutions provide a repository for agent based
models and support researchers, educators, and professionals with a common goal
of improving the way computational models in the social and life sciences are
developed, shared, and utilized.

Human Health Models—The World Health Organization (WHO 2003) notes
that three types of predictive models in use for assessing the likely impacts of
climate change on the spread of human infectious disease are (a) statistical,
(b) process-based and (c) landscape-based. Statistical models are applied to predict
climate change impacts on malaria, dengue fever and encephalitis. Mathematical
process-based models are used to predict how diseases are transmitted as results of
given configurations of climate variables that affect vector and parasite biology.
Landscape-based models combine climate-based models with spatial analytical
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methods to estimate, for example, how future climate-induced changes in ground
cover and surface water might affect mosquitoes and hence, malaria. Similarly, for
flooded coastal environments, both process-based landscape models could be
applied to predicting the pathways and residence times of Vibrio and other
water-borne pathogens as well as toxic contaminants.

Models for Supporting Emergency Management Decisions—The Hazus®

Program of the Federal Emergency Management Agency (FEMA) represents the
present “state of the art” in estimating potential losses from earthquakes, floods and
hurricanes (FEMA 2009a, b). However, many aspects of this program are region-
ally specific and have not been implemented for many coastal communities.
Hopefully, in the future, the academic community will be able to contribute to
Hazus® in meaningful ways.

Integrative Linkages of Multiple Models—The future requires that models of the
different genre as just described be connected in meaningful ways to allow the
feedbacks and mutual interdependences to be considered. To begin, scientists or
planners concerned with anticipating future events of coastal inundation might ask:
“How will the risk of flooding during an extreme event be exacerbated in various
sea level rise scenarios?”. The answer will depend on where people with different
vulnerabilities are living in the future. Recent advances in detailed modeling of
“street-level” flooding in well-mapped neighborhoods (Blumberg et al. 2015) can
contribute to answering such questions as can similar advances in modeling the
timing of storm surges in relation to tides (Georgas et al. 2014). Intersecting pre-
dictions of inundation with patterns of social vulnerability are valuable contribu-
tions to disaster planning. At the present time, some fairly elementary efforts at
doing this are accessible on the web.

1.5 Dynamic Change in Complex Systems

The International Geosphere Biosphere Programme (IGBP) has articulated the
importance of intersecting social and natural sciences and has evolved the
“Anthropocene” paradigm that considers human and natural earth processes to be
interdependent and to function and change as a complex system (Bondre and
Gaffney 2015; Steffen et al. 2016). The idea of complexity is now widely accepted
by modelers of dynamic systems involving the non-linear interdependence of
multiple processes (Bar-Yam 1997; Liu et al. 2007; Sayama 2015). Complexity
science typically encompasses multiple theoretical frameworks and is highly
interdisciplinary. Various patterns of coupling of societal, biogeophysical, bio-
geochemical, and ecological processes constitute prominent example of complexity.
The complexities of such multi-faceted systems arise from the facts that causal
linkages among all components are bidirectional creating positive and negative
feedback loops (Fig. 1.5).

The connections in feedback loops may be either positive (i.e., an increase in A
causes an increase in B and vice versa) or negative (which leads to stability). In
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addition, causalities may be linear or non-linear. In the case of present-day global
change processes, a very prominent example of positive feedback is found in the
Arctic Ocean: decreasing sea ice cover reduces albedo (reflection of radiation)
which in turn leads to more heat absorption by the seawater which in turn accel-
erates ice melting. Ecosystems and socioeconomic systems are Complex Adaptive
Systems (Harris 2007; Holling 2001). Such systems are susceptible to the emer-
gence of unexpected or abrupt changes in behavior, or state that are very different
from what past trends might imply and usually have numerous interactive com-
ponents. These components change and adapt as they interact (Fiksel 2006, Liu
et al. 2007, Hopkins et al. 2011, 2012). In future science-based planning for change,
we must seek answers to some fundamental questions about living, evolving and
adapting- or vanishing-systems. The goal of a Systems Approach Framework
(SAF) to future planning is to promote improved predictive modeling of the ways
that complex coastal systems function and change (Fiksel 2006, Hopkins et al.
2011, 2012).

Precise quantitative forecasts of future conditions are, unfortunately, not on the
horizon. However, greater confidence in estimates of the degree to which a par-
ticular combination of changed physical and ecological conditions might impact
humans is already emerging from trans-disciplinary modeling activities. The
challenges for the immediate future relate more to the human aspects than to the
natural science aspects. To solve the problems that we face, complex system
components will need to include (1) physical and natural sciences (physical models
of sea level rise, river hydrology, and ecosystem models); (2) urban models;

Fig. 1.5 Connections and Feedbacks in a Complex System should be considered over long time
periods and across regional scales. The ability to prepare and plan for, absorb, recover from, and
more successfully adapt to processes such as sea level rise will require consideration of
environmental, engineering, and community factors
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(3) attitudes and beliefs of local regulators and policy makers; (4) the extent to
which educators understand and communicate environmental science; (5) economic
pressures and political ideologies; (6) pressures from environmental advocacy
groups; and (7) the awareness of the general public. Finding effective ways to
include all of these factors into complex systems models is a serious challenge for
the immediate future.

1.6 Monitoring Future Changes to Validate Predictions

Assessments of the reliability and accuracy of predictive models require constant
and sustained monitoring of what is actually happening. New instrumentation for
recording atmospheric and oceanographic processes is continually evolving and in
many cases becoming less expensive allowing for more widespread distribution of
monitoring resources. Regional coastal observations within US waters are currently
orchestrated by the U.S. Integrated Ocean Observing System (IOOS®), which is
under the auspices of NOAA. Included under IOOS are arrays of in situ environ-
mental sensors as well as the U.S. National High Frequency (HF) Radar Network.
Although, improvements in resolution for coastal applications are still needed, new
generations of satellite and lower altitude remote observing systems are permitting
high-resolution images to be obtained around the clock (Cazenave et al. 2017). New
geostationary satellite systems, such as the EPA’s Proposed Geostationary Coastal
and Air Pollution Events (GEO-CAPE; Salisbury et al. 2017) will soon facilitate a
new level of monitoring resolution and frequency. Unfortunately, as of late 2017,
funding for projects such as this is uncertain.

1.7 Resilience Is “Going with the Flow” and Doing OK

Changes in coastal systems are underway and accelerating. We may slow the
processes of change if we make a global commitment to do so but we will not stop
them, despite emerging plans for “climate engineering” (Kravitz et al. 2017). The
future of coastal dwellers will be different from today. The role of scientists,
planners, politicians and the public will not be to stop change but to understand
what is likely to happen and prepare accordingly. This means constructing forward
looking plans for human and ecosystem resilience. The extreme stimuli of
advancing and retreating ice in the Pleistocene proved that humans are resilient. The
time for reawakening to our roots is upon us.

“Resilience is the capacity of a system, be it an individual, a forest, a city or an
economy to deal with change and continue to develop” (Stockholm Resilience
Centre 2014; see URL: www.stockholmresilience.su.se). According to a recent
National Academies report on disaster resilience (National Academies 2012),
“Resilience is the ability to prepare and plan for, absorb, recover from, and more
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successfully adapt to adverse events.” Resilience involves the ability to adapt to
constantly changing environmental, economic, and social stressors. It does not
imply constancy, stasis or resistance to change. It is the capacity to change and
adapt continually yet remain viable.
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Chapter 2
Global Change: More Than Climate

Lynn Donelson Wright, J. P. M. Syvitski and C. Reid Nichols

The times, they are a-changing.
—Bob Dylan, Nobel Laureate, c. 1964

2.1 The Sources of Information on Climate Change Are
Impeccable

As pointed out by Forster (2017), data, models and scientific theories on the causes
and realities of climate change have been subjected to tens of thousands of rigorous
scientific peer reviews over the past half century. The University Corporation for
Atmospheric Research (UCAR; see URL: https://www2.ucar.edu) and the National
Center for Atmospheric Research (NCAR; see URL: https://ncar.ucar.edu) in
Boulder Colorado, which UCAR manages with funding from the National Science
Foundation (NSF) have long histories of leading the way in modeling climate
change and climate linked phenomena. The Stockholm-based International
Geosphere Biosphere Programme (IGBP; see URL:http://www.igbp.net) provided
international leadership in these areas until the end of 2015 when the IGBP was
succeeded by Future Earth, a ten-year international research platform (see URL:
http://www.futureearth.org).

The United Nations Environment Programme (UNEP) and the World
Meteorological Organization (WMO) are among the several governing members of
Future Earth. In concert, these highly respected national and international organi-
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zations along with numerous universities around the world as well as agencies such
as the NOAA Climate Prediction Center (see URL: http://www.cpc.ncep.noaa.gov)
are the sources of data and model results on which global change projections are
based. As explained by Merryfield et al. (2017), the reliability of climate predictive
models is continually improving and is expected to improve significantly over the
years ahead thanks in part to rigorous coordination of global climate research by the
World Climate Research Programme (WCRP; https://www.wcrp-climate.org/).
A key factor in assessing model accuracy involves the use of hind casting to test the
skill of models in “predicting” past events for which observational data already
exists. The WCRP maintains a comprehensive archive of such data to enable
modelers worldwide to test and refine their models.

The series of assessment reports by the Intergovernmental Panel on Climate
Change (IPCC; see URL: http://www.ipcc.ch) are definitive sources of current
scientific consensus on the causes and consequences of global change. The IPCC
draws on the work of hundreds of scientists from all over the world. Most recently,
in November 2017, U.S. Global Change Research Program (USGCRP), which
involves 13 federal agencies, released its Fourth National Climate Assessment
(USGCRP 2017; https://science2017.globalchange.gov; Wuebbles et al. 2017).
This comprehensive report points to exhaustive and conclusive evidence that air
temperatures at the earth’s surface as well as sea temperatures are rising leading to a
host of other climate and ocean changes. The USCRP report expresses 90% con-
fidence that warming is the result of emissions of greenhouse gases from fossil
fuels.

2.2 Synopsis of Some Primary “Global Changes”

The interdependent factors and processes summarized in Chap. 1 are subject to
climatic and other drivers that are changing throughout the world. Collectively, the
suite of worldwide changes constitutes what is popularly referred to as “global
change”. While climate is an essential and prominent member of that suite of
changing environmental conditions, it is not the only thing that is changing or likely
to change. While it is widely understood that the human contributions to global
warming involve increases in atmospheric concentrations of greenhouse gases,
particularly carbon dioxide and methane, several other anthropogenic sources of
change are less well-known. Among these impacts are (1) extensive damming of
rivers; (2) extraction of ground water from aquifers; (3) coastal land subsidence
caused by the weight of urban centers (Allison et al. 2016); (4) canal dredging
(National Research Council 2006); and (5) ocean acidification among other sources
of change.

The UCAR Center for Science Education, which can be accessed online at URL:
https://scied.ucar.edu/longcontent/predictions-future-global-climate, offers a valu-
able and straightforward summary of what of the future global changes may
include. A brief synopsis of these follows:
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1. Atmospheric warming—Global temperatures have risen 1 °C as greenhouse
gases associated with energy generation and use have trapped ever more heat
from solar radiation. Over the next two decades, the globally averaged atmo-
spheric temperature is expected to rise by 0.2 °C. By the end of the century, the
globally averaged temperature is expected to be somewhere between 1.8 and
4.0 °C (3.2 and 7.2 °F) higher than today depending on the extent to which
greenhouse gas emissions are reduced. Global average temperatures do not
convey the full story since most of the warming will be concentrated in the
higher latitude and polar regions rather than in the tropics. Furthermore, since
most of the temperate and sub-polar lands are in the Northern Hemisphere, the
consequences of rising temperatures will be most dramatic there.

2. Ocean warming—Of the global warming that has taken place over the past two
decades or so, roughly 93% is currently estimated to be stored within the upper
kilometer or so of the ocean. Ocean temperatures are expected to continue to rise
significantly though by how much depends on how deeply the thermal energy is
distributed within the water column. The steric effects observed since 2000
indicate that most of the excess heat resides within the upper 700 m (2300 ft) of
the water surface. Although warming also affects the deeper ocean, there is a
delay between surface heating and the transfer to the deep ocean.

3. Evaporation and precipitation—Rising temperatures are expected to increase
the rates of evaporation, which will be countered by increases in precipitation.
As a consequence, dry regions are likely to become drier while wet regions will
experience increased rainfall. Models predict an average global increase in
precipitation of 3–5%. It must be remembered, of course, that 71% of the earth’s
surface is ocean and most of the precipitation will be there instead of on land
although the most intense floods are likely to occur over land.

4. Ice melting—Melting of glacial ice such as in Alaska, and the ice sheets of
Greenland and Antarctica, along with the melt of permafrost and a reduction in
sea ice cover across the Arctic Ocean are already taking place and are expected
to accelerate. Decreasing sea ice cover reduces albedo (reflection of radiation),
which in turn leads to more heat absorption by the seawater and this, in turn,
accelerates ice melting- a positive feedback loop.

5. Storm intensity—Predictions of changes in storm frequency continue to have
much uncertainty. However, tropical storm intensity is likely to increase, largely
because of increased sea surface temperatures. The rapid intensification of
Hurricane Matthew in 2016 and Hurricanes Harvey, Irma and Maria in 2017 has
been attributed in part to unusually warm sea surface temperatures in the
Caribbean. Hurricane Irma was the largest Atlantic Hurricane on record.
Computational scientists are now working to improve the resolution of coupled
ocean-atmosphere models from which to learn the internal dynamics of storms,
before we have to experience them.

6. Global Sea level rise—More discussion of this will follow in the next chapter.
Sea level is rising and will continue to do so throughout the 21st century.
Several of the factors just described contribute to this. Melting glaciers’ and
thermal expansion of seawater account for 75% of sea level history. Sea level is
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expected to be between 20 and 50 cm higher than today by the end of the
century.

7. Changes to the carbon cycle—According to the UCAR Center for Science
Education, warming temperatures are expected to alter the natural geographic
ranges of many plant species as well as the lengths of the growing seasons.
Models also suggest that, with warmer temperatures, the earth system (espe-
cially oceans) will be able to absorb less CO2 from the atmosphere, thereby
exacerbating the warming trend.

8. Altered ocean circulation—Major, large scale ocean current systems, such as
the Gulf Stream, are thermohaline currents driven by gradients in water density
caused by contrasts in temperature and salinity. These currents play dominant
roles in effecting the transfers of heat from low to high latitudes and vice versa.
Changes in ocean temperatures and salinity have the potential to alter these
large-scale transport mechanisms in unexpected ways.

9. Ocean acidification—Derivative impacts of global warming are many and
varied. Sea surface anthropogenic CO2 is being elevated particularly in the
Atlantic Ocean, but the phenomena is global. As a result, seawater acidity is
being elevated in ocean surface waters, again particularly in Atlantic Ocean
waters. This ocean acidification then negatively impacts marine carbonate sys-
tems, including tropical reefs.

There are other major global impacts on world coastal zones related to human
activities but not directly to climate change. Some of these include the following:

10. Reduced delivery of sediment to coastal seas—As of February 2017, there
were 58,519 large dams registered by the International Commission On Large
Dams (ICOLD; see URL: http://www.icold-cigb.net/), a subset of millions of
dams worldwide, although many of these are much smaller dams. According to
Palmieri et al. (2003), total reservoir storage capacity is >7000 km3 (>1679 mi3).
These dams have substantially reduced the amount of new sediment supplied to
the coasts to replace the sediment lost by erosion (Syvitski and Kettner 2011;
IGBP 2012). By one estimate, global reservoirs have trapped 3155 gigatons
(Gt) of sediment, and in another study (Giosan et al. 2014) deltas are either no
longer growing or are losing landmass, sometimes at alarming rates.

11. Marine ecosystems impacts—Trophic levels are being upended, partly from
climate change (e.g., Best et al. 2015; Poloczanska et al. 2016; Thackeray et al.
2016), but primarily from more local to regional phenomena, including over
fishing, and the transfer of marine and coastal invasive species through ship
traffic (e.g., Davidson et al. 2011; Johnson et al. 2017; Ojaveer et al. 2017).

12. Coastal dead zones—It is relatively cheap and easy to over-fertilize an agri-
cultural field to maximize crop production. The result is an excess of nitrogen
and other fertilizing material to be washed off the farmlands and into streams
where regional runoff will carry these pollutants to the coastal ocean. Upon
reaching the coastal sea, the nitrogen accelerates marine production and dis-
solved oxygen in the water becomes rapidly consumed. With the oxygen levels
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lowered, these hypoxic or dead zones can destroy entire bottom communities of
sea life. Rare 40 to 50 years ago, hypoxia now occurs worldwide, particularly
within American (see URL: http://www.wri.org/resources/maps/coastal-
eutrophic-and-hypoxic-areas-north-america-and-caribbean) and European (see
URL: http://www.wri.org/resources/maps/coastal-eutrophic-and-hypoxic-areas-
europe) coastal waters.

2.3 Population and Energy

During the early part of the Holocene, human population growth rates were low,
and the human environmental footprint was equally small. As agrarian communities
became established (c. 5KyBP to 1250AD), population growth rates increased to
about 100,000 per year. While energy use per person had changed little during these
early years, an ever-growing population made the search for new energy sources an
imperative. Coal was the first major energy source beyond human and animal
muscle doubling the energy use per capita. Our global population was then growing
at 1.4 M/y and by the start of the industrial revolution (c. 1850AD), humans
numbered 1.3B. The Industrial Age was accompanied by new energy sources
(petroleum and hydroelectricity) allowing our per capital energy use to double
again to 25 gigajoules (GJ)/y. The amount of potential chemical energy in 160 L
(approximately one US standard barrel) of oil, when combusted is 6 GJ. As
humanity entered in what some call the Age of Technology and others refer to the
beginning of the Anthropocene Epoch, with a start date of 1950, the world had a
global population of 2.5B. Population has since been increasing at 74 M/y con-
comitant with a tripling of per capita energy consumption to 70 GJ/y. New energy
sources included shale gas extraction, nuclear energy and new forms of renewable
energy (solar, wind). Remarkably, more energy has been consumed since 1950 (to
2015) at 20.4 zettajoules (ZJ), than during the entire 11,700-year history of humans
during the Holocene, by a factor of 1.6. Annual estimates of global energy use are
approximately 0.5 ZJ (McGlade and Ekins 2015). With projections for future
growth of the world’s population, sustainability will require significant enhance-
ments in efficiency to reduce rates of energy consumption.

2.4 Global Warming: Not a Hoax

The latest Climate Assessment Report (USGCRP 2017) is unambiguous: the earth
is warming because higher concentrations of “greenhouse” gases, which absorb and
emit energy within the thermal infrared range, enable the atmosphere to store more
energy before the excess energy is returned to space as long wave infrared radiation.
This is illustrated conceptually in Fig. 2.1. The greenhouse effect is essential to
making the earth habitable. Greenhouse gases in trace quantities lead to convection,
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clouds, and precipitation. As illustrated in Fig. 2.1, 107 W/m2 of the incoming
342 W/m2 is reflected directly back to space either from the top of the atmosphere
or from reflective (e.g., snow or ice covered) parts of the earth surface. The amount
of radiation returned by direct reflectivity is called albedo. To maintain a radiation
balance, the remaining 235 W/m2 must ultimately be reradiated back to space but
before this happens the energy is first converted to heat, which then results in long
wave, infrared, re-radiation. The amount of heat that the atmosphere can hold
before the infrared re-radiation takes place depends on the concentration of certain
heat-retaining greenhouse gases in the atmosphere. The most important of these
gases are water vapor, carbon dioxide and methane. Others include nitrous oxide
(N2O) and ozone (O3). The primary constituents of air, nitrogen (*78%) and
oxygen (*21%) are not greenhouse gases.

Carbon-based greenhouse gases, particularly carbon dioxide and methane, in the
atmosphere have been steadily increasing at least since the middle of the 20th
Century when reliable record keeping began. Since the 1950s, carbon dioxide
concentration has been measured at the top of Mauna Loa, the 4,170 m (13, 680 ft
above sea level) high volcanic mountain on the Big Island of Hawaii in the middle
of the Pacific Ocean and thus, well removed from carbon producing cities on the
various continents. The data show a steady increase in CO2 concentration
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Fig. 2.1 Cartoon depicting the main elements of the global radiation balance (Figure courtesy of
Christina Hulbe)
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from *320 ppm in the late 1950s to *400 ppm in 2015. Measurements of the
global temperature anomaly, averaged over both land and sea surfaces and
expressed as a departure from the average temperature for the entire 20th century
indicate that prior to 1940, the anomaly was negative, in other words less than the
20th century average. Since that time, however, the anomaly has been progressively
increasing and reached a maximum of 0.9 °C in 2015 (NOAA-NCDC-NCEI 2016).
NOAA also estimates that 93% of this excess heat is stored within the ocean waters,
primarily within the upper 1500 m of the water column.

Older measurements of sea surface temperature prior to the mid 1990s relied
heavily on shipboard observations made largely from engine room water intakes
(but prior to passing through the engine). Water obtained this way was moderately
warmed by passage through the engine room intakes. Since the 1990s, NOAA has
relied more and more on data from buoy-mounted and drifter-mounted thermistors.
As a result of these contrasting methods of temperature measurement, temperature
anomalies based on a mix of data obtained by both old and new techniques tended
to show a cooling bias as the fraction of the data derived from buoys increased with
time. Because of this effect, many plots of temperature made prior to 2016 sug-
gested a flattening or in some cases a slight reversal in the warming trend with time
since 2003. This apparent trend reversal has been exploited by climate change
deniers to argue that warming has ceased. However, NOAA scientists have recently
reanalyzed data to base trends on uniform measurement techniques involving
separate shipboard, satellite and buoy data instead of mixes of techniques
(Hausfather et al. 2017; http://wwwusers.york.ac.uk/*kdc3/papers/ihsst2016/
background.html). Figure 2.2 shows times series plots of temperature changes
over the past 20 years. The reanalysis conclusion is that global temperatures are
currently increasing at the rate of 0.12 °C per decade.

Predictions of future earth warming are not simple statistical extrapolations of
recent trends but are underpinned by linked ocean-atmosphere numerical models
such as such as the NCAR Community Climate Model (CCM3). Alterations of the
Earth’s energy budget by greenhouse gases and other processes are the drivers of
climate change and models take account of these drivers in predicting future con-
ditions. The Special Report on Emissions Scenarios (SRES) by the
Intergovernmental Panel on Climate Change (IPCC Third and Fourth Assessment
Reports 2001, 2007) considered different scenarios involving different degrees of
greenhouse gas reductions in the future. The most common scenarios in the third
and fourth assessments were those that emphasize global or regional economic
growth (labeled SRES A1 & A2) versus those that emphasize global or regional
environmental sustainability (SRES B1 & B2 respectively). Models were typically
run for all four scenarios. In the fifth IPCC Assessment Report (IPCC 2013), the
IPCC quantified the change in energy fluxes caused by changes in climate change
drivers via an index called Radiative Forcing (RF). Positive RF leads to surface
warming and negative RF leads to surface cooling. RF estimates take account of
observed conditions, properties of greenhouse gases, and numerical model char-
acterizations of observed processes (IPCC 2013).
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In the fifth assessment report the IPCC (2013) replaced the SRES scenarios used
in the third and fourth assessment reports with four new scenarios in their future
model predictions. They refer to these scenarios as Representative Concentration
Pathways or RCPs. Each different RCP is distinguished by their radiative forcing
(in Watts per square meter or W/m2) in the year 2100 relative estimated 1750
values. The four scenarios are: (1) 2.6 W/m2 for scenario RCP 2.6; (2) 4.5 W/m2

for scenario RCP 4.5; (3) 6.0 W/m2 for scenario RCP 6.9; and (4) 8.5 W/m2 for
scenario RCP 8.5. Model simulations carried out for each scenario assumed CO2

concentrations by 2100 to be: 421 ppm for RCP 2.6; 538 ppm for RCP 4.5;
670 ppm for RCP 6.0; and 936 ppm for RCP 8.5. Depending on the extent to which
the global emissions of carbon are reduced in the foreseeable future, global tem-
peratures are expected to rise by somewhere between 1.8 °C (3.2 °F) and 4.0 °C
(7.2 °F) by the end of the century (UCAR 2011). This temperature increase will not
be evenly distributed over the earth’s surface. Tropical temperatures are not
expected to rise significantly; the most dramatic warming will be manifest at
mid-to-high latitudes over continents (UCAR 2011). These RCPs facilitate the
comparison of different modeling systems by providing a consistent set of starting
conditions and historical data for use across the various branches of climate science.
Since climate science is being accomplished collaboratively and internationally,
RCPs provide a common, agreed upon foundation for modeling climate change,
especially to provide time-dependent projections of atmospheric greenhouse gas
concentrations. Additional examples of RCP use are provided in Sect. 2.9.

The most recent Climate Assessment Report (USGCRP 2017) states that
“Annual average temperature over the contiguous United States has increased by

Fig. 2.2 Trends of global temperature changes over the past two decades based on uniform
measurement methods (From Hausfather et al. 2017)
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1.8 °F (1.0 °C) for the period 1901–2016 and is projected to continue to rise”. Over
the period 2021–20150, average annual U.S. temperatures are projected to increase
by 2.5 °F (1.4 °C). However, it must be emphasized that the temperature increases
will not be evenly distributed but will be greater at the higher latitudes and least at
low latitudes. The actual temperature rises that ultimately result will depend on
which RCP scenario prevails. For the “worst case” RCP 8.5 scenario, average
annual temperatures in the southeastern U.S. are predicted to increase by about 6 °F
by late this century while those near the Arctic could be as much as 16 °F higher
(Wuebbles et al. 2017).

2.5 Ocean Warming and Ocean Circulation

As noted in the previous subsection, 93% of excess heat is stored within the upper
1000–1500 m (0.62–0.93 mi) of the water column. This is a good thing since the
ocean has a high heat capacity, is deep, and dynamic as evidenced by flows such as
the Agulhas current off the south and east coast of southern Africa and the Florida
Current, which runs into the Gulf Stream. The oceans play essential roles in dis-
tributing heat to higher latitudes. Averaged over the year, the incoming short-wave
radiation received within the tropics exceeds the outgoing long wave radiation but
at higher latitudes there is a yearly radiation deficit. Ocean currents are the primary
mechanism by which thermal energy is transported toward the poles. Large-scale
atmospheric Hadley Cells play major secondary roles in heat redistribution.
Ocean-atmosphere coupling is a fundamental aspect of all climate change predic-
tions and the interface between ocean and atmosphere is the sea surface. Sea surface
temperature has for decades been regarded as a prime indicator of the likelihood of
tropical storm occurrence in any given year.

All of the currently accepted coupled ocean-atmosphere models predict signif-
icant increases in sea surface temperatures (SST) throughout the world’s oceans
(i.e., at all latitudes and in all seas) by the latter 30 years or so of the 21st century
(e.g., Rauscher et al. 2015). Figure 2.3 shows the late 21st century temperature
anomalies (in °C), which are defined as departures from late 20th century tem-
peratures, as predicted by eight different models. Notably, the models predict rises
in SST by 2–5 °C with the largest increases occurring in the higher latitudes of the
northern hemisphere. The single exception is in the case of Fig. 2.3b, which shows
cooler temperatures adjacent to Greenland caused by the melting of Greenland’s
continental glacier. One recently reported consequence of rising ocean temperature
is a 2% reduction in dissolved oxygen throughout the global ocean since 1960
(Schmidke et al. 2017). The reasons for this are two-fold. The primary reason is that
oxygen solubility is less for warm water than for cold water. A secondary reason is
that increased thermal stratification reduces vertical mixing of the water column
(Schmidke et al. 2017).
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Predictions of greater warming at higher latitudes have several important
implications beyond the obvious thermal expansion of oceans and attendant sea
level rise. One of these implications is for accelerated melting of sea ice in the
Arctic Ocean. Another is the projected reduction of latitudinal gradients in water
density that help drive thermohaline ocean circulation. Perhaps the most prominent
example is the impact on the Atlantic Meridional Overturning Circulation (AMOC).
This system carries lighter warm water northward within the upper layer of the
North Atlantic Ocean and denser cold water southward within the deeper layers.
The Gulf Stream is the best-known component of the northward flowing upper
layer of the AMOC. Warming seas at higher latitudes, combined with increased
runoff of fresh water from the melting Greenland ice sheet is diminishing the

Fig. 2.3 Bias-corrected annual average SST anomalies ( °C) for the end of the twenty-first
century (2070–99) versus the end of the twentieth century (1970–99) from CMIP3 simulations
a CCSM3, b CNRM-CM3, c ECHAM5, d GFDL, e GISS-ER, f HadCM3, g HadGEM1, and
h MRI. From Rauscher et al. (2015)
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density gradients that drive this system. The density of the deep layer has been
decreasing since 1994 and the strength of the AMOC overall has been weakening
since 2004 (Frajka-Williams et al. 2016). Weakening of the Gulf Stream is one
major consequence. As we explain in the next chapter, this is already causing
regional rises in sea level along the US east coast. Corresponding reductions in
atmospheric thermal gradients are expected to weaken the Hadley and Walker cell
circulations that play essential roles in latitudinal and zonal heat exchange (Ma and
Xie 2013). Other effects include a weakening of the trade winds, particularly the
northeast trades, and increased precipitation in tropical regions (Ma and Xie 2013).

2.6 Changes in Storm Patterns

Coastal storms are the most damaging local and short term causes of coastal
inundation and erosion because of the attendant strong onshore winds and heavy
rain. In the long term, the storms are superimposed on the more gradual and less
dramatic progressive rise in mean sea level. But as sea level rises in response to
climate change, storm effects, particularly storm surge and destructive waves, reach
farther inland. In addition, the frequency, intensity and geographic distribution of
storms are also expected to change as the atmosphere and oceans warm. Because
the occurrence, size and intensity of storm events all exhibit very large inter-annual
variability, correlations of storms and decadal scale changes in climate (as con-
trasted to weather) are elusive, at least in the short term. However, as Trenberth
(2012, p 283) points out, “All weather events are affected by climate change
because the environment in which they occur is warmer and moister than it used to
be”. This is because storms are fueled by energy from a combination of warm air
and the latent heat from water vapor. Coastal storms include tropical cyclones
(hurricanes, typhoons, tropical storms), extra-tropical storms (e.g. northeasters),
thunderstorms and monsoons. The merger of tropical and extra-tropical storms can
also result in hybrid “super storms”.

Tropical cyclones are characterized by central regions of very low atmospheric
pressure around which strong winds circulate anti-clockwise (to the right of the
pressure gradient) in the northern hemisphere and clockwise (to the left of the
pressure gradient) in the southern hemisphere. Hurricanes (Atlantic) and typhoons
(W. Pacific) are identical in genesis and intensity and are the most destructive type
of coastal storms in terms of wind intensity, which can exceed 100 mph (45 m/s)
and storm surge, which can exceed 10 ft (3 m). The wind stress felt by buildings
and other structures is proportional to the wind speed squared and this fact is taken
into account the in the Saffir-Simpson scale of 1 (74–95 mph or 119–153 km/h) to 5
(>157 mph or 252 km/h) by which the National Hurricane Center classifies hur-
ricanes relative wind stress and the potential wind damage to structures. Hurricane
Katrina (Fig. 2.4), which killed 1850 people and caused over $100 B (USD) in
damage in 2005 was a category 5 storm with wind speeds of 175 mph over the Gulf
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of Mexico but had weakened to a category 3 with a wind speed of 120 mph by the
time it made landfall on the Louisiana coast.

Long-term records of tropical cyclones, especially Atlantic hurricanes, do not
show any definitive trends with respect to the number of storms in any given year

Fig. 2.4 NOAA/NASA satellite image of Hurricane Katrina in 2005 when it was a category 5
storm crossing the Gulf of Mexico on its track to an eventual landfall near the Louisiana/
Mississippi state line. It had weakened to category 3 by the time of landfall
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and year-to-year variability is large. There is also uncertainty in model predictions
of future storm frequency. However, the connection between sea surface temper-
ature and storm intensity is less ambiguous. Emanuel (2005) concluded that trends
over the 3 decades preceding 2005 showed that tropical cyclones had become
increasingly more destructive. Similar results are reported by Elsner et al. (2008).
More recent analyses by Bender et al. (2010) and Holland and Bruyere (2013)
indicate that global warming is causing increases in storm intensity and in the
occurrence of major hurricanes of category 3, 4 or 5. Furthermore, increases in sea
surface temperature contribute directly to rapid increases in storm intensification.
A prominent example was Atlantic Hurricane Matthew, which in late September
2016 experienced explosive intensification from a tropical storm to a Category 5
hurricane in two days. Matthew was also unusually long lived: 12 days elapsed
from the storm’s formation until its dissipation. The largest and most intense
Atlantic tropical cyclone ever recorded as of 2017 was Hurricane Irma, which
devastated Caribbean island nations as a giant Category 5 and engulfed the entire
Florida peninsula after making landfall there as an immense category 4 Hurricane.
The sea surface temperatures that fueled Irma exceeded 30 °C (85 °F). An index
that combines information on storm intensity, duration and total storms in a year is
the Power Dissipation Index (PDI; e.g. Emanuel 2016). Figure 2.5 illustrates the
close association between annual PDI values and sea surface temperatures in the
North Atlantic from 1949 to 2015.

Though much less energetic, shorter lived and less damaging than tropical
cyclones, severe coastal thunderstorms can cause minor erosion, localized wind

Fig. 2.5 The power dissipation index (orange curve) for North Atlantic tropical cyclone activity
along with corresponding sea surface temperatures (blue dashed curve). Graphic prepared by US
Environmental Protection Agency from data compiled by Emanuel (2016)
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damages and brief but intense flooding. Diffenbaugh et al. (2013) offer modeling
results indicating that the severity of damaging thunderstorms will likely increase
progressively throughout the 21st century. Extra-tropical storms (including
“northeasters”) in middle and high latitudes are also expected to increase in fre-
quency and intensity but also migrate to higher latitudes over the decades ahead
(Walsh et al. 2014). Vose et al. (2014) present evidence that stronger onshore winds
associated with increased storm frequency and intensity in the northern hemisphere
winter have been progressing since 1950 and may be expected to continue
increasing into the future. Finally, it is noted that tropical cyclones and
extra-tropical storms can merge under certain circumstances to create so-called
“super storms”. This happened in the case of the “Halloween Storm” of 1991 (a.k.a.
“Perfect Storm”) when Hurricane Grace merged with a strong northeaster off the
New England/Canadian coast. Hurricane Sandy, which made landfall and caused
extensive storm surge damage in New Jersey and New York City in 2012 was the
largest hurricane on record with a diameter of 1150 miles (1850 km). The behavior
and path of Sandy involved interaction with an upper level low over the eastern US
and a ridge of high pressure over Canada. At the present time, future predictions of
the frequency and intensity of similar events are lacking.

2.7 The Asian Monsoon and Climate Change

The lives of roughly one half of the world’s population are tightly entwined with
the Asian Monsoon systems and about one fifth of all people depend on the South
Asian Monsoon (Goswami et al. 2006). The Indian monsoon is perhaps the
best-known part of the larger-scale Asian system as a whole, which embraces China
and all of Southeast Asia. In winter, cold descending air over the Asian continent
and Indian subcontinent creates a large high pressure system and dry air flows off
the land and out over the warmer Indian Ocean where atmospheric pressure is lower
than over land. The regional pressure gradient is reversed in summer when the land
surface is hotter than over the ocean and moisture-laden air flows from sea to land.
On the large scale, the East Asian Summer Monsoon (EASM) affects all of Asia,
including China, Southeast Asia, India, and Bangladesh where it brings several
months of heavy precipitation. In the case of the Indian Monsoon, the northward
flow of moist air crosses the equator from the Southern Indian Ocean representing a
large-scale circulation (Turner and Anamalai 2012). This precipitation is essential
to agriculture but too much precipitation can cause damaging and sometimes deadly
floods, particularly of rivers such as the Ganges, Brahmaputra, Indus and
Irrawaddy. Although the annual occurrence of the life-giving wet summer monsoon
is fairly reliable, there is significant inter-annual as well as intraseasonal (within a
season) variability and devastating draughts can closely follow floods (Goswami
et al. 2006; Loo et al. 2015).

It is generally understood that warmer air and warmer seas will increase the
amount of water transfer from the sea surface to the atmosphere as well as the
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amount of moisture that the air can hold as it flows from ocean to land.
Accordingly, model simulations for East Asia as a whole predict future increases in
the amount of monsoonal precipitation accompanied by damaging floods (Turner
and Anamalai 2012; IPCC 2013). This is driven by a combination of increasing
contrasts in temperature between land and sea and warming of the Indian Ocean.
However, the monsoon system is highly complex and is influenced by numerous
other factors. These factors include variations in the Siberian High and the Arctic
Oscillation (Wang et al. 2012). For the specific case of the Indian summer mon-
soon, strong density stratification in the upper ocean waters of the northern Indian
Ocean and Bay of Bengal, caused by high freshwater input, further complicates
processes of air-sea interaction and heat exchange (Goswami et al. 2006). Ashfaq
et al. (2009) used a high-resolution nested climate modeling system to explore the
possible effects of global climate change on the South Asian summer monsoon.
Their results suggest that the summer monsoon may actually become suppressed
leading to a reduction in precipitation over the Indian subcontinent as well as a
delay in the onset of the wet season (Fig. 2.6). In addition, the frequency and
duration of “breaks” (precipitation hiatuses during which draughts may occur) are
predicted to increase as are inter-annual and intra-seasonal variability in
precipitation.

Fig. 2.6 Model simulations by Ashfaq et al. (2009) showing predicted 21st century changes in
(a) summer monsoon precipitation and (b) wet season onset for India and adjacent regions
influenced by the South Asian Monsoon. This graphic was reproduced from Loo et al. (2015)
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2.8 Freshwater in the Anthropocene: Too Much or Too
Little

It has long been accepted that warm air holds more water vapor than cooler air.
Because of this, global warming is expected to cause arid regions to get drier
(because of increased evaporation) and wet regions to get wetter (because of
increased precipitation; e.g. IPCC 2013; Walsh et al. 2014). In North America,
records for the past century show that regions to the north and northeast (including
New England) have been becoming wetter while the southwest has been becoming
drier (Walsh et al. 2014) and models predict those trends to continue through the
21st century. For the world, models predict the future global average precipitation
to increase by 3–5% and possibly by as much as 8% if there are no reductions in
greenhouse gas emissions (UCAR 2011). Models also predict increased frequency
and intensity of heavy rainfall events leading to localized “flash floods” (Walsh
et al. 2014). Where increased precipitation takes place over extensive portions of
river catchments, river floods can be a damaging consequence. Discharge reduc-
tions may be expected where river catchments experience reduced precipitation. In
2016 and 2017, extreme pluvial flooding caused by unpredicted torrential occurred
in many parts of the world including the U.S. and Asia. According to the latest
Climate Assessment Report (USGCRP 2017; Wuebbles 2017), for the Eastern U.S.
as a whole, the number of extreme rainfall events lasting 2 days or longer has
increased by 40% since 1958.

van Vliet et al. (2013) utilized a physics-based hydrologic modeling system to
predict how global river discharge and river temperature in the latter third of the
21st Century (2071–2100) might differ from the situation that prevailed a century
earlier (1971–2000). They ran their models for two contrasting emissions reduction
scenarios: SRES B1 which assumes future emphasis on global environmental
sustainability and SRES A2 which assumes future emphasis on regional economic
growth. The results are illustrated in Fig. 2.7. Notably, increased discharges under
high flow and mean flow conditions are predicted for Australia, much of South
America and the high latitudes of Asia as well as for India, Southeast Asia and
much of Africa. Very high discharges are predicted for India and Australia under
scenario SRES A2 but for most of Europe and North America dramatic flow
reductions are predicted. Under the high economic growth SRES A2 scenario
severe draughts are predicted for Europe and North America while India may be
expected to experience alternating severe floods and severe draughts.

The most dramatic predicted discharge increase is for the Indus River: a mean
discharge increase of 65% and a high discharge increase of 78%. This implies
devastating floods for residents of the Indus flood plain and delta. At the other
extreme, all the major European rivers including the Danube, Rhine, Loire and
Rhone as well as the Mississippi and Rio Grande in North America, the
Murray-Darling in Australia and Yangtze (Chiang Jiang) in China are expected to
experience flow reductions. The most serious reductions will be in Europe where
water shortages could have serious socio-economic consequences.
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The future abundance or scarcity of freshwater will depend on more than cli-
mate. Anthropogenic factors are equally important. According to the now-retired
International Geosphere-Biosphere Programme (IGBP 2012), there are 48,000 large
dams on major rivers and many smaller ones on secondary streams. Ground water is
withdrawn for industrial purposes at rates that often exceed the rate of recharge and
about 70% of available water is used for agriculture including animal agriculture,
which is exceptionally water intensive. Future conflicts over access to water are
increasingly likely. The Three Gorges Dam on the Yangtze River is the largest such
project in the world and has severed the supply of land-building sediment to the
coast. Because of dams and the extraction of water along the course of the Yellow
River (Huanghe) in China, that river no longer reaches the sea.

Fig. 2.7 Global projected changes in mean flow (a), high flow (Q95) (b) and low flow (Q10)
(c) for 2071–2100 relative to 1971–2000 averaged for three selected Global Circulation Models
(GCMs) for both the SRES A2 and B1 emissions scenario. Black dots indicate regions with
consistent signal of change between the three GCMs. From van Vliet et al. (2013)
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2.9 Melting Ice on Land and Sea

As would be expected, warming of the atmosphere and upper layers of the ocean
have been causing both land-based glaciers and sea ice to melt for the past few
decades and melting is projected to continue throughout the 21st Century. The
land-based ice loss primarily involves the Greenland and Antarctic ice sheets. In its
fifth assessment report, the Intergovernmental Panel on Climate Change (IPCC
2013) shows that rates of ice loss from Greenland and Antarctica have been
increasing since the early 1990s. The IPCC estimates that by the end of the 21st
Century, global glacial volume will be decreased by somewhere between 15 and
55% if the RCP 2.6 climate scenario prevails or by 35 to 85% for the RCP 8.5
scenario. The melt water from the glaciers will, of course, return to the sea and add
to sea level rise. Snow cover in the Northern Hemisphere has decreased by an
average of 1.6% per decade since the mid-20th Century. By the end of the 21st
Century, Northern Hemisphere spring snow cover is projected to decrease by a
further 7% assuming the RCP 2.6 scenario to 25% for RCP 8.5 (IPCC 2013).

Recent and projected reductions in the extent of sea ice cover are more dramatic.
A useful indicator of the frequency and extent of ice melting is ice age, which
indicates how long it has been since the ice in question was last fully melted and
subsequently refrozen. Figure 2.8 shows a comparison of Arctic Ocean ice age in
March 1987 with that in March 2011 from data compiled by NOAA. Summer ice
cover in the Arctic Ocean has decreased significantly since the 1970s. According to
the fifth assessment report of the IPCC (IPCC 2013) the extent of the Arctic Ocean
summer sea ice minimum (corresponding to perennial ice cover) decreased at rates
of 9.4% (0.73 million km2) to 13.6% (1.07 million km2) per decade over the period
1979–2012. Model projections are for substantial reductions in Arctic sea ice cover
over the course of the 21st Century. Arctic ice cover in September is projected to
decline by somewhere between 43% for the RCP 2.6 scenario and 93% for the RCP
8.5 scenario by 2100 and, for RCP 8.5 even the winter ice cover could be reduced
by 34% (IPCC 2013). The IPCC expresses medium confidence that the Arctic
Ocean in September could be almost ice free by midcentury. Figure 2.9 shows
observed and predicted declines in Arctic sea ice over the period 1900–2100. Note
that simple linear extrapolation of observed rates of sea ice decrease exceed the
modeled rates and suggest the possibility of an ice free Arctic Ocean by the summer
of 2050.

It must be emphasized that while the melting of glaciers on land contributes to
sea level rise, the melting of sea ice does not since this ice is already part of the
ocean. However, reductions in the extent of sea ice have several far-reaching
consequences, not only for the Arctic coast but also for global climate. As men-
tioned in Chap. 1, decreasing sea ice cover in the Arctic reduces albedo (reflection
of radiation), which in turn leads to more heat absorption by the seawater which in
turn accelerates ice melting. This is a prominent example of positive
(self-reinforcing) feedback. The impacts on the Arctic coasts, particularly the North
Slope coasts of Alaska and Canada are also significant. Increased expanses of open
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water in summer permits the generation of larger waves, which cause beach erosion
via a combination of sediment removal and thermal erosion of shores previously
secured by permafrost.

Fig. 2.8 Comparison of ice age (in years since last freeze up) for March (late winter) 1987 and
March 2011. Note that ice is much younger in 2011 indicating more recent melting and refreezing.
Maps based on data provided by James Maslanik, University of Colorado. Credit NOAA/CPO

Fig. 2.9 Observed (red curve) and modeled reductions in late summer (September) sea ice cover
in the Arctic Ocean over the period 1900–2100. Data and model results from the fifth assessment
report of the Intergovernmental Panel on Climate Change
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Chapter 3
Sea Level Rise: Recent Trends
and Future Projections

Lynn Donelson Wright, J. P. M. Syvitski and C. Reid Nichols

…admit that the waters around you have grown and accept it
that soon you’ll be drenched to the bone.

—Also from Bob Dylan, Nobel Laureate, c. 1964

3.1 Post-glacial Global Sea Level Rise

About 20,000 years ago, the world was in the last glacial phase of the Pleistocene
ice age and vast, thick continental glaciers covered North America and Europe.
A significant fraction of the earth’s water was locked up in those glaciers and global
sea level (referred to as glacio-Eustatic sea level) was roughly 120 m (390 ft) below
the present level (Fairbanks 1989; Chappell and Shackleton 1986; Pirazzoli 1991).
Beginning around 20,000 years ago, the continental ice sheets began to melt and
the global (Eustatic) sea level began to rise. This rise proceeded for the ensuing 12
millennia until reaching a level a few meters below the present level about
7000 years ago (Fig. 3.1a). For the period from about 8000 years ago until about
1000 years ago, seas continued to rise much more gradually (Fig. 3.1b). Over the
past millennium, changes in sea level have been dominated more by regional and
global than by glacial melt.

During the glacial low stands of sea level, most of continental shelf sea floors
were exposed and many were undoubtedly occupied by early peoples. Off the East
Coasts of North America and China as well parts of Southeast Asia, the seashore
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was up to 160 km (100 miles) seaward of its present positions. Primitive coastal
residents would have been forced to relocate landward every few decades as seas
rose. As the energetic surf slowly but progressively transgressed hitherto coastal
plains, sediments would have been reworked into coastal dunes or deposited in
migrating wetlands. Present-day continental shelves were shaped by these processes
(Wright 1995) and today’s coastal environments reflect this inheritance.

3.2 Observed Sea Level Changes Over the Past Century

Today, global sea level rises are caused largely by thermal expansion of seawater
and by calving of Antarctic and Greenland ice sheets. Since the 1920s, coastal tide
gages have provided reliable records of water levels at specific port sites. Boon and
Mitchell (2015) recently carried out extensive statistical analyses of “relative mean
sea level” (RMSL) for North American tide records. RMSL values are expressed
relative to the average for specific locations rather than global averages. Examples
from four ports on the U.S. East Coast are shown in Fig. 3.2. Over the period 1930–
2014, mean sea level rose at all four sites by roughly 2 mm/year. The noticeable
inter annual variability in Fig. 3.2 is attributed by Boon and Mitchell (2015) to El
Niño/La Niña cycles with the highs coinciding with El Niño years. Other causes of
inter-annual variability are also evident.

Figure 3.3 shows sea level records extending back to 1880 but patched together
from different methods of observation; earlier data are less reliable. The latter part
of the record, which covers the period since the mid 1990s is based on satellite
altimetry covering the globe and is highly accurate. A world map showing spatial
variations in sea level is shown in Fig. 3.4. The global averages for this period are
shown in Fig. 3.5. Notably, since 1993, sea level has been rising at an average rate
of 3.29 mm/year as contrasted to an average rate of 1.9 mm/year over the 75-year
period prior to 1993. The IPCC (2013) concludes with high confidence that the rate

Fig. 3.1 a Sea level rise over past 20,000 years (courtesy of U.S. EPA). b Sea levels over past
8000 years (courtesy of Robert Rohde)
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of sea level rise since the mid-19th century has been larger than the mean rate
during the previous two millennia. However, an analysis by Watson (2016) using
new statistical methods suggests that, at present, there is no conclusive evidence
from recent trends that the rate of rise in the eastern U.S. is accelerating. Watson’s
conclusion is based on observed trends and takes no account of model results.

Fig. 3.2 Low-pass–filtered decadal signal (bold) superposed on monthly RMSL series at New
York (the battery), New York; Baltimore, Maryland; Norfolk (Sewells Point), Virginia; and
Charleston, South Carolina, from 1930 through 2014. Note decadal signal change in amplitude and
frequency after 1969. Numbered years 1973–2010 correspond to El Niño events. From Boon and
Mitchell (2015)

Fig. 3.3 Sea level rise 1880–2015 based on different sources of data. The most recent (since the
mid-1990s) is based on satellite altimetry. From Hansen et al. (2016)
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Fig. 3.4 Global mean sea levels determined from satellite altimetry. Data from NOAA Laboratory
for Satellite Altimetry (Figure from Boon et al. 2010)

Fig. 3.5 Sea level rise 1993–2017 based on satellite altimetry data (credits CLS/CNES/Legos)
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3.3 Model Predictions of 21st Century Sea Level Rise

The IPCC (2013) predicts that, for all four RCP scenarios, global mean sea levels
will continue to rise throughout the 21st century at rates that exceed those of the
past several decades. The estimates are based on process-based numerical models
and also take account of expected glacial and ice sheet melting and calving. The
expected trends are portrayed in Fig. 3.6. Global mean sea level rise for 2081–2100
relative to 1986–2005 will likely be in the ranges of 0.26–0.55 m (0.9–1.8 ft) for
RCP2.6; 0.32–0.63 m (1.0–2.1 ft) for RCP4.5 and RCP6.0; and 0.45–0.82 m (1.5–
2.7 ft) for RCP8.5. The IPCC expresses medium confidence in these estimates. The
rate of rise for the last two decades of the 21st century are estimated by the IPCC
(2013) analysis to be between 8 and 16 mm/year.

More recently, however, a joint analysis by NOAA, EPA and USGS of possible
relative sea level (RSL) rises in the United States (Sweet et al. 2017) suggests a
more troubling set of scenarios for American cities by the middle of the 21st
century. The RSL values take account of regionally-varying factors such as land
subsidence and oceanographic regime. Figure 3.7 highlights the results of that
recent study for four U.S. coastal cities given a range of possible scenarios from low

Fig. 3.6 Projections of future global mean sea level (GMSL) rises predicted by an ensemble of
process-based numerical models for the four scenarios identified by the Intergovernmental Panel
on Climate Change in the fifth assessment (IPCC 2013). The scenarios are explained in Chap. 2.
The shaded areas indicate the range of uncertainty
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to high severity. Note that by midcentury, relative sea levels in cities like New York
and Miami may exceed those of the year 2000 by up to 1.2 m (*4 ft) in the
extreme scenario cases and 40–50 cm (1.3–1.6 ft) in the least extreme cases.

On the face of it, predicted rises in mean sea level, and even relative sea level
might seem fairly modest. However, it must be remembered that on very gently
sloping coastal plains, wetlands, or river deltas a few inches of vertical rise can
translate into hundreds of feet of horizontal transgression. In addition, saline ground
water can reach landward significant distances into aquifers, contaminating the
freshwater supplies of coastal communities. Also, saltwater penetration into pre-
viously forested environments can cause die back of land-stabilizing vegetation
allowing for enhanced susceptibility to coastal erosion. In addition, relatively small
changes in depth can alter the degrees of amplification of tides, storm surges and
waves, particularly along crenulated coasts and in bays and estuaries. As Sweet
et al. (2017) point out, relative sea level (RSL) provides a shifting baseline on
which more extreme short-term water level fluctuations are superimposed. When
high perigean spring tides (“king” tides), high storm surges and high waves coin-
cide as they sometimes do during tropical storms or hurricanes, a couple of feet of
mean sea level, plus or minus, can mean the difference between a low-lying coastal
village or neighborhood being devastated or not (Goodell 2017). In such cases, it is
the waves and surges that do the damage but the mean sea level that carries these
forces onto the coast.

Fig. 3.7 Regional variations in projected relative sea level (RSL) rises for four American Cities.
From Sweet et al. (2017)
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3.4 Coastal Subsidence Exacerbates Sea Level Rise

For any given coastal region, what really matters is not just the absolute mean rate
of global sea level rise but the relative rate of rise with respect to the land surface.
Many coastal lowlands are sinking and, hence the effective rate of rise of relative
sea level is the rate of global rise plus the rate of local or regional sinking. A recent
paper by Allison et al. (2016) highlights this with particular reference to New
Orleans, in the Mississippi Delta and other deltaic coasts. Subsidence is caused by a
combination of factors, including compaction of soft (mud) substrates, larger scale
tectonic subsidence, withdrawal of interstitial fluids, such as ground water or
hydrocarbons and loading caused by the weight of urban centers. The timescales
and rates of some of these processes are illustrated in Fig. 3.8, which is from
Allison et al. (2016). In many cases, the subsidence rates significantly exceed the
rate of global sea level rise. This is the case for large deltas, some of which are
surmounted by megacities, the weights of which are causing rapid sinking (Allison
et al. 2016). For example, the Mississippi Delta is subsiding at rates that vary
locally up to 35 mm (1.2 in.) per year and the Ganges-Brahmaputra Delta, which is
home to 300 million people, is sinking at about 18 mm (0.6 in.) per year but some
areas have sunk by over 1 m (3.3 ft) since the 1960s. In the well-known Venice
Lagoon recent subsidence rates are over 40 mm/year. (Allison et al. 2016). The
fastest rate of subsidence is in China’s Huanghe (Yellow River) Delta, which is
sinking 250 mm (10 in.) per year.

Fig. 3.8 Coastal subsidence
mechanisms and their rates
and timescales of operation.
From Allison et al. (2016)
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3.5 Regional Time-Varying Sources of High Water Levels

In addition to long-term changes in global mean sea level and land subsidence,
regional contributions to water levels, include astronomical tides,
atmospheric-pressure and wind induced changes, fluctuations in transport intensity
of coastal currents, such as the Gulf Stream, storm surge and wave-induced set
up. Tides vary on timescales ranging from hours to years due to gravitational forces
exerted by the sun and moon (astronomical tides) and are typically the largest
amplitude causes of time-varying water levels in most parts of the world. However,
tides are highly predictable and natural coastal environments have long been in
equilibrium with these fluctuations. Tide ranges vary over the course of year
because of variations in the proximity of the moon and sun to the earth. The most
prominent of these effects are perigean spring tides when the moon is closest to
earth and tide ranges are at a maximum. Perigean spring tides tend to cause
recurring flooding in some very low-lying areas. They provide a preview for sea
level rise impacts. Incidences of flooding at the times of perigean spring tides have
increased as sea level heights have risen relative to the land. In addition, if these
unusually high tides coincide with tropical cyclones, which bring storm surges and
high waves, excessive flooding and damage can occur (e.g., Georgas et al. 2014).

There are also important non-tidal and non-storm-induced sources of
inter-annual, seasonal and intra-seasonal variability of coastal water levels. As
shown in Fig. 3.2, El Niño/Southern Oscillation (ENSO) Cycles are one prominent
source of inter-annual variability. Because El Niño raises temperatures, particularly
in tropical and sub-tropical Pacific waters, this causes moderately higher sea levels
on the Pacific coast. El Niño years also tend to bring more severe winter storms to
the Atlantic East Coast of North America (e.g., Eichler and Higgins 2006), which in
turn bring more frequent wind setup and storm surge. An aperiodic factor that
causes inter-annual and inter-seasonal variations sea level and weather in Europe
and on the East Coast of North America is the North Atlantic Oscillation (NAO;
Stephenson et al. 2003). The NAO is related to oscillations in the pressure differ-
ence between the Azores High and the Icelandic low. Large differences, expressed
as a positive index (NAO+) bring stronger prevailing westerlies, cool summers and
mild but wet winters. The westerlies are weaker during negative indices (NAO−)
and these are also times of increased storminess in Europe and North Africa. The
reduced pressures of positive (NAO+) in the northern hemisphere cause sea level to
be higher because of an inverse barometer effect.

Shankar and Shetye (1999) attribute seasonal, inter-annual and decadal varia-
tions in sea levels affecting the coast of India to the behavior of the monsoon
system. On a seasonal basis, higher sea levels coincide with the summer monsoon
when rainfall is heavy and winds are onshore. Similarly, on inter-annual and
inter-decadal time scales, years with unusually heavy rainfall tend to also have
higher sea levels. According to Sankar and Shetye (1999) the higher sea levels are
more reflections of lowered salinities in coastal waters than to lowered water
densities caused by warming.
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Among the most prominent causes of non-tidal sea level variations on the US
East coast, annual fluctuations in coastal sea level of up to 1.0 m (3.3 ft) are
attributed to both long term and aperiodic variations in Gulf Stream transport with
higher sea levels corresponding to times of Gulf Stream slackening (Ezer 2013;
Ezer and Atkinson 2014). The reason for this is straightforward: in the northern
hemisphere, the Coriolis force, which is a consequence of earth rotation, causes
water to be deflected to the right with respect the direction of flow of very large
scale currents such as the northerly flowing Gulf Stream and its southern compo-
nent, the Florida Current. This Ekman transport pulls water away from the coast
and causes water levels seaward of the current to rise as shown conceptually in
Fig. 3.9 (from Atkinson 2016). The elevation difference between the offshore
“mound” and sea level at the coast can be as much as 1.5 m (*5 ft). In the
southern hemisphere, the Coriolis force deflects to the left, so the southerly flowing
East Australia current off the east coast of Australia also pulls water away from the
coast when it is strong and allows it to rise when it is weak. However, that current is
much weaker than the Gulf Stream. Like the Gulf Stream, the Kuroshio on the
western side of the North Pacific Ocean is also a western boundary current.
However, it overlies the very deep Okinawa trough for much of its length, is
relatively far away from the coast and no similar effects of sea level have been
described although steric sea level effects caused by sea warming have been
described by Lim et al. (2017) who also describe a weakening of the current as a
result of warming.

As discussed in Chap. 2, weakening of the Gulf Stream is caused by reduced
water density at high latitudes in the North Atlantic because of the combination of
seawater warming and salinity reductions from melting of the Greenland ice sheet.
These effects weaken the Atlantic Meridional Overturning and have manifestations
at multiple time scales. At the longest time scale, there is evidence that Gulf Stream
transport is weakening because of global warming (Ezer 2013; Ezer and Atkinson
2014). In addition to the long term progressive response, shorter term interannual,
seasonal and intra-seasonal fluctuations also occur in response to ENSO cycles, the

Fig. 3.9 Cartoon illustrating the relationships of sea surface elevation to Gulf Stream transport
and the AMOC. From Atkinson (2016)
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North Atlantic Oscillation and other weather-related events. The relationships
between sea surface elevation and AMOC/Gulf Stream transport (Fig. 3.9) is also
shown in Fig. 3.10 via a simplified plot of time-varying sea levels at different east
coast sites along with a generalized (no scale) plot of the relative strength of the
Gulf Stream (red curve).

References

Allison, M., B. Yuill, T. Törnqvist, F. Amelung, T.H. Dixon, G. Erkens, R. Stuurman, C. Jones, G.
Milne, M. Steckler, J. Syvitski, and P. Teatini. 2016. Global risks and research priorities for
coastal subsidence. EOS 97 (19): 22–27.

Atkinson, L.P. 2016. US East Coast Sea Level and the Gulf Stream. Weather Underground,
Wunderblog Archive, 9 Mar 2016.

Boon, J. D., J. M. Brubaker, and D. R. Forrest.2010. Chesapeake Bay land subsidence and sea
level change, in: Applied Marine Science and Ocean Engineering, Report No. 425, Virginia
Institute of Marine Science, Gloucester Point, Va.

Boon, J.D., and M. Mitchell. 2015. Nonlinear change in sea level observed at North American tide
stations. Journal of Coastal Research 31 (6): 1295–1305.

Chappell, J., and N. Shackleton. 1986. Oxygen isotopes and sea level. Nature 324: 137.
Eichler, T., and W. Higgins. 2006. Climatology and ENSO-related variability of North American

extratropical cyclone activity. International Journal of Climatology 19: 2076–2093.

Fig. 3.10 Temporal variations in mean sea level at 10 stations in the Middle Atlantic Bight and
Chesapeake Bay in relation to variations in the relative strength of the Gulf Stream over the period
1993–2012. From Ezer et al. (2013)

56 L. D. Wright et al.



Ezer, T. 2013. Sea level rise, spatially uneven and temporally unsteady: Why the U.S. East Coast,
the global tide gauge record, and the global altimeter data show different trends. Geophysical
Research Letters 40 (20): 5439–5444. https://doi.org/10.1002/2013GL057952.

Ezer, Tal, and Larry P. Atkinson. 2014. Accelerated flooding along the U.S. East Coast: On the
impact of sea-level rise, tides, storms, the Gulf Stream, and the North Atlantic Oscillations.
Earth’s Future 2 (8): 362–382. https://doi.org/10.1002/2014ef000252.

Ezer, T., L.P. Atkinson, W.B. Corlett, and J.L. Blanco. 2013. Gulf Stream’s induced sea level rise
and variability along the U.S. mid-Atlantic coast. Journal Geophysical Research 188 (2): 685–
697.

Fairbanks, Richard G. 1989. A 17,000 year glacio-eustatic sea level record. Nature 342 (6250):
637–642. https://doi.org/10.1038/342637a0.

Georgas, N., P. Orton, A. Blumberg, L. Cohen, D. Zarrilli, and L. Yin. 2014. The impact of Tidal
phase on Hurricane Sandy’s flooding around New York City and Long Island Sound. Journal
of Extreme Events 1 (1): 1–32.

Goodell, J. 2017. The water will come, 340. New York: Little, Brown and Company.
Hansen, J., et al. 2016. Ice melt, sea level rise and superstorms: Evidence from paleoclimate data,

climate modeling, and modern observations that 2 °C global warming could be dangerous.
Atmospheric Chemistry and Physics 16: 3761–3812. https://doi.org/10.5194/acp-16-3761-2016.

Intergovernmental Panel on Climate Change (IPCC). 2013. Climate change 2013: The physical
science basis. In Contribution of working group i to the fifth assessment report of the
Intergovernmental Panel on Climate Change, ed. T.F. Stocker, D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley. Cambridge:
Cambridge University Press.

Lim, C., S.-H. Park, D.-Y. Kim, S.-B. Woo, and K.-Y. Jeong. 2017. Influence of steric effect on
the rapid sea level rise at Jeju Island, Korea. In: The 2nd International Water Safety
Symposium. Journal of Coastal Research, Special Issue No. 79. ed. Lee, J.L., T. Griffiths, A.
Lotan, K.-S. Suh, and J. Lee, 189–193.

Pirazzoli, A. 1991. World atlas of Holocene sea-level changes, vol. 58, 300., Oceanography Series
Amsterdam: Elsevier.

Shankar, D., and S.R. Shetye. 1999. Are interdecadal sea level changes along the Indian coast
influenced by variability of monsoon rainfall? Journal of Geophysical Research 104 (C11):
26031–26042.

Stephenson, D.B., H. Wanner, S. Brönnimann, and J. Luterbacher. 2003. The history of scientific
research on the North Atlantic Oscillation. In The North Atlantic oscillation: Climatic
significance and environmental impact, ed. J.W. Hurrell, Y. Kushnir, G. Ottersen, and M.
Visbeck, 37–50. Washington, DC: American Geophysical Union. https://doi.org/10.1029/
134gm02.

Sweet, W.V., R.E. Kopp, C.P. Weaver, J. Obeysekera, R. Horton, E.R. Thieler, and C. Zervas.
2017. Global and regional sea level rise scenarios for the United States. NOAA Technical
Report NOS CO-OPS 083 64 pp.

Watson, P.J. 2016. Acceleration in U.S. mean sea level? A new insight using improved tools.
Journal of Coastal Research 32 (6): 1247–1261.

Wright, L.D. 1995. Morphodynamics of inner continental shelves, 241. Boca Raton, FL: CRC
Press Inc.

3 Sea Level Rise: Recent Trends and Future Projections 57

http://dx.doi.org/10.1002/2013GL057952
http://dx.doi.org/10.1002/2014ef000252
http://dx.doi.org/10.1038/342637a0
http://dx.doi.org/10.5194/acp-16-3761-2016
http://dx.doi.org/10.1029/134gm02
http://dx.doi.org/10.1029/134gm02


Chapter 4
Complex Intersections of Seas, Lands,
Rivers and People

Lynn Donelson Wright, J. P. M. Syvitski and C. Reid Nichols

Egypt is the gift of the Nile.
—Herodotus, c. 450 BCE

4.1 The Historical Significance of River Deltas

The brief introductory quote above from the Greek Historian Herodotus alludes to
both the land surface upon which Egypt has rested for several millennia and the
economy of the ancient Egyptian civilization. Sediments supplied to the
Mediterranean Sea by the Nile River comprise the land surface of Egypt’s Nile
Delta while the predictable flooding of the Nile nurtured the ancient Egyptian
culture by providing essential nutrients to enable agriculture. The deltas of the Nile
and Tigris/Euphrates (Shatt al-Arab) provided fertile lands that “cradled” the early
civilizations of ancient Egypt and Mesopotamia. The early civilizations of
Babylonia and Assyria arose in Mesopotamia on the rich deltaic surface separating
the lower courses of the Tigris and Euphrates Rivers as early as 5000 years ago.
Deltaic sedimentation over the centuries and millennia that followed the initial
establishment of Babylon (south of present-day Baghdad) and Ur caused those
cities to become progressively distant from the open waters of the Persian Gulf
(Aqrawi 2001; Fig. 4.1) while the newly-formed deltaic lands became the substrates
for significant centers such as Basra, a major city in present-day Iraq. Deposition of
river sediment continues to nourish the wetlands of Iraq’s Shatt-al-Arab today
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(Fig. 4.2). Notably, in 2017, because of explosive population growth, uncontrolled
pollution, extraction of water and extensive damming, the Nile River and its delta
are facing impending demise (Schwartzstein 2017).

China’s early civilization was also tightly entwined with major rivers and their
alluvial deposits. The Huanghe (Yellow River) alluvial valley in particular is
regarded by many historians as the “cradle of Chinese civilization” (e.g. Sinclair
1987). Sinclair (1987, p. 27) states: “The history of China is the tale of the Yellow
River. … The river and the people are involved inextricably, moving together in
history as certainly as the Huanghe flows toward the sea.” Although Chinese agri-
culture began in the Neolithic Age, this took place well inland from the present day
deltaic surfaces of the Huanghe and Changjiang (Yangtze) rivers which had not yet
been deposited by those two major rivers (Fairbank and Goldman 1998).
Progradation of the Huanghe and Changjiang Deltas over the past 6000 years has
been accompanied by linked developments of Chinese society. The locale of the city
of Shanghai, which dates from the 11th century A.D. and is now home to 24 million
people, was submerged beneath the shallow margins of the East China Sea during
the Han dynasty (c. 2000 yr B.P.; Chen 1998). Shanghai (Fig. 4.3) now rests on a
substrate supplied by the Changjiang during the time of recorded Chinese history.
Understanding the complex processes occurring today along the East China Sea
coast is supported by satellite remote sensing, which shows the spatial extent of
sediment-laden water in lakes, rivers, and bays (e.g., Yu et al. 2012; Xie et al. 2017).

4.2 Now and in the Future: Humans Versus Deltas?

Strikingly, the supplies of land-building and agriculture supporting sediments that
many rivers provided to enable early civilizations to arise and flourish have now
been either severed or significantly redirected. The Aswan Dam on the upper course
of the Nile River now traps 98% of the sediment needed to maintain the sinking
Nile Delta-the “cradle” of Egyptian civilization. Human manipulation of the course
and sediment load of the Huanghe (Yellow River) dates back several millennia.
Deforestation of the fine-grained Loess silt that covers the Mongolian plateau and
began as early as 4000 years ago permitted erosion of that material into the river
giving it a yellow color and high sediment load (Fig. 4.4) which nourished the
Huanghe Delta and caused the lower course of the river to become elevated relative
to the surrounding land. Since the 1800s, the course of the river has undergone
diversions between the East China Sea and the Gulf of Bohai, which it now
occupies. More recently, dams have reduced the sediment load and over the past
few decades, water and sediment have been extracted along the lower course of the
river to support agriculture and build land. Loads reaching the delta have been
substantially reduced and some years have seen no water or sediment reaching the
coast. And, as was noted in Chap. 3, the Huanghe Delta is currently sinking at a rate
of 250 mm (10 in.) per year.

60 L. D. Wright et al.



Fig. 4.1 Growth of the Shatt-al Arab (Tigris-Euphrates) delta since Babylonian time (from
Aqrawi 2001) a 4000–3200 yr B.P.; b 3200–2800 yr B.P.; c 1850 A.D.
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“Reengineering” is the future of the Changjiang (Yangtze) river and delta. The
Changjiang River is the largest river in China and the third largest in the world
(after Amazon and Ganges-Brahmaputra). Its drainage basin covers 1.8 million
square kilometers (1/5 the area of China). The water and sediment discharges of the
Changjiang pass through a large funnel shaped estuary and enter the shallow East
China Sea (Donghai) a short distance to the east of Shanghai (Fig. 4.3). The nature
and fate of the material debouched by the Changjiang affect Asia’s coastal ocean in
major ways. The sediment itself has provided the material of which the Yangtze
Delta, which supports and surrounds Shanghai, is composed. The water provides
buoyancy that influences coastal circulation, nutrients that affect biological pro-
ductivity and pollutants and pathogens that can impact the health of marine
organisms and people. The “Three Gorges Dam” (Fig. 4.5) in the middle reaches of

Fig. 4.2 Satellite image of the modern Shatt al Arab Delta, Southern Iraq. From Coleman and
Huh (2004)
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the Changjiang (Yangtze) is reducing the supply of land-building sediment and
altering the coastal transport regime over the East China Sea continental shelf.
Another project involves improving maritime shipping access to Shanghai by
doubling the depth of the estuarine channels and “training” or stabilizing the main
shipping channel by constructing concrete jetties at the river mouth that extend
50 km into the East China Sea, thereby altering coastal circulation.

Compelling and complex coastal management issues involve profound
human-induced transformations to coastal Louisiana and finding viable restoration
strategies is a high priority for the state of Louisiana. Modest beginnings of such a
plan have been proposed by the U.S. Army Corps of Engineers (USACE 2004).
However, owing to the morphodynamic, ecological and socioeconomic complex-
ities of Louisiana’s coastal landscape, there can be no solution that addresses the
needs of all stakeholders. Indeed, the very levees that were constructed to protect
low-lying coastal areas and train the river course have also deprived the coastal
wetlands of much-needed sediment. A study by the National Research Council of
the (US) National Academy of Sciences notes that: “It is not possible to restore the
earlier extent of the delta or to maintain the present status of coastal Louisiana.
However, through the selection of appropriate projects and with abandonment of

Fig. 4.3 NASA MODIS (or Moderate Resolution Imaging Spectroradiometer) image on April 13,
2002 of the Changjiang (Yangtze) River mouth and delta 2 years after completion of the Three
Gorges Dam. MODIS is a sensor aboard NASA’s Terra (launched 1999) and Aqua (launched
2004) satellites. Shanghai is one of the 20 most populous cities in the world
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areas that cannot be saved economically, a sustainable delta environment and
management strategy can be achieved” (National Research Council 2006, p. 33).
Coastal Louisiana will be discussed in more detail in the case study in Part 3.

The cases just described are only a few of numerous examples of river and delta
systems impacted by human activities. Throughout the world, dams and reservoirs
have generally reduced sediment fluxes to the sea while deforestation has increased
sediment yield resulting in increased sediment discharge from rivers without dams.
In addition to the sharp reduction in the supply of Nile sediment to the
Mediterranean coast caused by the Aswan High Dam, the multiple European delta
systems along the Mediterranean, Adriatic and Black Sea coasts (Ebro, Rhone, Po,
Danube) have also experienced reductions in sediment input because of dams.
Liquete et al. (2004, p. 71) conclude that: “One of the most significant factors
controlling sediment discharge in the Mediterranean over the last few millennia is
the development of civilization”. Training structures such as levees and jetties have
constrained the natural tendencies of deltaic distributaries to migrate and altered
coastal and estuarine circulation. Because many deltas are sources of oil and gas,
dredged canals, pipelines and fluid extraction have exacerbated subsidence.
Solutions to these large-scale problems require new understandings of the interplay
among physical, geological, ecological, biogeochemical and socio-economic
factors.

Fig. 4.4 Silt-laden water issuing from the mouth of the Huanghe in the mid-1980s. Today, the
water discharges and sediment loads reaching the sea are minimal (Photo: L. D. Wright, 1985)
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4.3 Vulnerable River Deltas

The surfaces of most large river deltas rest on substrates composed of rapidly
deposited soft sediments. These substrates are highly compactible and when they
compact the overlying land surfaces sink. Extraction of water, oil and gas from
deltaic sediments has significantly exacerbated the subsidence as was pointed out in
Chap. 3. Prior to human modification, subsidence was offset by the annual supply of
new sediment during river floods. But today, subsidence is the norm for large deltaic
systems. Over the 20th century, deltas subsided by 80–400 cm (2.6–13.1 ft.;
Syvitski et al. 2009). When sea level rise, storm surges, river floods and wave
erosion are superimposed on these sinking lands, the people and ecosystems that
reside there are increasingly vulnerable. Overeem and Syvitski (2009) have assessed
the vulnerability of the major deltas of the world in terms of rates of sinking,
exposure to storms and floods and population density. Table 4.1 lists the current
population and population density following Overeem and Syvitski (2009). As
Table 4.1 shows, nearly 500 million people worldwide live in low-lying deltas. The
largest populations are in the Ganges-Brahmaputra (Fig. 4.6), Chao Phraya, Mekong

Fig. 4.5 The “Three Gorges” dam on the Changjiang (Yangtze) River is the world’s largest
hydroelectric dam. Construction of this dam and others will further decrease sediment discharge
and delta recession will continue to occur and impact lands surrounding Shanghai. Photo taken by
Gaynor on April 6, 2013 and is licensed under the Creative Commons Attribution 2.0 Generic
license. https://commons.wikimedia.org/wiki/File%3AThree_Gorges_Dam_(12280456164).jpg
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and Yangtze (Changjiang; Fig. 4.3) Deltas. The IGBP, in a 2014
“Deltasinfographic”, lists the following deltas as being at “severe risk” because they
have no input of new sediment to offset continued subsidence: Colorado (Mexico),
São Francisco (Brazil), Rhône (France), Po (Italy), Nile (Egypt), Krishna (India),
Yellow (Huanghe, China), Yangtze (Changjiang, China), Pearl (China), Chao
Phraya (Thailand) and Tone (Japan).

Table 4.1 Populations of 34 major river deltas in 2000 and 2015

Delta name Pop. 2000 Pop. 2015 Projected growth
or decline (%)

Mean pop. density
(pop/sq. km.)

Amazon 318,464 522,718 64 6

Chao Phraya 14,472,900 19,541,100 35 588

Colorado 26,043 33,550 29 30

Congo 172,448 284,140 65 70

Fly 5403 7462 38 1

Ganges 147,463,000 189,175,000 28 1220

Godavari 5,339,490 5,922,290 11 849

Han 250,877 754,073 201 506

Indus 1,610,750 2,346,040 46 102

Irriwaddy 9,702,460 11,111,200 15 300

Krishna 6,115,110 6,779,550 11 580

Limpopo 2,808,180 4,436,810 58 47

Magdalena 505,615 611,870 21 139

Mahakam 20,800 29,458 42 16

Mahanadi 3,927,700 4,474,300 14 603

Mekong 28,227,700 35,209,300 25 465

Niger 21,674,400 31,468,600 45 291

Nile 39,653,300 49,227,900 24 1518

Orinoco 113,383 167,730 48 4

Parana 1,069,030 1,275,570 19 49

Pearl 13,469,200 23,848,300 77 1694

Tigris 13,479,400 19,831,000 47 114

Yangtze 44,372,400 44,803,200 1 1223

Yellow 3,842,410 8,759,240 128 335

Danube 271,407 248,162 -9 50

Mississippi 1,895,640 2,081,330 10 84

Po 61,653 56,027 -9 79

Rhone 95,059 96,618 2 62

San Francisco 67,919 69,944 3 70

Tone 3,716,990 4,028,290 8 886

Vistula 597,940 593,924 -1 256

Total 365,347,071 467,794,696 Average = 35 Average = 395

From Overeem and Syvitski (2009)

66 L. D. Wright et al.



4.4 Invading Seas

The gradients of most deltaic surfaces are extremely gentle and this means that
comparatively small vertical rises in coastal waters can result in large horizontal
excursions by inundation from the sea. While the progressive rise in global mean
sea level poses a long-term problem for all deltas, the most tragic consequences for
delta residents are related to episodic extreme events such as storm-induced surges
and destructive waves, extreme river floods and in some cases, tsunamis. Syvitski
et al. (2009) report that in the decade prior to their publication, 85% of deltas
worldwide experienced severe flooding and a total of 260,000 km2 of delta lands
were temporarily submerged. Inundation is certain to increase in the years ahead.

Most large river deltas are fronted by wide, low gradient continental shelves and
this favors amplification of long waves such as tides and storm surges. Further
amplification may occur as these waves travel upstream within funnel-shaped
estuaries such as the lower course of the Changjiang (Yangtze) River (Fig. 4.3).
Many Asian deltas not only possess these amplification-favorable features by also
lie within zones of frequent tropical cyclone activity. When high storm surges are
superimposed on high tides when the tide range is large (macro-tidal), disaster can
result. For example, the spring tide ranges near the mouths of the Changjiang and
the Ganges-Brahmaputra rivers are about 3.7 m (*12 ft.). Tide ranges in
Hangzhou Bay just to the south of Shanghai exceed 7 m (23 ft.). In 1997, Category
5 “Super Typhoon” Winnie brought a 5.7 m (19 ft.) storm surge to the Changjiang
Delta (Seavitt 2013). Breaking waves near the delta shores commonly exceed 6 m

Fig. 4.6 Low-lying lands in
the Ganges-Brahmaputra
Delta subject to frequent
flooding (red). The
Ganges-Brahmaputra Delta is
home to nearly 200 million
people, most of them
seriously impoverished.
Flooding is caused by both
storm surge and river flooding
during the summer monsoon
season (Source
Environmental Change and
Security Project and
Intergovernmental Panel on
Climate Change)
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(20 ft.) during typhoons and these waves cause significant erosion. A 6 m (20 ft.)
storm surge, funneled by the Bay of Bengal, also hit the Ganges-Brahmaputra Delta
during Tropical Cyclone Sidr in 2007. When high storm surges coincide with high
river floods, as they have the potential to do during summer monsoons, the out-
comes can be catastrophic.
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Chapter 5
Coastal Morphodynamics
and Ecosystem Dynamics

Lynn Donelson Wright, J. P. M. Syvitski, C. Reid Nichols
and Julie Zinnert

And so castles made of sand slip into the sea, eventually….
—Jimi Hendrix, c. 1967

5.1 What Does “Morphodynamics” Mean?

In the introduction to this book, we promised to avoid jargon so we must begin this
chapter with a simple explanation of what we are talking about. The term “mor-
phodynamics” means simply that the shape of the land and the processes that mold
the land are mutually interconnected and change together as a complex system. The
concept has been used for the past few decades to imply the coupled suites of
mutually-inter-dependent hydrodynamic, biologic and anthropogenic processes,
seafloor and landscape morphologies, and time-dependent sequences of change. In
a typical coastal morphodynamic system, changing shapes of the solid boundaries
are caused by erosion in some places and re-deposition of the eroded sediments
somewhere else. In many cases it is moving water or air (currents, waves, winds)
that redistribute the material. The new land configurations in turn then alter the
directions, intensities and gradients of the moving water or air. In other cases, it is
biological rather than physical processes that build or degrade morphologic features
such as coral reefs or coastal marshes. There is constant feedback among the

L. D. Wright (&)
Southeastern Universities Research Association (SURA), Washington, DC, USA
e-mail: ldwright@bellsouth.net

J. P. M. Syvitski
Community Surface Dynamics Modeling System, University of Colorado,
Boulder, CO, USA

C. R. Nichols
Marine Information Resources Corporation (MIRC), Ellicott City, MD, USA
e-mail: rnichols@mirc-us.com

J. Zinnert
Department of Biology, Virginia Commonwealth University, Richmond, VA, USA

© Springer International Publishing AG, part of Springer Nature 2019
L. D. Wright and C. R. Nichols (eds.), Tomorrow's Coasts:
Complex and Impermanent, Coastal Research Library 27,
https://doi.org/10.1007/978-3-319-75453-6_5

69

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75453-6_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75453-6_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75453-6_5&amp;domain=pdf


multiple components of the system and when the environmental conditions change,
all facets of the system also change. The morphodynamic paradigm has been
applied in studies of continental shelves, surf zones, beaches, river mouths, inlets
and estuaries (see Wright and Thom 1977; Cowell and Thom 1994; Wright 1995;
Woodroffe 2002; Sutherland 2008; Barman, Chatterjee and Paul 2016).

Over prolonged periods of time, physical and biological process regimes and
morphologic patterns co-evolve. As they do so, mutual causality is commonly
manifest by way of feedback loops that may be either positive (self-enhancing) or
negative (self- regulating; Wright and Thom 1977; Wright 1995). Specific examples
are found throughout this book. Morphodynamic conditions as observed at any
given time reflect contemporary as well as antecedent processes. Environmental
factors (Table 1.2) constitute the basic setting within which the morphodynamic
processes operate. Geographical and temporal variability of environmental condi-
tions are responsible for variations in the basic morphological characteristics of
coastal systems, as well as the magnitude and frequency of morphological change.
It is by means of evolutionary sequences that inheritance from preceding states is
propagated to succeeding states and environmental conditions are ultimately
changed. The time scales of change range from hours to seasonal to decadal to
millennial. Although progressive and sequential changes are the norm, abrupt shifts
to different state can also take place when certain equilibrium thresholds are
crossed. These abrupt “tipping points” commonly involve short-lived periods of
positive feedback.

5.2 Continental Shelves: The Foundations of Coasts

The forces that change the shape of the coast are preconditioned by the continental
shelves that front the coast. Most of the world’s continental shelves extend from the
shores to the shelf break at water depths of roughly 100–120 m (330–390 ft.). This
depth corresponds to positions of low sea level during the glacial maxima of the
Pleistocene ice ages (Fig. 3.1) and hence the surfaces of most shelves were exposed
only 20,000 years ago. The morphologies of the shelves depend in part on large
scale tectonic setting and geologic history, in part on the reworking of shelf sedi-
ment as seas transgressed across the shelf during the post-glacial rise in sea level
and in part on present day processes. The widths of the shelves vary from *100
km (60 miles) off the Atlantic and Gulf Coasts of North America (trailing edge
coasts) and off many Asian coasts (marginal sea coasts) to less than 1 km off many
island coasts (e.g., Canary Islands, Hawaiian Islands, and Mariana Islands) and
some parts of the Pacific Coast (collision coasts) of North America. Shelves can be
either sources or sinks of coastal sediments (Wright 2012). Waves frequently
agitate the seafloor material over the inner shelf (depths <*30 m or 100 ft.) and, if
the shelf is very wide with a low gradient, this agitation can dissipate much of the
wave energy before the waves reach the shore. However, other factors such as
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storm surges may be amplified. Strong currents may prevail at any depth depending
on oceanographic regime. Figure 5.1 illustrates, conceptually, some of the pro-
cesses that operate on continental shelves.

The configuration of the continental shelf is a major determinant of coastal
processes. The heights of breaking waves during storms are particularly dependent
on shelf gradient. For example, Fig. 5.2 shows a comparison of the inner conti-
nental shelf off the North Carolina in the Middle Atlantic Bight with that off the
Louisiana coast where the Mississippi River has supplied abundant mud to build a
wide low gradient, convex upward profile. The latter has the effect of greatly
attenuating incoming waves by a combination of bed friction and energy absorption
by the soft seabed. Much higher waves break in the surf zone of the Middle Atlantic
Bight. Prior to breaking, the waves in the Middle Atlantic Bight interact with other
wind generated and tidal currents during storms to transport sands into deeper water
(Wright 1995). This impedes the accumulation of sediment and helps to maintain a
relatively steep, concave upward shelf profile (Fig. 5.3). Notably, much steeper
shelf profiles prevail along the Pacific Coasts of the Americas and Australia where
breaking waves are substantially higher than in either of the cases shown in
Fig. 5.2. However, the steeper shelves do not favor the amplification of storm
surges the way that wider shelves do. Hence, even though the attack of shores by

Fig. 5.1 Conceptual diagram portraying the complex interplay of multiple processes on the
continental shelf. From Geyer and Traykovski (2001)
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high breaking wind waves and swell is more severe where the inner shelf is steep
and narrow, flooding by storm surges is more severe where the shelf is wide and
flat.

Figures 5.1 and 5.2 suggest a simplicity that is not real. In fact, shelf topography
can be very complex and may include relict ridges, such as in the case of the Middle
Atlantic Bight (Fig. 5.2), relict or active coral reefs which afford partial protection
from waves, or deep furrows such those found on the shelf in the Northern Indian
Ocean. The Northern Indian Ocean shelf is extremely wide and low gradient and,
acting in combination with the funnel-like configuration of the Bay of Bengal,
causes tides to be significantly amplified as they approach the coast (e.g., Testut and
Unnikrishnan 2016). A dramatic example of tidal amplification by a wide shallow
shelf and a constricting seaway is found on the southern shores of the Timor Sea in

Fig. 5.2 Inner continental
shelf profiles off the Middle
Atlantic Bight and Louisiana.
(Courtesy of L. D. Wright)

Fig. 5.3 Simplified positive
feedback loops for two
shelves. (Courtesy of
L. D. Wright)
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northwestern Australia where tide ranges of 9.5 m (31 ft.) and very swift tidal
currents prevail (e.g., Wright 1982). Other prominent examples of tidal amplifi-
cation by the combination of shallow shelves, constricted gulfs or seaways and
resonant interactions with shore boundaries are found in the Malacca Straits, the
Bay of Fundy, the Gulf of Siam and around the British Isles.

5.3 Ephemeral Beaches and Shores

The shallow regions immediately seaward of shores exposed to open oceans with
moderate to high waves and moderately steep inner continental shelves are among
the earth’s most energetic and dynamic realms. These are the surf zones where the
incoming waves break and dissipate their energy within a relatively narrow zone
(Figs. 5.4 and 5.5). The width of the surf zone increases with increasing wave
height and decreasing bed slope. During high energy events, such as storms, these
breaking waves can do a lot of work in a short span of time and move large volumes
of beach and surf zone sand seaward over horizontal distances of hundreds of
meters and to depths of 20 m or more. After the event subsides, the sands com-
monly return to the beach under the influence of low, long-period swell but this
requires a longer period of time. Severe beach erosion can take place in a matter of
hours but beach recovery can require days to weeks. Much of the wave energy
dissipated within surf zones is commonly converted to surf zone currents including
strong alongshore currents, which can transport large quantities of sand to other
parts of the beach system as well as rip-current circulations that carry sand offshore.

Figure 5.6 shows the annual long-term averaged wind and wave regimes for the
world. The easterly trade winds prevail in the tropics while stronger westerlies are
dominant between north and south latitudes of 30° and 60°. These are averaged
winds are not event-driven storms such as hurricanes. The prevailing westerlies
generate the highest and hence most energetic waves but these waves also tend to
have the longest periods. Long-period swell waves, such as those shown in Fig. 5.4
are much less destructive than waves with low period/height ratios (Fig. 5.6i). In
fact, moderately (not extremely) high but long period swell are often constructive in
the sense that they push sand onshore from the continental shelf. Beaches such as
that shown in Fig. 5.4 are commonly in equilibrium with persistent moderate to
high-energy wave regimes.

The U.S. Atlantic and Gulf of Mexico coasts are subject to the superimposition
of high waves and storm surges during tropical and extra-tropical storms. This
causes significant landward translations of the surf zone, often well into seaside
communities. A prominent recent example of this occurred along most of the U.S.
East Coast 2012 as Hurricane Sandy moved northward up the coast bringing high
waves (*10 m or 33 ft.) and storm surge (>3 m or 10 ft.; Sopkin et al. 2014). The
protective dune was significantly eroded and overtopped. Some of the eroded sand
was carried offshore and some was pushed inland and into neighborhood streets. As
shown in Fig. 5.7, Sandy shifted the surf zone landward into an amusement park in
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Fig. 5.4 High, long-period swell from the Southern Ocean breaking in a wide, flat surf zone off a
South Australian beach. The outer line of breakers is over an offshore bar. Waves reform within a
deep intervening trough then break again closer inshore. Much energy is dissipated in this process.
From Short (2012)

Fig. 5.5 Idealized diagram showing the components of a beach and surf zone system. From Short
and Woodroffe (2009)
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Fig. 5.6 Long-term average wave properties for the world. a Mean annual wind direction is the
direction from which the waves are coming. bMean annual wave direction is the direction of wave
propagation. Wave heights are in meters and periods in seconds. Note that the highest and longest
period waves are associated with the prevailing westerlies. Data are summaries from NOAA’s
3-hourly WAVEWATCH III nowcasts. From Syvitski et al. (2017)

Fig. 5.7 Inundated boardwalk amusement park in Atlantic City, New Jersey in the aftermath of
Hurricane Sandy (Photo of roller coaster on Casino Pier in Seaside Heights, NJ courtesy of Star
Ledger)
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Atlantic City, New Jersey. As storms become more intense and sea level rises,
eroded sediments are transported offshore to depths beyond the reach of con-
structive fair weather waves and are thus not returned to the beach. Over time, this
has the result of causing shoreline recessions over extensive lengths of coast. In
many cases, especially where erosion threatens expensive beach-front property,
engineering solutions such as beach re-nourishment are pursued (Fig. 5.8).
However, such projects are very temporary and expensive and must be repeated
often.

5.4 Migrating Barrier Islands

Morphodynamic models of the landward migration of barrier islands in response to
rising sea levels are offered by Cowell and Thom (1994), Cowell, Roy and Jones
(1995), Moore et al. (2010) and Lorenzo-Trueba and Ashton (2014). Those models
predict that if the landward migration is unimpeded, the barrier formation may be
preserved as it transgresses even though the position changes. Relatively narrow
barrier islands, separated from mainland coasts by shallow lagoons fringe much of
the U.S. Atlantic and Gulf coasts and the Arctic Ocean coast and are scattered

Fig. 5.8 Large-scale beach re-nourishment project, Pompano Beach, Florida January 2016. The
project took 3-months to complete (Courtesy of L. D. Wright)
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around the world in places like the Netherlands where seas have recently trans-
gressed low gradient continental shelves. The Outer Banks of North Carolina are
among the most well-known barrier island chains and are described in more detail
in Part 3. It is likely that barrier islands swept over the continental shelf as sea levels
rose during the waning phases of the Pleistocene glaciations. Commonly, the
sheltered environments in the lagoons behind the barrier islands are the homes of
salt marsh or mangrove swamp ecosystems. Barrier island “roll over” involves a
combination of seaward transport of eroded beach and dune sand and landward
“wash over” of some dune sands by dune over-topping during storms. As the dune
sands advance landward over the wetlands behind, some stabilizing vegetation is
killed off creating expanded open water in the lagoons. However, as shown by
Zinnert et al. (2017) some marsh vegetation is burial tolerant and resilient while
other vegetation types stabilize dunes.

There is relatively limited understanding of the effects of climate change on
coastal ecological communities, especially barrier islands; this is surprising con-
sidering the importance of the ecosystem services they provide (i.e. storm surge
protection, creation of economically important lagoons and wetlands, etc.). Zinnert
et al. (2016) documented a 27% loss of land from Virginia barrier islands over a
30 year timeframe. This dramatic land loss has been accompanied by rapidly
changing ecosystem states between bare sand, interior grass and woody vegetation,
and salt marsh. Vegetation type is an important functional component of coastal
depositional systems and affects morphology by trapping sediment and promoting
organic matter deposition. Depending on vegetation type, this can affect the
resistance or resilience of coastal communities on varying timescales and distur-
bance types. For example, at shorter timescales and with episodic disturbance,
barrier island woody vegetation such as shrub land or maritime forest reduces wave
energy and can minimize impacts further inland. However, over longer timeframes,
these vegetation types limit barrier island rollover, enhancing erosion and con-
tributing to land loss (Zinnert et al. 2017).

The process of barrier island rollover is well illustrated by the case study of
Cedar Island on the Eastern Shore of Virginia (Fig. 5.9; Wright and Trembanis
2003). For the past 150 years, Cedar Island has been receding landward at an
average rate of over 5 m per year by “rolling over” onto the marsh, estuarine and
tidal channel deposits behind the island. The low dune that caps this island is only a
thin veneer of sand, which advances over the marsh during storm-driven washover
events. As the thin sheet of sand migrates landward across the marsh, marsh peats
emerge on the beach and in the nearshore zone. This low surface provides minimal
resistance to overwash during storms. Over time, this process of coastal trans-
gression has left behind a low gradient inner shelf profile (Fig. 5.10). This can have
the effect of amplifying storm surges.

Barrier island migrations involve considerably more than the physical processes
of wave-induced erosion and storm-surge wash over. Numerous ecological factors
interact with physical and morphologic factors to determine barrier island stability
and patterns of change. Zinnert et al. (2017) have synthesized the interacting and
interdependent roles of physical, morphological and ecologic processes in
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controlling barrier island behavior and change (Fig. 5.11). They distinguish
between disturbance resisting and disturbance reinforcing (positive feedback)
domains. The former includes the stabilizing effects of dune grasses, which thrive
by means of progressive burial by wind-blown sand, favoring the upward growth of
the dunes and enhancing resistance to storm wash over. The Cedar Island example
just described is an example of a disturbance-reinforcing domain. As Zinnert et al.

Fig. 5.9 Map view and aerial photographic view of Cedar Island, Virginia. Note the succession of
shoreline positions indicated on the map. From Wright and Trembanis (2003)

Inner Shelf Profile Comparison- Cedar Island, 
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Fig. 5.10 The inner
continental shelf profile
fronting the transgressive
Cedar Islnad is much flatter
than profiles off the Outer
Banks of North Carolina to
the south. From Wright and
Trembanis (2003)
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(2017) note, the Spartina patens marsh vegetation behind transgressing sands is
tolerant to burial as the wash over process proceeds. However, Spartina patens is
not a dune-building grass but its burial tolerance enables it to be resilient and also to
bind sediments. This helps to maintain a low-lying surface that allows frequent
wash over, thereby closing the positive feedback “loop”.

5.5 Tidal Wetlands Dynamics

Tidal wetlands, including salt marshes, and, in tropical and sub-tropical regions,
mangrove forests, constitute significant fractions of undeveloped coastal lowlands.
These environments, located in brackish water realms subject to tidal rise and fall
provide essential ecosystem services in the form of fisheries and fish nurseries as
well as protections for coastal communities located immediately upland of the
wetlands. The largest mangrove forest in the world, the Sundarbans (Fig. 5.12) of
Bangladesh and India in the Ganges-Brahmaputra Delta, is home to Bengal tigers
(Panthera tigris tigris) and to four million people. Like mangroves elsewhere in the
world, this intertidal ecosystem is effective in dissipating high waves and storm
surges as well as tsunamis (Ishtiaque et al. 2016). It provides valuable ecosystem
services including fisheries habitat and a source of forestry products. Ishtiaque et al.
(2016) report that degradation of the forest is currently underway, particularly in the

Fig. 5.11 Interdependent factors controlling barrier island shape and behavior. From Zinnert et al.
(2017)
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eastern region and that the causes are largely anthropogenic. Types of stressors
include oil pollution, fires, over extraction of wood, and shrimp farming. Natural
causes, many of which are also influenced by human activity include increased
salinity and cyclone impacts. The combination of sea level rise and land subsidence
is projected to cause significant losses of Sundarbans mangroves by the end of the
21st century. Another region of extensive mangrove forests exists along the coast of
the Gulf of Papua, Papua New Guinea and covers the deltas of the Purari, Kikori
and Fly Rivers. Shearman (2010) showed that, between 1973 and 2006 these forests
underwent significant modification including recessions of up to 43 m (141 ft.) per
year in some places, e.g. in the Kikori Delta. Future sea level rises are expected to
cause continued recessions.

In middle and high latitudes, tidal wetlands consist primarily of salt marshes,
tidal creek networks and shallow bays. The classic view of the stability of salt
marsh ecosystems is that an equilibrium with gradual rises in relative sea level is
attained when marsh macrophytes such as salt marsh cordgrass (Spartina alterni-
flora) increase productivity and increase the trapping of inorganic sediments to raise
the mash surface in an attempt to keep pace with rate of sea level rise (Morris et al.
2002, 2016). The process involves interactions among sea level, land surface ele-
vation, marsh grass production and sediment supply from the estuary. For situations
where relative sea level (including subsidence) is constantly rising, a degree of
disequilibrium typically prevails whereby the marsh surface lags the sea level by a

Fig. 5.12 Composite NASA Landsat 7 (Launched 1999) image of the Sundarbans mangrove
ecosystem. Bangladesh. NASA Earth Observatory (Landsat 7 satellite observations from
November 24, 1999, and November 17 and 26, 2000)
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small amount. Morris et al. (2002) evolved a theoretical model of this process
which suggests that increases in U.S. East Coast marsh elevation may not keep pace
with inter-annual anomalies in rates of sea level rise or with steady rates of rise
greater than 1.2 cm/year (0.47 in./year). Declines in sediment supply by estuaries
can increase disequilibrium. Schile et al. (2014) and Alizad et al. (2016) have
developed more elaborate marsh equilibrium models to take into account acceler-
ated sea level rises combined with reduced sediment supply, reduced plant pro-
ductivity and increased inundation. The model results show that high marsh
elevations should be maintained with relatively slow rates of sea level rise (<52 cm/
century; <20.5 in./century) but with high rates of rise (>165 cm/century; >65 in./
century), marsh surfaces would likely be replaced by mudflats.

5.6 Coral Reef Degradation

Fringing coral reef systems (Fig. 5.13) and offshore barrier reefs on inner conti-
nental shelves provide first lines of partial defense for many tropical coasts that are
distant from muddy rivers. Reefs cause partial dissipation of storm waves, partic-
ularly the most severe waves (Sheppard et al. 2005). They are also economically
important to many coastal communities for fisheries and tourism. And they are, in
their own right, delicate, beautiful and valuable natural environments. Like the
wetlands just described, reefs can grow upward fast enough to keep pace with
gradual sea level rises; they did this successfully as post-glacial sea levels rose and
as the volcanic islands of the Pacific, including the Hawaiian Islands, slowly sank.
The corals composing reefs are animals and do not photosynthesize. However, the
corals have a symbiotic relationship with micro algae, called zooxanthellae, which
do photosynthesize and provide most of the nourishment to their coral hosts. The
zooxanthellae are also the main sources of the bright colors exhibited by reefs.
Corals require fairly abundant light for photosynthesis by the zooxanthellae and
cannot thrive in turbid waters. Corals are also sensitive to water temperature; the
optimal temperature for tropical corals is 26–27 °C (79–81 °F). They are rarely
found at temperatures below around 18 °C (64 °F) and they are also adversely
affected by temperatures greater than about 29 °C (84 °F), in part because dissolved
oxygen in sea water declines as waters warm. The living portions of today’s reefs
commonly rest on substrates consisting of the exoskeletons of dead or relict corals.

Reefs are very complex ecosystems that involve the interdependence of
numerous species, water chemistry, water temperature, water movement (currents
and waves) and underlying seafloor topography. Changes in any of these factors
can alter the functioning of the reef. Over the past few decades, humans have had
substantial negative impacts on coral reefs and reef degradation is apparent in many
parts of the world. The most conspicuous manifestations of this degradation are die
back of corals and encroachment of competing macroalgae (Norström et al. 2009).
There is a suite of human induced causes for this, some are global in scope such as
global warming and ocean acidification and others are local such as over fishing,
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excessive suspended sediment, nutrient runoff from nearby urban centers and direct
impact by tourists. van Hooidonk et al. (2016) stress the importance of local
management strategies for protecting coral reefs in the future. However, Bruno and
Valdivia (2016), in a recent study of the global changes in coral reefs, have con-
cluded that global factors are more important than local factors in general and that
degradation is not correlated with population density. Coral bleaching in particular
is a consequence of global warming. Coral bleaching does not directly kill the
corals but rather the symbiotic zooxanthellae which are the main source of food for
the corals and are also responsible for the color of reefs (hence the term “bleach-
ing”). Coral bleaching on Australia’s Great Barrier Reef in 2016 was the worst on
record and affected 90% of the reef and killed 20% of the corals (UNEP 2016). The
event was directly correlated with corresponding record sea surface temperatures of
29.1 °C (85 °F). According to Australia’s Bureau of Meteorology (BoM 2016) the
sea surface temperatures over the months of February through April 2016 were the
hottest on record. Continued global warming may have a devastating effect on coral
reefs worldwide.

Fig. 5.13 A relatively narrow fringing reef, and a surrounding artificial berm, provide the only
protection from the sea for the small island community on Kurumba Island, Maldives
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Chapter 6
Coastal Systems in the Anthropocene

Lynn Donelson Wright, J. P. M. Syvitski and C. Reid Nichols

All the parts incessantly work into each other’s hands for the
profit of man. The wind sows the seed; the sun evaporates the
sea; the wind blows the vapor to the field; the ice, on the other
side of the planet, condenses rain on this; the rain feeds the
plant; the plant feeds the animal; and thus the endless
circulations of the divine charity nourish man.

—Ralph Waldo Emerson, Nature—1833
But man is a part of nature, and his war against nature is
inevitably a war against himself.

—Rachel Carson, Silent Spring

6.1 People and Coasts

People are integral parts of nature and, in many respects, are becoming dominant
parts. This notion is implicit in the term “Anthropocene”. In no environment is the
connection between people and nature more apparent than in coastal systems.
Mutual causality between humans and nature plays out there on a daily basis,
sometimes in very positive ways and other times in tragic ways. The enjoyment of
coastal beauty and spiritual stimulation are among the positive attractions as are
access to global seaways, fisheries and recreation. Death, disease and destruction
wrought by severe storms and tsunamis are paramount among the downsides. But
for a multiplicity of reasons, roughly half of the world’s 7 billion people live within
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100 km (60 miles) of the shore. And the activities of those who live much farther
inland, for example within the catchments of large rivers that run to the coast,
impact the coastal environment and its residents in numerous ways. Human
activities that directly impact coastal systems include urbanization, agriculture,
nutrient runoff, engineering works, fisheries, oil and gas production, dredging and
various forms of pollution. Natural processes that impact coastal residents include
sea level rise, storms and storm surges, water-borne pathogens, tsunamis, and loss
of ecosystem services. Important ecosystem services include pollination, decom-
position, water purification, erosion and flood control, carbon storage, and climate
regulation.

6.2 Coastal Urbanization

Worldwide there are 23 megacities with populations of over 10 million people. Of
these, 16 are in the coastal zone (Pelling and Blackburn 2013; Blackburn and
Pelling 2014). In some of these cases, urban sprawl of neighboring cities has caused
mergers into huge urban “agglomerations”. The ten largest of these cities are:
Tokyo, Japan; Mumbai, India (Fig. 6.1); São Paulo, Brazil; Dhaka, Bangladesh;
New York-Newark, USA; Calcutta, India; Shanghai, China; Karachi, Pakistan;
Lagos, Nigeria; and Manila, Philippines. The combined population of these 10
cities is projected to reach 216 million by the year 2025 (von Glasow et al. 2013).
However, as explained in Part 3, Chap. 12, the huge agglomeration of cities sur-
rounding Guangzhou, China in the Pearl River Delta, now has a combined popu-
lation of 66 million people making it the world’s largest urban center. The
population of all of the 16 coastal megacities combined in 2025 will be about
323 million. Twelve of the coastal megacities occupy river deltas that are subject to
subsidence (Table 6.1; Pelling and Blackburn 2013; Overeem and Syvitski 2009).
In 1975, 62 million people lived in these deltaic cities. The number had grown to
140 million by 2010 and is expected to reach 242 million by 2050 (Overeem and
Syvitski 2009; Pelling and Blackburn 2013). By some estimates, the number is
much larger (e.g. Dawson 2017). In his recent book, Dawson (2017) describes the
dire plight of the growing number of people living in flood prone coastal urban
slums. Migration has been the primary cause of the population growth of these
cities to date, but poverty has dictated the concentration of people in low-lying
areas.

In addition to megacities, there are many other smaller cities and towns within
the world’s coastal zones. Among these are a growing number of tourism oriented
beachfront “strip” cities. Some of the more prominent of these include many of
Florida’s coastal resort towns, Australia’s Gold Coast, Mediterranean coastal resorts
and many Caribbean islands. In many cases the wall-to-wall high rise hotels and
condos of these cities have been built so close to the shore that they do not allow for
sufficient buffering against storm-induced erosion and require frequent sand
re-nourishment to offset the permanent offshore loss of sand.
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As Blackburn and Pelling (2014) point out, “collisions” between coasts and
cities are already having negative impacts on both the natural environment and the
people who live in the cities. These negative consequences are expected to grow
significantly over the coming decades (Duraiappah et al. 2015; UNU-IHDP 2015).
The coastal environmental damages caused by extensive urban developments are
manifest in numerous ways. At the lowest order, the shear weight of cities and

Fig. 6.1 Coastal urban skyline, Mumbai, India. Image courtesy of Pixabay PDPics free images

Table 6.1 Megacities
occupying deltas 1975–2050

City Delta Population (millions)

1975 2010 2050

Karachi Indus 4 12 31.7

Kolkata GBM 7.9 15.1 33

Dhaka GBM 2.2 13 35.2

Rangoon Irrawaddy 1.8 6.3 10.8

Bangkok Chao Phraya 3.8 8.2 11.9

Ho Chi Minh Mekong 2.8 10 26

Hanoi Red 1.9 4.2 10

Guangzhou Pearl 3.1 9.6 13

Shanghai Changjiang 11.4 20 21.3

Tianjin Huanghe 6.2 9.8 10.1

Cairo Nile 6 16.9 24

Buenos Aires Parana 10.9 14.2 15.5

Data Sources Pelling and Blackburn (2013) and Syvitski (2008)
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extraction of ground water contribute to accelerated subsidence and hence to local
increases in the rate of relative sea level rise (e.g., Allison et al. 2016). von Glasow
et al. (2013) describe several other, less obvious impacts of cities on coasts. Urban
heat islands along with the obstruction of airflow by buildings alter atmospheric
circulation and may block sea-breeze/land-breeze ventilation. Runoff of nutrients
and pollutants—including sewerage—directly impact estuarine, marine and wet-
lands ecosystems and often causes toxic algal blooms. The resulting eutrophication
causes “dead zones” of low dissolved oxygen in adjacent waters. Aerosols and
particles released into the local atmosphere can also affect the adjacent coastal
ocean. According to von Glasow et al. (2013), the atmospheric effects can reach
hundreds to thousands of kilometers beyond the cities while the estuarine and
marine impacts can extend tens to hundreds of kilometers seaward or down the
coast. Degradation of wetlands surrounding cities reduces natural protections
against storms and increases urban vulnerability.

Natural processes, and human modifications of those processes, in turn, threaten
the cities and their inhabitants. Unplanned urbanization is a major contributor to the
increasing risk faced by coastal city dwellers (Blackburn and Pelling 2014). The
International Human Dimensions Program on Global Environmental Change
(UNU-IHDP 2015; Hallegatte et al. 2013) points out that by midcentury, the flood
risk to large coastal cities will have increased by nine-fold relative to the present
day. The property damage and socio-economic losses for all coastal cities combined
is estimated to be in the neighborhood of US $1 trillion. It must be noted, however,
that such estimates are based on damages to tangible property, such as expensive
real estate, and on losses of income. In most cases the “victims” of these economic
losses are wealthy or affluent corporations or individuals and are typically covered
by insurance. The most tragic losses are usually less quantifiable in conventional
economic terms and are often borne by low-income, and uninsured, residents. In his
recent book, Ashley Dawson (2017) refers to the global convergence of climate
change, urbanization and poverty as “extreme cities”.

The elevations of coastal cities in general are low; but the lowest income people
are commonly forced by competition with the more affluent residents to occupy the
lowest and most flood-prone parts of the city. In some developing countries, the
most vulnerable areas are the sites of slums (Dawson 2017). The human tragedies
that unfold there during floods or extreme storms cannot be described in simple
economic terms. Unfortunately, decisions about the investments of limited
resources in flood mitigation structures etc. are often driven more by cost-benefit
analyses than by compassion. Hanson et al. (2011) conducted a detailed analysis of
predicted socio-economic and environmental changes between today and 2070.
They conclude that by 2070 the monetary value of assets exposed to coastal
inundation will be ten times greater than today while the exposed urban populations
will increase three fold. However, the exposed assets will be primarily in more
affluent western nations while the greatest increases in vulnerable populations will
be in poorer Asian countries. For example, the present inundation-exposed popu-
lations of the cities of Calcutta and Mumbai, India are respectively 1.9 million and
2.8 million but are projected to be 14.0 million and 11.4 million by 2070.
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As outlined by the IHDP (2015), the three main strategies for addressing future
flood threats to coastal cities are: “retreat”, “resist” or “attack”. For small com-
munities, retreat is usually the least costly and simplest option; it simply involves
relocating to higher ground. But it is frequently unpopular because it means
abandoning prior investments or traditional neighborhoods. For megacities, retreat
is difficult to accept—but it was seriously considered after the 2011 flood of
Bangkok. (For more information on the Bangkok floods of 2011 see InterNations
online at URL: https://www.internations.org/bangkok-expats/guide/moving-to-
bangkok-15519 and the Taylor (2011) article in The Atlantic.) To resist requires
the construction of defensive structures such as levees, floodgates, pumps etc. Such
structures directly alter surrounding environmental conditions such as estuarine
circulation. Finally, the “attack” option is the most expensive because it involves
the reclamation of lands surrounding the city. Hino et al. (2017) recently examined
27 cases where managed retreat from natural hazards was successful in relocating 1.
2 million people. However, these cases were relatively small scale and did not
involve whole cities. In fact, those authors note that applications of the “retreat”
model face serious challenges given the projected scale of climate-induced dis-
placements and the many difficulties of resettlement. In its summary for decision
makers, the UNU-IHDP (Duraiappah et al. 2015) recommends the following
strategies for future adaptation: (1) seek greater understanding of what is happen-
ing; (2) consider managed retreat or relocation; (3) consider combined approaches
that include engineering structures, natural enhancements such as the planting of
mangroves, and improved early warning systems based on better forecasts of flood
events. Dawson (2017) points out that, although retreat is typically regarded as the
“last taboo”, it may be the only realistic option over the long term.

6.3 Agriculture and Its Impacts

Globally, the area of the earth’s surface covered by croplands is roughly equivalent
to the size of the South American Continent and that occupied by animal agriculture
is similar to the area of Africa (IGBP 2013; Nature Conservancy; Fig. 6.2). By the
year 2050, the food requirements of the world will roughly double. Clearly,
however, the fraction of the earth’s surface devoted to food production cannot also
double without catastrophic environmental consequences: agriculture is a major
contributor to climate change and animal agriculture is a major source of methane
and consumer of water (Rust 1981; Crutzen et al. 1986). Most of the agriculture is
not concentrated in the coastal zone but is farther inland. However, many of these
inland farmlands are located within the catchments of major rivers, which flow to
coasts. In addition to carrying water and sediments to the sea they also carry
nutrients from farm fertilizers along with pesticides sprayed on crops. Pesticides can
kill aquatic organisms and reduce biodiversity in coastal and estuarine waters and in
wetlands.
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Nutrient over enrichment in coastal waters from non-point sources causes
damaging stresses on aquatic, estuarine and marine ecosystems by fueling nuisance
blooms of algae, bacteria and phytoplankton (Dale et al. 2010; Rabalais et al. 2007).
Once the plant biomass sequesters the available nutrients, the plants die and fall to
the seabed where they decay and, in that process, consume dissolved oxygen. This
creates extensive near bottom zones of oxygen deficiency, or hypoxia, popularly
referred to as “dead zones” because fish and other marine life cannot survive there.
Diaz and Rosenberg (2008) report that there are at least 400 dead zones in coastal
and estuarine waters around the world. The World Resources Institute provides an
interactive map of eutrophication and hypoxia for more than 700 coastal areas
worldwide (see World Resources Institute URL: https://www.wri.org/resources/
data-sets/eutrophication-hypoxia-map-data-set). Perhaps the best known of these
hypoxic zones is in the northern Gulf of Mexico where the Mississippi River
discharges large amounts of agriculture-derived nutrients along with abundant fresh
water, which stratifies the coastal ocean. Stratification suppresses vertical water
column mixing and the downward flux of oxygenated water from the surface
thereby exacerbating the hypoxic conditions. Figure 6.2 shows the extent of the
hypoxic zone (in red) on the Louisiana continental shelf in the summer of 2014.
Additional dissolved oxygen maps showing the frequency of hypoxia may be
obtained online from the NOAA National Centers for Environmental Information
(see URL: https://www.ncddc.noaa.gov/interactive-maps/coastal-habitats/). The
Mississippi River catchment that is the source of nutrients covers 40% of the
contiguous United States and extends northward into Canada. It embraces much of
America’s “breadbasket” including regions of corn agriculture for ethanol in Iowa.
Gilbert and Burford (2017) recently presented results showing that harmful algal

Fig. 6.2 Distribution of bottom-water dissolved oxygen, July 24–July 30, 2017. Black line
denotes 2 mg l−1. Data source N. N. Rabalais, Louisiana State University & Louisiana
Universities Marine Consortium; R. E. Turner, Louisiana State University. Funding: National
Oceanic and Atmospheric Administration, National Centers for Coastal Ocean Science
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blooms (HABS) are increasing worldwide, in part because of increased nutrient
loading to coastal waters and in part because HABS are rapidly adapting to global
changes in ocean and coastal environments including altered levels of CO2.

The conflicts between agriculture and coastal environments are highly complex
and involve much more than nutrient runoff. As is the case for other coastal
interactions, the cause-effect impacts are bidirectional. For example, croplands in
low-lying coastal plains are subject to damage from salt-water inundation during
storms or intrusion in ground water with rising sea level. Sugar cane farming in
south Florida has had severe negative impacts on the highly sensitive Everglades
because of nutrient runoff and also caused extreme blooms of toxic algae along
Florida’s Atlantic and Gulf Coasts in 2016. Sugar cane farming in Queensland
Australia has also had damaging impacts on the Great Barrier Reef and solutions for
this problem under active consideration include implementation of “polluter pays”
laws (Queensland University of Technology 2015). In Europe, while it is well
accepted that agriculture is essential, it is also understood that farming should
proceed in ways that are environmentally sound and ethical. To that end, the
European Union has established a Common Agricultural Policy (CAP), which
requires farmers to meet certain environmental standards in order to be eligible for
subsidies (e.g. Vernier 2012). In addition, in France, farmers are required to pay
fees for consumption of irrigation water and for the runoff of pesticides (Vernier
2012).

The need to increase food production significantly over the next several decades
cannot be denied and climate change is already negatively impacting food pro-
duction (FAO 2016). To overcome these impacts and to reduce coastal damage,
new, innovative and efficient agricultural practices that minimize environmental
damage must be evolved. These innovations may well come at the expense of
profits for large “agri-businesses” and will likely involve more emphasis on grains,
vegetables and less on animal agriculture. Aquaculture will probably also play
greater roles in feeding a growing population. On an optimistic note, it should be
noted that an example of “intelligent co-operation with nature” is found in centuries
old Balinese Subak practices of terraced rice agriculture. This system, which
involves tightly interwoven cultural and environmental systems and dates back to
the 9th Century, has recently been adopted by the UNESCO World Heritage
Committee (2015). According to the World Heritage Committee (2015): “The
Subak system of democratic and egalitarian farming practices has enabled the
Balinese to become the most prolific rice growers in the (Indonesian) archipelago
despite the challenge of supporting a dense population.”

6.4 Coastal Fisheries

Since prehistoric times, access to coastal fisheries has been a key advantage of
living near the coast and seafood is still the dominant source of protein in many
parts of the world. According to the UN Food and Agricultural Organization (FAO
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2009, 2016), 3 billion people worldwide depend on seafood for essential parts of
their nutrition and 500 million people in developing countries derive their liveli-
hood from fisheries and aquaculture. Fish capture and aquaculture have increased
steadily over the past 50 years although most of the increases since 1985 have taken
place in China (FAO 2009, 2016). While the direct negative impacts of fisheries are
less dramatic than some of the effects of agriculture, over fishing in particular is
reducing species diversity and, of course, adversely impacts fisheries. The FAO
(2016) reports that climate change threatens the sustainability of capture fisheries
and aquaculture development in several ways. Ocean acidification and warming
seas are slowing the ability of shellfish to produce shell through calcification,
hypoxia in coastal waters limits the extent of fish habitats, more intense storms
damage or destroy coastal shellfish farms and reductions in freshwater discharge by
rivers have a direct effect on coastal salinity and thereby on the health of oysters.

The invasion of various tropical and alien species into higher latitude coastal
waters often results in harmful competition with indigenous species. A prominent
example is the ongoing migration of lionfish, which consume juveniles of other
species, up the U.S. east coast. Warming seas can alter the reproductive cycles of
fish, as well as growth rate and the timing of spawning (Perry et al. 2005).
According to the recent synthesis prepared by the FAO (2016), models that take
account of changing environmental conditions, and primary production of phyto-
plankton predict large-scale redistributions of marine fish catch characterized by
increases in high-latitude regions and declines in the tropics. This will increase the
vulnerability of small-scale tropical fisheries in poorer, less developed regions. To
overcome some of these threats and remain resilient, the FAO (2016) recommends
increasing the diversity of fisheries species and techniques and integrating more
understanding of anticipated climate and coastal change into fisheries strategies and
policies.

6.5 Coastal Oil and Gas Exploration and Production

Offshore and coastal plain oil and gas production directly impacts coastal systems
around the world in numerous ways. Some of the regions affected include the
Northern Gulf of Mexico, Mexican east coast, Arctic North Slope of North
America; much of the Brazilian Coast; the West Coast of Africa; the North East
Atlantic and North Sea Coasts of Europe, Australia’s northwest coast; the
Indonesian coast; and China’s Bohai, Yellow Sea, East China Sea and South China
Sea coasts. In addition to the obvious and highly publicized effects of oil spills,
there are numerous other ways that the industry alters the coastal environment. For
the case of the North Sea coast, the OSPAR Commission (2009) points out that:
“Environmental impacts may arise at all stages of oil and gas activities, including
initial exploration, production and final decommissioning. There is a broad range
of environmental concerns including those relating to oil discharges from routine
operations, the use and discharge of chemicals, accidental spills, drill cuttings,
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atmospheric emissions, low level naturally occurring radioactive material, noise,
and to some extent the placement of installations and pipelines on the sea bed”
(OSPAR 2009, p. 8). Direct and sometimes dramatic alterations of the coastal
systems are caused by the industry’s infrastructure including dredged access canals,
pipelines, port facilities and, of course, the wells and platforms themselves.

Perhaps nowhere is the conflict between hydrocarbon production and nature
more palpable than in the Northern Gulf of Mexico where 40% of the US wetlands
coincide with activities that supply roughly one third of the nation’s oil and gas
(Mendelssohn et al. 2012). The Gulf of Mexico continental margin is a mature
offshore oil and gas production area generating more than 1.7 million of barrels of
oil per day, through more than 3500 oil platforms. Currently the northern Gulf has
45,000+ km (28,000+ mile) of underwater pipes exposed to structural damage from
extreme oceanic and atmospheric events. In 2010, British Petroleum’s Deepwater
Horizon production platform in the northern Gulf of Mexico exploded, killing 11
people. This event was followed by an uncontrolled blowout that persisted for
87 days during which 4.9 million barrels of crude oil were discharged directly into
the sea. The wetlands of the Mississippi delta and the Louisiana coast, which
account for a third of the US fish production, were affected as toxic oil slicks spread
over large areas of coastal marshland (Mendelssohn et al. 2012). Fortunately, the oil
did not penetrate very far into the interior of the marshes. However, the adverse
effects on the benthic habitats of the continental shelf are becoming more apparent
with time. As is typical of processes in the Anthropocene, causal connections
between humans and nature in the Mississippi Delta are bidirectional: the oil
industry’s $100 billion dollar investment in infrastructure is now under serious
threat from land sinking and relative sea level rise (Traywick 2017).

The National Petroleum Reserve-Alaska, which includes the large Prudhoe Bay
oil field discovered in the 1960s, lies immediately south of the coasts of the
Beaufort and Chukchi Seas on Alaska’s North Slope, an expansive coastal plain
covered by permafrost. To the east of this reserve near the Canadian border is the
Arctic National Wildlife Reserve. A summary report released in 2003 by the
National Research Council (2003) assessed the cumulative effects of oil production
from the 1960s to 2001 on the coastal environment. As of the date of that report, no
significant oil spill had occurred. However, cumulative damage had resulted from
the extensive infrastructure including roads, raised pipelines and helipads, which
have largely remained since their original construction. Tundra damage from
off-road vehicle traffic was also reported. More recently, NOAA’s National Marine
Fisheries Service (NOAA-NMFS 2016) carried out an extensive environmental
impact study for alternative future scenarios of future oil and gas exploration uti-
lizing seismic surveys and exploratory drilling. Among numerous minor to mod-
erate impacts, the study concludes that acoustic impacts on beluga and bowhead
whales would be significant and that, although unlikely, a large oil spill caused by
an exploratory drilling accident could result in widespread environmental damage.
Temporary disruption to wildlife is also caused by exploratory drilling installations
such as Mars Island, which was built completely from spray ice for exploratory
drilling by Amoco Exploration in January and February of 1986 in western
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Harrison Bay in Alaska. The island was built on the land-fast first-year ice in a
water depth of 7.6 m (25 ft) to provide grounded platforms in shallow water. Mars
Island was approximately 8 m (26 ft) thick and 213 m (700 ft) in diameter and used
to support a drill rig as shown in Fig. 6.3.

6.6 Tourism Impacts

Sandy beaches and beach resorts are among the world’s most popular tourist
destinations. The throngs of tourists that frequent these sites each year are com-
monly accommodated in the hotels, condominiums and resorts that comprise
beach-front “strip cities”. Some of the impacts that these complexes have on coastal
environments were described in Sect. 6.2. But, as described in detail by Davenport
and Davenport (2006), there are myriad other impacts and some of these are long
lasting. Coastal tourism began in the 19th century and has accelerated since then.
Today, 63% of Europeans choose coastal sites for their vacations. The threats are
from mass tourism and transport. According to Davenport and Davenport (2006)
“Tourism is now the largest single economic sector in the World. Impacts of leisure
transport and tourism on the coastal environment are considerable, have increased

Fig. 6.3 Mars Ice Island, Beaufort Sea Alaska. Image shows a 60-day exploratory well built 8 km
(5 mi) offshore of Cape Halkut near the National Petroleum Reserve in Alaska (NPRA), an area of
land on the Alaska North Slope owned by the United States federal government and managed by
the Department of the Interior, Bureau of Land Management (BLM). (Photo courtesy of Bureau of
Ocean Energy Management)
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(and are currently scheduled to continue increasing) in non-linear fashion, and are
extremely difficult to manage or limit”. One of the most problematic factors
involves mass tourism and extensive use automobiles for transport. Pollution and
runoff from parking lots cause damage. Boats, cruise liners and various types of
personal water-craft (e.g., jet skis) damage reefs and grass beds and wakes cause
beach erosion (e.g., Parnell and Koefoed-Hansen 2001; Soomere and Rannat 2003;
Bilkovic et al. 2017). Trampling of intertidal habitat and coral reef damage inad-
vertently inflicted by scuba divers are also harmful. Fortunately, although highly
sensitive environments such as marshes and mangrove swamps are visited by small
numbers of low impact eco-tourists, those environments do not suffer from mass
tourism.

6.7 Ports, Engineering and Infrastructure

Roughly two thirds of the Netherlands surface area is low lying and would be
inundated on each high tide if it were not for the extensive system of artificial dikes
that have protected the country for nearly a millennium. An outcome of this is that
the Netherlands has been world leader in coastal engineering for many decades.
Today, the Netherlands has 350 km of coastline, 27% of the country is below sea
level and 55% of it is flood prone (Santinelli 2016). Protection is provided by an
elaborate system of dunes, dikes, floodgates and frequent land reclamation by
onshore pumping of shelf sediments. The Netherlands model is commonly invoked
by coastal managers all over the world as an example to be explored as a potential
solution to coastal flooding and erosion. Such considerations are under serious
review for protecting lower Manhattan. Elsewhere on the U.S. coast and around the
world, the variety of coastal protection structures include seawalls, jetties and
armored airport runway extensions.

The levee system on the lower Mississippi River and delta has long provided
protection from flooding to Louisiana’s lowlands and to the city of New Orleans but
has also deprived the delta of much needed sediment re-nourishment. The history of
this system and the roles, some of which were tragic, that it played during the
Mississippi River flood of 1927 are described in eloquent detail by Barry (1997).
Levee failure during the storm surge produced by Hurricane Katrina in 2005 was a
major cause of the deadly flooding of the Ninth Ward and other parts of New
Orleans. The impact of the levee system on the Mississippi Delta was understood as
far back as the 19th century. E.L. Corthell wrote the following in 1897: “The
conditions are very different now from those existing prior to the construction of
levees. There are at present no annual accretions of sedimentary matters from the
periodical overflows of the river. These accretions formerly were a little more than
equal to the annual subsidence of the lands…No doubt the great benefit to the
present and two or three following generations accruing from a complete system of
absolutely protective levees, excluding the waters entirely from the great areas of
the lower delta country, far outweighs the disadvantages to future generations from
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the subsidence of the Gulf delta lands below the level of the sea and their gradual
abandonment due to this cause.”

Ports and harbors around the world involve significant human alterations of
bays, estuaries and the lower courses of rivers by combinations of levee and
breakwater construction, hardened shores, cargo loading facilities, rail and heavy
truck access, warehouses and oil storage tanks, pipeline terminals, cruise liner
terminals and channel deepening by dredging. Wakes from boat and ship traffic and
spills of oil and gas are common disruptions. Improper port design can allow harbor
resonance, which can cause excessively high oscillations and overtopping during
storms. The recurring need for maintenance dredging in many ports has significant
impacts on benthic habitats and can also lead to erosion of the adjacent coasts and
beaches. Healy et al. (2002) report an example of a New Zealand port that was
redesigned with guidance from numerical models to accommodate anticipated
demands for ship traffic while minimizing ecological impacts and allowing dredged
material to be used to nourish adjacent beaches. Figure 6.4 shows an example of a
modern, multi-purpose port complex, Port Everglades, in southeastern Florida.
Facilities such as Port Everglades are in increased jeopardy of damage or closure
from storms caused by structural damage or entrance shoaling. On a much larger
scale, it is the world’s major port cities that are most acutely threatened by future
inundation (Hanson et al. 2011). These threats will be considered in more detail in
cases described in Part 3.

Fig. 6.4 Port Everglades, Broward County Florida (near Ft. Lauderdale). Photo courtesy of,
Broward County, FL Environmental Planning and Community Resilience Division
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Part II
Causal Processes, Their Consequences

and Their Mitigation



Chapter 7
Causes and Impacts of Coastal
Inundation

Lynn Donelson Wright, Donald T. Resio and C. Reid Nichols

You never really know what’s coming. A small wave, or maybe
a big one. All you can really do is hope that when it comes, you
can surf over it, instead of drown in its monstrosity.

— Alysha Speer

7.1 Rising Damp: Many Causes

According to NOAA’s Office of Coastal Management, inundation events are the
dominant causes of natural-hazard-related deaths in the U.S. and are also the most
frequent and costly of the natural hazards affecting the nation. The effects of
inundation in other nations such as Bangladesh, Indonesia, Thailand and India are
often devastating. While the long-term rises in mean sea level as discussed in Part 1,
Chap. 3 are instrumental in allowing inundation to reach farther inland and to ever
higher elevations, it is the short-lived episodic, non-tidal, events that cause the most
damage. Included among these inundation causes are tsunamis, storm surges,
coastal flooding caused by onshore winds and wave-induced set up, river and inland
flooding and extreme rainfall events. The deepest flooding occurs when two or
more of these phenomena reinforce each other and coincide with perigean spring
high tides (aka. “king tides”). For example, it is common for tropical cyclones to
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bring storm surges along with heavy rainfall and wave induced set up of mean
water level. Structures such as levees that are designed to protect can also impede
the return of floodwaters once overtopped. Navigation channels can also provide
funneling pathways for surges.

In addition to extensive loss of life, there are many other negative consequences
of coastal inundation. Some of the more obvious impacts include destruction of
houses and buildings and damage to built infrastructure such as roads and bridges.
Less visible are mold infestations inside homes that are flooded but not destroyed.
Floodwaters can be contaminated with sewage and lingering inundation can spread
diseases throughout neighborhoods and contaminate drinking water. Salt water can
penetrate into aquifers and ground water and high salinities can kill vegetation and
degrade wetlands. In some cases, severely inundated communities may be forced to
relocate. Details of the human health impacts of coastal inundation are presented in
Chap. 10.

7.2 Tsunamis

Sea floor seismic events such as earthquakes, volcanic activity and underwater
landslides that cause sudden and large displacements of the overlying water column
are the cause of tsunamis (previously called tidal waves). The vertically displaced
water creates a long gravity wave that then travels away from the area of distur-
bance at speeds that are proportional to the square root of the water depth. In the
deep ocean these speeds may exceed 500 mi/h (800 km/h). The wave is not a single
wave but a train of multiple succeeding waves separated by distances (wave
lengths) of 300–400 km (190–250 mi) and time intervals (periods) of 30–40 min.
In the deep ocean, the heights of the tsunamis are typically on the order of 1 m or
less (<3.3 ft) and so this rise over the large horizontal distance (wave length) and
time interval (period) makes these waves imperceptible to ships at sea. However, as
the tsunami propagates into the shallow waters over the continental shelf, their
speeds and wavelengths decrease dramatically while their periods remain constant.
The energy that was previously distributed over a very large horizontal distance
now becomes more concentrated and the tsunami undergoes what is generally
referred to as a shoaling amplification that causes the tsunami height to increase
many times relative to its deep ocean height.

The Asian tsunami of December 26, 2004 (NOAA/NGDC 2014; Pomonis et al.
2006; Titov et al. 2005), that killed 230,000 people and caused $10 billion (USD) in
damages originated from a seafloor seismic disturbance at a depth of *4000 m
(13,000 ft), had a deep sea amplitude of 70 cm (2.3 ft) and initially travelled away
from the epicenter at a speed of 720 km/h (450 mi/h). It had a period of 34 min and
a deep-water wavelength of 410 km (256 mi). By the time it reached nearshore
depths of 5 m (17 ft) its length would have decreased to about 14 km (8.75 mi).
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Because of the complex configuration of the shelf and coast around the area of
greatest devastation in Indonesia and Thailand the height of the “wall of water” that
made landfall varied considerably but exceeded 10 m (33 ft) in places of greatest
impact. The magnitude 9 Tohoku earthquake (Dunbar et al. 2011) that occurred east
of Honshu Island Japan on March 11, 2011 generated a 15 m (50 ft) tsunami that
devastated Fukushima Japan, killed 19,000 people and inundated a nuclear power
plant. Since the epicenter was adjacent to the coast, the arrival of the tsunami was
immediate with minimal warning. Following the impact on Japan, the wave crossed
the Pacific Ocean at speeds proportional to the square root of the abyssal water
depths as shown in Fig. 7.1. Note from Fig. 7.1 that the tsunami reached southern
California about 10 h after the earthquake, roughly about the same as the time
required for a jet liner to make the same trip.

Fig. 7.1 Observed heights and travel times of the Tohoku Tsunami that devastated Fukushima
Japan in March, 2011. Graphic from the NOAA National Geophysical Data Center
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7.3 Storm Surges and Storm Tides

Storm surges are elevated water levels near the coast primarily caused by severe
atmospheric disturbances such as tropical storms and hurricanes as well as less
severe storms such as mid latitude “northeasters”, all of which involve strong
winds. Dean and Dalrymple (2002) describe four major components that jointly
contribute to storm surges. The most important of these factors is wind stress (or
frictional force) of the wind blowing over the sea surface and pushing the water
shoreward. Added to this is the secondary “inverse barometer” effect whereby low
barometric pressure causes a rise in the water level below (or “barometric tide”;
Dean and Dalrymple 2002). Typically, this effect accounts for only about 5% of the
total surge height. A third component is the Coriolis force related to the earth’s
rotation, which, causes water to be deflected to the right in the northern hemisphere
and to the left in the southern hemisphere. In the northern hemisphere, this results in
south-flowing currents on east coasts and north-flowing currents on west coasts
(such the Florida Gulf Coast) causing rises in water levels at the shore and near
shore. The fourth component is a water level “setup” caused by the dissipation of
breaking waves (surf) and is often equal to 10% or more of the breaker heights
themselves. The storm waves are then superimposed on this surge and can reach
much farther inland than would be the case without the surge. Storm tides, as
distinct from storm surges, are the water levels that result from the addition of
normal astronomical tide levels and the superimposed storm surges. The total
impact of a storm surge coinciding with a high tide, particularly a perigean spring
tide (“King tide”) will be much greater than if the predicted tide is low at the time
the storm surge reaches its maximum.

The magnitudes of the four main components of storm surges as introduced
above provide an approximate basis for quantifying the heights of storm surges at
the coast. Unike tsunamis- and tides- storm surges are not freely propagating waves
emanating from a source off the coast. Instead, these waves are locally forced
(Resio and Westerink 2008). Consequently, surges are not strongly affected by
processes such as refraction and shoaling. As shown by Resio and Westerink
(2008), primary factors affecting surges depend strongly on the wind speed, the
width and slope of the continental shelf and on the configuration and irregularity of
the shores, bays and crenulations that can amplify or diminish the surge. Given the
same forcing, the largest surges are generated over wide, shallow and gently sloping
shelves and the smallest would be generated over narrow, steep shelves. For
example, the storm surge that Category-5 Hurricane Andrew generated in Miami,
which is fronted by a steep and very narrow shelf, was less than 2 m (6.6 ft) high in
most places although it reached 5 m (16.4 ft) in parts of Biscayne Bay (Rappaport
1993). In contrast, an 8.5 m (28 ft) surge was generated by the weaker, but much
larger Hurricane Katrina over the shallow shelf of the northern Gulf of Mexico in
2005. Some of the greatest amplification of surges can be affected significantly by
alongshore processes when the surge “wave” propagates along the coast at roughly
the same speed as the surge-generating storm advances. It is primarily because of
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the wide, shallow shelves that front the U.S. Atlantic and Gulf coasts that storm
surges are much more consequential there than they are on the Pacific Coast. In
addition to surge amplification by propagation across wide continental shelves,
other amplification processes may operate. Among these, are amplification of
surges travelling up funnel-shaped bays or estuaries and resonant seiching within
some harbors or bays.

The operational storm surge prediction model used by NOAA’s National
Weather Service (NWS) is the 2-dimensioal Sea, Lake and Overland Surges from
Hurricanes (SLOSH) model (Jelesnianski et al. 1992). Even though there are
numerous more sophisticated and accurate models available and used by academia
and other federal agencies (described in Chap. 1), SLOSH continues to be preferred
by the NWS because of its speed of execution and low computational requirements
and because forecasters are familiar with it. For purposes of long-range emergency
planning, assessing evacuation routes and assessing relative risk of flooding of
specific localities, NOAA’s National Hurricane Center runs SLOSH thousands of
times for different hypothetical hurricanes to generate vulnerability maps of worse
case scenarios of flooding. These maps portray the quantities Maximum Envelopes
of Water (MEOW) and the Maximum of MEOWs (MOM). Figure 7.2 shows a map
of MOMs for hypothetical Category 3 hurricanes hitting the southern part of the
Florida peninsula. Note that predicted inundation maxima along the open coast,
neglecting wave setup, are fairly minimal for the Miami area and southeast Florida
where the shelf is very narrow and steep but exceeds 2.7 m (9 ft) on the western
side where a wide, low gradient shelf prevails (see Fig. 14.2 in Chap. 14). It should
be noted that a Category 3 hurricane is not really extreme over decadal time frames.
Consequently, the surge heights predicted by FEMA to have a statistical 100-year
return interval are larger than those shown in Fig. 7.2. Although the predicted surge
heights on the Atlantic side are low, flooding by wave-induced setup and runup
may be greater but surf effects are not included in these analyses.

An interesting comparison between Hurricanes Camille in 1969 and Katrina in
2005 shows the inherent importance of hurricane size on storm surges at the coast.
Camille was a Saffir-Simpson category 5 hurricane when it struck the Mississippi
coast, while Katrina was only a category 3 hurricane when it reached this coast.
Because of this, many people underestimated the potential danger of Katrina and
chose not to evacuate. As noted by Irish et al. (2008), an article on the rising death
toll in Hurricane Katrina found in Biloxi, Mississippi’s Sun Herald (Norman 2006),
“an oft heard refrain … is Hurricane Camille killed more people in 2005 than it did
in 1969. Many officials and locals believed those … who had survived what was
then the strongest recorded hurricane were lulled into a false sense of security that
kept them in harm’s way.”

Even today, many people still echo the sentiment that it would have been much
worse if a Saffir–Simpson category 5 storm had struck this area rather than Katrina.
Irish et al. (2008) developed evidence showing that the Saffir–Simpson scale is not
a particularly good indicator of storm surge along the coast and that storm size,
along with bottom slope, is also a critical factor in the generation of large coastal
surges. Figure 7.3 shows a plot of the surge contours for an idealized 1:10,000
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slope, generated by computer simulations with the ADICRC code. Different sym-
bols superimposed on the contours represent estimates of potential surge heights for
historical hurricanes in the Gulf of Mexico. As can be seen in this figure, and
consistent with actual surge heights, the surge generated by Katrina was signifi-
cantly larger than that of Camille. In simple terms, larger storms generate higher
surges.

7.4 Wave-Induced Setup, Runup and Overtopping

In the foregoing discussion on storm surge, we noted that, according to Dean and
Dalrymple (2002) one of the four components of storm surge, as manifest at the
shore is wave setup (Stockton et al. 2005; FEMA 2015; Fig. 7.4). In fact, this setup
represents the transfer of momentum from the wave field into the mean current
flow, which occurs when waves break and dissipate. The setup elevation can be

Fig. 7.2 Predicted maxima of maximum envelope of water (MOMs) for a category 3 Hurricane
affecting south Florida. Red=greater than 9 ft (2.7 m) above ground; Orange=greater than 6 ft (1.8 m)
above ground; yellow=greater than 3 ft (0.9 m) above ground; blue= less than 3 ft (0.9 m) above
ground SourceNOAA/NWS/NHC/Storm Surge Unit, NOAA/NOS/Office for Coastal Management.
http://noaa.maps.arcgis.com/apps/MapSeries/index.html?appid=d9ed7904dbec441a9c4dd7b2779
35fad&entry=1
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10%- 20% of the height of the waves breaking in nearshore areas (FEMA 2015).
Because breaking waves commonly arrive in varying “packets” of high and low
waves, the setup height is not constant but usually forces “infragravity” periods of
50–100 s, traditionally called “surf beat” along many swell-dominated coasts (Guza
and Thornton 1985). After transiting the surf zone, waves that have not been fully
dissipated then surge up and down a beach or coastal engineering structure as wave
runup the height of which increases with wave height and length and with beach
slope (Fig. 7.5; Mignone and Maine 2016; Jones et al. 2005; Senechal et al. 2011).
Overtopping occurs when the height of runup exceeds the height of the beach berm,

Fig. 7.3 Simulated peak surge as a function of hurricane size (denoted here by the radius to
maximum winds, Rmax) and intensity (taken as the pressure differential from the center of the
storm to its periphery, Δp) for a 1:10,000 bottom slope. Historical size and central pressure
observations are superimposed on the numerical results to indicate the potential peak surge
potential of historical storms made landfall in a region characterized by a bottom slope of
1:10,000, which is similar to the Mississippi Gulf Coast
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protective dune or seawall and can result in flooded roadways or land surfaces
(Fig. 7.6).

While the largest storm surges occur on coasts fronted by wide, gently sloping
shelves, the heights and impacts of wave setup, runup and overtopping are greater
on the more exposed shores fronted by steep and narrow shelves which favor high
breakers because of less attenuation. It is in fact fortunate that the regimes that favor
the highest surf do not also favor the highest storm surges. As is indicated by
Fig. 7.2, the Atlantic coast of south Florida is much less vulnerable to storm surge
than is Florida’s Gulf Coast but the surf-related inundation is much greater for
Miami-Dade and Broward Counties. And this was the case for the entire Atlantic

Fig. 7.4 Wave setup is a rise in the mean water level within the surf zone and on the beach caused
by the dissipation that accompanies wave breaking. Diagram is from FEMA (2015), Guidance
document 44 for the simple case of monochromatic waves

Fig. 7.5 Wave runup is superimposed on wave setup and reaches higher up the beach than
setup. Figure from Mignone (2016), NOAA, National Weather Service, based on the model of
Stockton et al. (2005)
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seaboard as Hurricane/Superstorm Sandy moved northward in 2012. With specific
reference to Sandy, Mignone and Maine (2016) reports that: “NWS (National
Weather Service) lacks sufficient forecast guidance on inundation associated with
wave runup and coastal rivers making it difficult to forecast impacts from coastal
storms”. This points to the urgent need to couple storm surge, nearshore (surf zone)
and hydrology models for future forecasting capabilities.

7.5 Minor, but Frequent, Coastal Flooding
(a.k.a. “Nuisance Flooding”)

Severe events such as tsunamis and tropical cyclones are the causes of the most
dangerous and damaging inundation. However, important problems in many areas
are associated with much smaller, much more frequent events, which can produce
recurrent and problematic flooding even under fair weather conditions. Rising sea
levels and subsiding land levels make their presence felt in troublesome ways
during times of high, but normal, astronomical tides. On coasts where land surfaces
rise abruptly with distance from the sea, these effects may be minimal. But in other
cases where land elevations rise slowly or where urban and suburban areas are near
or even below mean sea level, high tides are increasingly accompanied by shallow,
but sometimes paralyzing, flooding of streets, neighborhoods and occasionally the

Fig. 7.6 Splash-over and wave overtopping at Crescent Beach in the Town of Hull, MA during
the Patriot’s Day Storm of 2007. High winds, heavy rainfall, and high tides during this nor’easter
caused flooding, storm damages, power outages, evacuations, and disrupted traffic and commerce
(photo from Applied Coastal Research and Engineering, Inc. 2015)
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ground floors of homes and buildings. NOAA (Sweet et al. 2014) refers to these
situations as “nuisance flooding”. The threshold for an excess water level rise to be
a nuisance varies with location depending primarily on surface elevation and sec-
ondarily on several other factors including socioeconomic vulnerability, and public
infrastructure including roads and storm water drainage.

As we might expect, given local topography, in the U.S. the threshold is fairly
high on the generally higher and steeper west coast and lower (more troublesome)
on the Atlantic and Gulf coasts (Sweet et al. 2014). The Atlantic and Gulf coasts are
low lying and, for the most part, experiencing significant subsidence. On the U.S.
Atlantic coast, the aperiodic variations in sea level are related to occurrences of
strong onshore winds as well as fluctuations in the flow of the Gulf Stream (Ezer
2013; Ezer and Atkinson 2014; see Chap. 3, Sect. 3.5; Chap. 14). Tide ranges also
vary somewhat over the course of a year and are greatest during perigean tides
when the earth and moon are closest (e.g. at times of “harvest moons” in October).
Perigean spring tides are locally referred to as “King Tides” because the range is
above normal. King tides alone do not constitute nuisance flooding. But it is when
higher sea levels combine with onshore winds and effects related to the slackening
of the Gulf Stream that these nuisances happen. Since sea levels are progressively
rising, the frequency of occurrence of nuisance floods is increasing and when
torrential rainfalls and clogged storm drains coincide with nuisance flood events,
the effects sometimes become somewhat more than a nuisance (Sweet et al. 2014).
As shown in Fig. 7.7, the number of days with nuisance flooding in Atlantic City,
New Jersey have steadily increased from 0 to 5 days per year in the 1950s to over
30 days in 2012. Similar trends are evident at other U.S. Atlantic and Gulf Coast
locations.

7.6 Compound Ocean, Fluvial and Pluvial Flooding

Considerations of coastal flooding tend to place heavy emphasis on storm surge and
model predictions of inland flooding during tropical cyclones produced by storm
surge models, such as SLOSH, as described in subsection 7.3. Storm surges are, of
course, a major concern but their effects are increasingly magnified by those of less

Fig. 7.7 Graph and scatter
plot showing the number of
days per year with nuisance
flooding at Atlantic City, New
Jersey from 1920 to the
present based on NOAA tide
gage records. From Sweet
et al. (2014, NOAA Technical
Report NOS CO-OPS 073)

112 L. D. Wright et al.



well predicted phenomena such river, or fluvial, flooding and pluvial flooding
(Fig. 7.8) by extreme and often unexpected torrential and prolonged rainfall. If the
ground is already saturated from previous rains, the effects can be further exacer-
bated. When all three, or even two, of these inundation phenomena coincide, the
compound effects can be catastrophic as was recently demonstrated when Hurricane
Harvey made landfall on the coast of Texas and caused widespread flooding of
Houston in late August, 2017. The coasts of south Asia are subject to compound
flooding on a near annual basis. As explained in Chap. 2, flooding of the
Ganges-Brahmaputra delta, home to 200 million people, is caused by the combi-
nation of storm surge, river flooding and torrential rain during the summer monsoon
season. In Guangzhou, China and the Pearl River delta, severe rainstorms, which
may or may not accompany typhoons are responsible for 63% of the flood-related
economic losses while storm surges caused by typhoons directly account for 33%
(He and Yang 2011; Chap. 12). Lian et al. (2013) describe the increase of similar
threats from compound flooding in Fuzhou, China, with the greatest threat attri-
butable to heavy rainfall.

Wahl et al. (2015) have examined the joint probability of severe storm surge and
pluvial flooding coinciding in U.S. coastal cities and concluded that the occurrence
of such compound events has increased significantly over the past century. Ikeuchi
et al. (2017) have developed a large-scale global coupled river-coast flood model.
Their results indicate that the greatest risks from compound flooding are in
mega-deltas, particularly the large Asian deltas, and estuaries where storm surges
can propagate over 200 km (124 mile) upstream. A crucial aspect of compound
floods is that the storm surge not only contributes its own component of inundation,

Fig. 7.8 Aerial image of a pluvial flood in Louisiana in 2016. Image created using data collected
by National Oceanic and Atmospheric Administration for the National Geodetic Survey. Credit
Jason Burton/USGS. From Witman (2017)
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it also opposes the drainage of the pluvial floodwaters from the land. This is
illustrated conceptually in Fig. 7.9. Reed et al. (2015) conclude that the risk of such
compound flooding in New York City is increasing.

High sea surface temperatures fuel tropical cyclones in several ways. Most
importantly they favor rapid storm intensification and increased amounts of rainfall
and in combination, these factors can lead to compound flooding. As it traversed the
northern Gulf of Mexico en route to eventual landfall on the east Texas coast,
Hurricane Harvey was nourished by sea surface temperatures in excess of 30 °C
(85 °F). Then, prior to landfall it encountered an eddy consisting of even warmer
water and, overnight, it intensified from a depression to a hurricane (Fischetti 2017)
and incorporated excessive amounts of water vapor into its core before making
landfall as a Category 4 Hurricane and then stalling a short distance inland.
Although the storm surge generated by Harvey was fairly modest in most places,
the rainfall was extreme: peak accumulations reached 64.58 in (164.0 cm) making
Harvey the wettest tropical cyclone to ever hit the U.S. Flooding of Houston was
uncommonly widespread and prolonged. As discussed in Part 1, Chap. 2, rising
ocean temperatures are likely to increase the severity, but not necessarily the fre-
quency, of future such events.

Fig. 7.9 The joint occurrence of torrential rainfall and storm surge causes compound flooding in
coastal regions because storm surge not only causes inundation but also slows or blocks freshwater
drainage. From Wahl and Jains (2015). How storm surges and heavy rainfall drive coastal flood
risk in the U.S. Carbon Brief 27 July 2015. Diagram Credit Theodore Scontras, University of
Maine
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7.7 Flood Mitigation, Storm Water Drainage and Runoff

Extensive engineering works to protect cities and communities from floods have
been constructed in many developed countries, particularly in Europe. As pointed
out in Chap. 6, the low-lying Netherlands has been a world leader in coastal
engineering for many decades. A complex system of dunes, dikes, floodgates and
frequent land reclamation maintains lands that would be frequently or continually
submerged. Subsequent to the devastation caused by Hurricane Katrina, the U.S.
Army Corps of Engineers has completed a $14.5B flood protection system intended
to withstand a 100-year flood event. This system consists of levees, a 26ft (8 m)
high storm surge barrier and high-volume pumps (Fig. 7.10; Burnett 2015).
According to the Southeast Louisiana Flood Protection Authority, the pumping
system is the largest in the world and can fill an Olympic size swimming pool in
3 s. But despite its cost and size, the system still does not meet the design criteria
specified by Congress in 1965 and New Orleans continues to be threatened. And
chronic failures of the system occurred in summer, 2017.

Following the lessons that New York learned from Hurricane Sandy, plans are
underway to surround lower Manhattan with a ten-foot (3 m) high wall extending
from the end of E. 42nd St. to W. 57th St. at a cost of more than US $3 billion
(Goodell 2017).

It is often easier to predict the level of coastal inundation by storm surge than it
is to predict how long it will take for floodwaters to subside. This is because there

Fig. 7.10 Storm surge barrier and pumping pipes at the 17th Street Canal in New Orleans (photo
by David Gilkey/NPR)
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are numerous natural and anthropogenic factors that control storm water drainage
and runoff. Natural factors include the degree to which the ground is already
saturated, whether or not the wind blows from a direction that opposes runoff, local
topography and the stage levels and proximity of local river and streams. Human
factors include the extent of paved surfaces, the effectiveness of drainage systems,
engineered flood control systems such as pumps and—perhaps most difficult of all-
how managers triage decisions regarding the opening or closing of flood control
dams and floodgates. For example, decisions by the U.S. Army Corps of Engineers
concerning where and when to relieve the rising waters of the Mississippi River
flood of 1927 were beneficial for some and devastating-and fatal- for others (Barry
1997).

7.8 The Road Ahead for Flood Mitigation

Goodell (2017) in his popular book The Water Will Come, discusses changing
climate, increasing coastal populations, and significant flood damage that is
occurring worldwide. He provides illustrations of flooding in Miami-Dade County,
where inundation and sewer overflows are attributed to sea level rise and the
conversion of pervious surfaces into impervious (i.e. paved) surfaces, result in
increased volumes of runoff which exceed the capacity of sewer systems. Major
coastal construction efforts are planned to combat sea level rise and sinking cities
such as Venice, the capital of northern Italy’s Veneto region, is a prime example.
Venice, which is reportedly subsiding approximately 1–2 mm per year (0.04–0.08
in. per year), was built on small islands in the Adriatic Sea (e.g., Bock et al. 2012;
Tosi et al. 2015). Complex structures and solutions to protect Venice include
installation of mobile barriers in the lagoon that will lie on the sea floor, but inflate
during high tides. Perhaps the most ambitious and futuristic proposal would involve
injection of billions of gallons of seawater into porous sediments under the
canal-crossed city, to raise the city (e.g., Comerlati et al. 2004; Teatini et al. 2010).
Other options include retreat, which involves no effort to protect the land from
rising sea levels and inundation. This implies acceptance of the reality that people
will not prevent the land from flooding, but must adapt by erecting emergency flood
shelters, elevating buildings, or moving structures inland.
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Chapter 8
Degradation of Coastal Ecosystems:
Causes, Impacts and Mitigation Efforts

C. Reid Nichols, Julie Zinnert and Donald R. Young

The real conflict at the beach is not between the sea and the
shore […] but between man and nature. On the beach nature
has achieved a dynamic equilibrium that is alien to man and his
static sense of equilibrium. Once a line has been established,
whether it is a shoreline or a property line, man unreasonably
expects it to stay put.

—Soucie (1973)

8.1 Synopsis of Coastal Ecosystems at Risk

The coastal zone is shaped by abiotic and biotic forces as evidenced by climate,
tides, waves, longshore currents, geology, aerosols, light penetration, sediment
supply, the seasonal growth and decay of plants, and man-made features that are
observed worldwide. Primary forces such as wind and waves and secondary forces
such as friction combine to form coastal features such as moraines and drumlins,
rivers, bays, cuspate forelands, wave-cut cliffs, barrier islands, coastal inlets,
lagoons, mangrove swamps, coral reefs, deltas, seaports, and even coastal cities.
The processes associated with these coastal features impacts the manner in which
associated coastal ecosystems develop. Examples of the delicate ecosystems that
form in the areas where land and water meet are listed in Table 8.1. These dynamic
locations have a distinct structure, diversity, and flow of energy, which provide
homes for many different types of plants and animals. As explained in Chap. 1,
coasts are complex systems formed by the interaction of a diverse community of
organisms with their environment. They tend to provide easy access to the deep
ocean, a high concentration of nutrients, and various types of protection from
predators (e.g. mangrove swamps, submerged aquatic vegetation, and oyster reefs).
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Table 8.1 There are many types of ecosystems and the following are influenced by oceanic
processes. These coastal ecosystems are listed from the hinterlands across the nearshore and out
into the coastal ocean

Maritime
forests

Wooded habitat found on ground usually higher than dune areas and within
range of salt spray. Trees, bushes, and other plants in maritime forests stabilize
the shoreline and are able to withstand strong winds and periodic flooding.
They provide sheltering effects for the marsh behind the maritime forest

Dunes Coastal mounds or ridges of sand or other loose sediment formed by the wind.
Plants and wrack are barriers to wind flow causing sand to accumulate. Most
coastal dunes are vegetated with grasses and/or small shrubs. Specific species
such as sea oats (Uniola paniculata) and marram grass (Ammophila arenaria)
influence dune formation and growth. “Wrack” is the term for seaweed,
driftwood, and other organic materials produced by coastal ecosystems that
wash ashore and make a high water mark along the shore

Beaches Unstable, constantly changing environments owing to erosion and accretion
by winds, waves, tides, and sea level rise. Organisms living in and on the
beach usually have well-adapted appendages and streamlined bodies

Salt marshes Herbaceous vegetative community occurring in temperate intertidal zones.
Soils tend to be composed of deep mud and peat. These intertidal habitats
provide essential food, refuge, or nursery habitat for many commercial
important fisheries species

Mangroves Halophytic shrub and tree community found where land and ocean meet along
subtropical and tropical coastlines, worldwide. Mangrove tree species with
their roots submerged in water, thrive in hot, muddy, salty conditions.
Mangroves absorb the force of waves as a natural buffer between the land and
sea. They provide essential food, refuge, or nursery habitat for many
commercial important fisheries species

Mud flats Un-vegetated intertidal zones with substrates ranging from sand to mud found
in low energy and shallow-sloped sheltered environments, e.g., between
subtidal channels and vegetated saltmarshes. Mudflats help to dissipate wave
energy and protect salt marshes from eroding. They are characterized by high
biological productivity and an abundance of organisms. They provide a
feeding ground for many species of wildlife

Rocky
shores

Intertidal habitats with hard substrate, complex topography, and diverse biota.
Owing to tides and waves, the rocky shore is characterized by erosional
features such as steep cliffs and boulder rubble. It is often a biologically rich
environment inhabited by organisms that cope with extremes of both
temperature and salinity and flooding and drying

Wetlands Land areas that are saturated with water, either permanently or seasonally.
They are characterized by hydric soils and hydrophytic vegetation. Wetlands,
besides being biologically diverse and highly productive ecosystems, are
nursery areas for many commercially important fisheries species and critical
habitat for migratory birds and waterfowl

Seagrass
beds

Community of flowering plants that are fully-submerged in salty and brackish
waters with a sediment substrate in many parts of the world, from the tropics
to the poles. Seagrasses provide shelter and food to a diverse community of
animals, from tiny invertebrates to marine mammals

Estuaries Semi-enclosed areas where saltwater is diluted by freshwater from land
drainage. Water filtered through estuaries brings in nutrients from the

(continued)
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8.2 Damage Assessments of Coastal Ecosystems

Coastal bays, river mouths, and other wetlands such as marshes are all physically
contiguous to the ocean, but are affected by land drainage. These simple facts led
Cameron and Pritchard (1963) to define estuaries as (a) a semi-enclosed and coastal
body of water, (b) with free communication to the ocean, and (c) within which
ocean water is diluted by freshwater derived from land. Freshwater flow from the
rivers and saltwater flow from the ocean are the main drivers for circulation within
an estuary. Other important factors impacting the salinity of estuaries are evapo-
ration, precipitation, and withdrawals of water for agriculture. Estuaries provide a
variety of important ecosystem services and functions such as serving as natural
filters for runoff and providing nursery grounds for many species of birds, fish, and
other animals. They provide migration stopovers for fish such as American Shad
(Alosa sapidissima), Barramundi (Lates calcarifer), Chinook salmon
(Oncorhynchus tshawytscha), European eel (Anguilla anguilla), Striped Bass
(Morone saxatilis), and White sturgeon (Acipenser transmontanus). Large assess-
ment programs such as the National Estuary Program in the United States have
shown that these regions where land meets the sea are vital for many commercially
important fish species and deserving of protection. Many countries have established
estuarine protected areas to safeguard essential habitat for wildlife, offer educational
opportunities for students, and serve as living laboratories for scientists.

Ecosystems by definition are networks or communities of living and nonliving
things, where these biotic and abiotic components are linked together through
nutrient cycles and energy flows. In the coastal zone, ecosystems usually encom-
pass specific, limited spaces and provide services such as provisioning (the pro-
duction of food and water), regulating (control of climate and disease), supporting
(nutrient cycles and crop pollination), and cultural (spiritual and recreational).

Table 8.1 (continued)

surrounding watershed. Estuarine habitats support unique plant and animal
communities adapted to brackish water. Estuaries also buffer streams, river
channels and coastal shores from excessive erosion caused by wind, waves,
and ice

Coral reefs Layers of calcium carbonate in clear, saline, and tropical waters from corals
that have formed into fringing and barrier reefs as well as atolls. Corals are
marine invertebrates that live in compact colonies of many identical individual
polyps. The largest coral reef is the Great Barrier Reef, which spans 2600 km
(1600 mi) off the east coast of Australia. The largest atoll is the Great Chagos
Bank with an area of 12,642 km2 (4881 mi2) in the Indian ocean. Coral reef
ecosystems feed, shelter and provide habitat for fish and protect the shoreline
from wave and beach erosion

An ecosystem consists of living organisms of a particular habitat together with the physical,
non-living environment in which they live. Coastal ecosystems differ from the freshwater
ecosystems in places such as the Great Lakes since they contain saltwater, which usually
supports different types of species than does freshwater
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Numerous researchers (e.g., Ackerman et al. 2017; Barr et al. 2009; Bramanti et al.
2015; Krumhansla et al. 2016; Muller-Karger et al. 2014; Wieski and Pennings
2014; Zinnert et al. 2011) studying ecosystems through the U.S. Long-Term
Ecological Research (LTER) program have shown that even the smallest change
can impact the entire ecosystem. The LTER network consists of 28 sites with a rich
history of ecological inquiry, collaboration across a wide range of research topics,
and engagement with students, educators, and community members. Several of
these sites are focused primarily on coastal areas including Beaufort Lagoon
Ecosystem, California Current Ecosystem, Florida Coastal Everglades, Georgia
Coastal Ecosystems, Moorea Coral Reef, Northern Gulf of Alaska, Palmer
Antarctica, Plum Island Ecosystems, and the Virginia Coast Reserve.

Through sustained data collection, ecosystem manipulation experiments, and
modeling, researchers have found numerous causes for habitat losses and species
decline. Ecosystem degradation is often blamed on the consumption of assets, for
example, air, water and soil; the destruction of environments and the eradication of
wildlife. However, primary causes can be attributed to a combination of natural
phenomena and man. Natural causes include complex weather patterns such as El
Niño and La Niña and extreme events such as tropical cyclones, droughts, wild
fires, tsunami, and climate change. Anthropogenic causes include coastal popula-
tion explosion, alteration of river flows and sediment loads, mechanical habitat
destruction, overfishing, and pollution. Coastal erosion, as a case in point, may be
caused by waves generated by storms and fast moving motor craft. These forces
contribute to either long-term losses of sediment and rocks, or the temporary
redistribution of coastal sediments from one location (erosion) to another nearby
location (accretion).

8.3 Natural Causes of Degradation

Ecosystem degradation manifested by natural events is much more complicated to
define than changes resulting from man-made causes. New understandings of the
world’s changing climate and the likely implications for coastal ecosystems con-
tinues to challenge scientists, worldwide. Episodic events such as natural disasters
are much easier to define than the slow changes, which are occurring in synchro-
nization with processes such as global warming. Short term, episodic disturbances,
or pulses, in coastal environments are often dramatic and are typified by shoreline
erosion, flattening of dunes, and large sand deposits (overwash) on island interiors.
These changes are most always accompanied by large changes in vegetation, both
community structure and even extirpations of species and entire ecological com-
munities. It should be noted, however, that these disturbances also create oppor-
tunities for species to colonize newly formed sites. Due to the extreme physical
nature of the short term processes, especially wave-related erosion and deposition,
vegetation may reduce storm effects by reducing wave energy and water velocity.
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Climate fluctuations such as the El Niño-Southern Oscillation (ENSO) are nat-
urally occurring phenomena that involve fluctuating ocean temperatures in the
equatorial Pacific. The cycle is illustrated by the Sea Surface Temperature
anomalies in Fig. 8.1 (El Niño, the warm phase) and Fig. 8.2 (La Niña, the cold

Fig. 8.1 El Niño captured in sea surface temperature imagery. During a strong El Niño, as
occurred during 2015, there are resultant weather conditions such as floods that can significantly
affect agriculture and the economy. NOAA/NESDIS image

Fig. 8.2 La Niña captured in sea surface temperature imagery. During this weak La Niña weather
pattern air temperatures and precipitation are lower than normal. NOAA/NESDIS image
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phase). During El Niño, water temperatures in the Pacific Ocean are unusually high,
as much as 7 °F above average. La Niña causes drier than normal atmospheric
conditions and is less frequent. Southern Oscillation is the accompanying atmo-
spheric component, where El Niño is associated with high, and La Niña with low
air surface pressure in the tropical western Pacific. El Niño and La Niña have a
significant impact on coastal processes, especially in a country such as Chile (Gale
2016; Quintana 2000). On average, these conditions occur every two to seven
years. Social and economic impacts of extreme La Niña events in Chile include
stress to the vineyards, timber, mining, and energy sectors. ENSO is a phenomenon
that drives the weather and contributes to flooding and droughts.

Natural hazards such as tropical cyclones, earthquakes, landslides, volcanic
eruptions, tsunamis and wild fires all affect coastal ecosystems. These episodic
events negatively affect the biodiversity of coastal systems through the spread of
invasive species, mass species mortality and loss of habitat. In the short term,
ecosystem degradation reduces ecosystem services such as the ability of kelp forests
to sequester carbon, which exacerbates climate change (Wilmers et al. 2012).
Natural factors influencing kelp forest stability include grazing by fishes, sea
urchins, and crustaceans; plant competition; storms; El Niño events; and sedi-
mentation. Because of their spectacular growth rates, kelp tend to recover quickly
from physical disturbances such as storms that might uproot the fragile plants.
Extreme natural events such as earthquakes can cause the loss of forests due to
landslides, shifting river basins, and even the creation of lakes when landslides dam
rivers and streams. Environmental damage resulting from a disaster may have
consequences on the ecosystem services that are provided.

The destructive effects of a tropical cyclone will depend on the storm’s intensity,
size, and location. Environmental effects include strong wind, heavy precipitation,
large storm surges at landfall, and tornadoes. Impacts extend far beyond the storms
track. Heavy rainfall and floods erode soil, divert rivers, and cause severe damage to
habitats, infrastructure, and entire populations. Imagery following the passage of a
tropical cyclone depicts the losses of forest canopy as well as changes in coastal
landscape such as beach erosion. Heavy inland rainfall can lead to mudslides and
landslides. Destruction of critical infrastructure such as roads, bridges, and pow-
erlines may hamper clean-up and rescue efforts. Standing water can cause the
spread of disease such as West Nile virus, which is most commonly spread to
people by mosquito bites. This was a threat to those people who are spending more
time outside living in inadequate shelters in the aftermath of Hurricane Katrina.
Despite these devastating effects, tropical cyclones are also beneficial, by moving
heat from the tropics toward the poles, bringing rain to dry areas, and
re-oxygenating hypoxic regions. Coastal ecosystems such as mangroves and coral
reefs may act as buffers to lessen the impacts of typical storm-generated waves
(Kerr and Baird 2007; Sheng et al. 2012; Sakib et al. 2015).

Underwater landslides, earthquakes and volcanic eruptions can all cause tsu-
namis, by displacing water that creates long period waves that are sustained by
gravity as they travel towards land at great speeds. In deep water, tsunamis have a
small wave height which rises as the wave reaches shallow water and land. The
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resulting damage to coastal ecosystems such as coral reefs, mangrove forests and
wetlands, which are all dependent on each for nutrient supplies, can be severe. As
an example, the Indian Ocean earthquake and tsunami occurring on December 26,
2004, triggered a series of devastating tsunamis along the coasts of most land-
masses bordering the Indian Ocean, killing hundreds of thousands of people in 14
countries, and inundating coastal communities with reported wave heights of 30 m
(100 ft). The tsunami caused accumulated debris in lagoons and other coastal
ecosystems, plus salt intrusion inland, which negatively affected local fisheries and
agricultural productivity and increased vulnerability to erosion. The Indian Ocean
earthquake and tsunami of 2004 was one of the deadliest natural disasters in
recorded history (Chap. 7).

Active volcanoes such as on Pagan Island in the Marianas Island spew gas and
ash causing damage to the plant life, the soil, polluting water bodies (e.g., Laguna
Sanhalom and Sanhiyon), and possibly severe damage to people visiting the island.
Active volcanoes can erupt explosively or ooze magma for weeks or even years.
Regions near an active vent are incompatible with life. North of the Marianas is a
more dangerous volcanic island, Iwo To (aka Iwo Jima), which has a growing
magma chamber underneath. An eruption could cause a tsunami that would impact
southern Japan and coastal China including megacities Shanghai and Hong Kong.

Landslides and debris flows cause damage to coastal ecosystems by overturning
soil horizons, burying vegetation, polluting water bodies and damaging entire
habitats and infrastructure. Heavy waves and precipitation following other natural
phenomena, such as an earthquake, wildfire, or flood, might trigger landslides and
debris flows. Vulnerable areas include cliffs and coastal bluffs worldwide.
Leshchinsky et al. (2017) describe landslides occurring along the U.S. Pacific
coastline in Washington, Oregon, and California. The loss of life and property is
attributed to structures that are located in areas that are geologically prone to slope
instability. Mitigation might involve restricting development in landslide-prone
areas and developing and installing monitoring and warning systems.

Strong winds, ice, snow and tornadoes are natural occurrences that can cause
extensive damage to maritime forests by uprooting, wounding, bending and
breaking trees. Hailstorms accompanied by heavy rain, as is the case with some
thunderstorms, may cause large amounts of soil to be eroded. Excessive rainfall
events can produce a large amount of water in a short period of time across local
areas. This excess of water overwhelms the local watershed and leads to flooding.
Sediment laden waters following these storms may smoother oyster and coral reefs
and block sunlight from submerged aquatic vegetation.

By comparison, long-term variability due to natural processes (i.e. longshore
current erosion or deposition of sediments, Aeolian transport of sediments) or
changing climate (i.e. temperature induced range shifts, sea level rise, ocean
acidification) is subtler, but is essential for the development and stability of coastal
systems. Climate change impacts all coastal ecosystems from estuaries and coral
reefs to rocky shores and mangrove forests. It is leading to spatial variations in
species composition partly due to range expansion, which creates new ecosys-
temsthat are outside the range of historical dominance. Researchers are studying the
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warmer bottom water temperatures found along the continental shelf off North
Carolina and how these temperatures are affecting the area’s species composition.
Likewise, researchers are also studying temperature induced range shifts in both
plants and animals of coastal areas (Perry et al. 2005; Harley et al. 2006; Zinnert
et al. 2011; Harris et al. 2017; Huang et al., in review).

Sea level rise in coastal areas and small islands causes seawater to reach further
inland. The impacts which are being documented more and more are destructive
erosion, wetland flooding, aquifer and agricultural soil contamination, and lost
habitat for many animal and plant species. Saltwater from rising sea levels and
storm surges threatens freshwater supplies. Several studies in recent years have
indicated accelerating sea level rise along the coastal mid-Atlantic region (Sallenger
et al. 2012; Ezer et al. 2013). A northeast hotspot of sea level rise has been
identified ranging from north of Cape Hatteras NC to Cape Cod, MA. Here sea
level rise is approximately 3–4 times higher than the global average (Sallenger et al.
2012). As a result of this accelerated regional sea level rise, many mid-Atlantic
coastal communities have experienced increased frequency in flooding (Ezer et al.
2013). A challenge to analyzing sea level data arises from the spatial and temporal
variability in ocean dynamics that affect coastlines (Ezer 2013; Ezer et al. 2013),
and ultimately confounds predictions in coastal communities. Sea level rise may
reduce the spatial extent of available habitat or cause changes between ecosystem
states by outpacing the accretion rates of coastal ecosystems (i.e., barrier islands,
marshes, coral reefs) (Harley et al. 2006; Zinnert et al. 2016).

Ocean acidification is likely to negatively impact calcifying animals and plants.
Decreases in carbonate ions can make building and maintaining shells and other
calcium carbonate structures difficult for organisms such as oysters, clams, sea
urchins, shallow water corals, deep sea corals, and calcareous plankton. Researches
such as Azevedo et al. (2015) have studied the impact of increased ocean acidity on
the growth, reproduction, and survival of calcifying organisms.

8.4 Anthropogenic Causes

Man has contributed to the disintegration of coastal zones since areas such as
marshes, mangroves, and locations near seagrass beds were first inhabited.
Deterioration of the environment occurs through unsustainable consumption of
natural resources, pollution, the mechanical destruction of habitat, and the intro-
duction on nonindigenous species, which all contributes to ecosystem alterations.
Overhunting of the Caribbean monk seal (Neomonachus tropicalis), which has not
been seen since 1952, contributed to the declaration of this marine mammal’s
extinction in 2008 by the International Union for Conservation of Nature, the
International Convention on Trade in Endangered Species, and the National
Oceanic and Atmospheric Administration.

126 C. R. Nichols et al.



Many anthropogenic factors tend to be interconnected and are difficult to isolate.
For example, over population causes all types of human and coastal ecosystem
issues and has been linked to global warming and habitat loss. This is illustrated by
the heat island effect, where built up areas have been shown to be hotter than nearby
rural areas. According to the EPA (2008), the annual mean air temperature of a city
with 1 million people or more can be 1–3 °C (1.8–5.4 °F) warmer than its sur-
roundings and in the evening, the difference can be as high as 12 °C (22 °F). Heat
islands can affect communities by increasing summertime peak energy demand, air
conditioning costs, air pollution and greenhouse gas emissions, heat-related illness
and mortality, and water quality. Social problems from overpopulation include
urban sprawl, overproduction, and the over consumption of finite natural resources,
such as fresh water, arable land and fossil fuels. Urban sprawl includes the
expansion of cities and roads that contribute to drainage issues that cause stress
factors to ecosystems, especially those which are highly fragile as a result of their
weather conditions and the nature of their soil and water. Overpopulation is a major
factor in ecosystem degradation through excessive exploitation of wildlife species
either to feed the population or for other commercial objectives such as in the trade
of animal furs or skins. In some cases, the use of inappropriate harvesting tech-
niques such as dynamite fishing endangers the existence of many species, altering
the food chain, and consequently deteriorating coastal ecosystems. The introduction
of nonindigenous species for agriculture and exotic species as pets has been shown
to endanger the existence of indigenous species. Non-native species if left to spread
are likely to cause economic or environmental harm or harm to human and animal
health. They are a threat to biodiversity.

Fishing constitutes an important source of livelihood and food for millions of
people, but if done in unsustainable ways is a major contributor to degradation in
coastal ecosystems. Overfishing is a form of overexploitation where marine species
are reduced to below acceptable levels, i.e., fish are taken from the sea at rates too
high for the fished species to replace themselves. Jackson et al. (2001) clearly
illustrate the significance of overfishing to coastal ecosystem degradation by
highlighting changes to food webs. It is well known that overfishing occurred to
whale species such as the Blue (Balaenoptera musculus), Humpback (Megaptera
novaeangliae), North Atlantic Right (Eubalaena glacialis) whales during the 19th
century when whale blubber was sought for lamp oil. In the 20th century, especially
with development of more effective high-technology fishing gear, it became readily
apparent that once productive stocks from fishing grounds such as the Georges
Bank, located between Cape Cod, Massachusetts, and Cape Sable Island, Nova
Scotia, were not inexhaustible as evidenced by drastic declines in Atlantic halibut
(Hippoglossus hippoglossus) and Cod (Gadus morhua) catches. The decline in fish
stocks poses a disturbing, and potentially dangerous, threat to life in the ocean.
Depletion of fish stocks results in a decrease in food supply from the sea, economic
loss, hardship to fishers and disruption of traditional ways of life. Overfishing thus
threatens the ecosystem, the sustainable use of fishing grounds and the livelihood of
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fishing communities. Some types of fishing techniques or gear may damage coral
reef ecosystems. Spraying or dumping sodium cyanide on reefs to catch aquarium
fish can damage and kill corals. Anchors, gill nets, and bottom trawl nets can break
shallow- and deep-water coral, causing irreparable damage. Unsustainable fishing
practices illustrate how entire ecosystems may be degraded, and even destroyed, by
human actions.

Deforestation, usually through cutting or burning, to advance agriculture con-
tributes to the degradation of ecosystems. In Central and South America, more
tropical rainforest lands are deforested for commercial agriculture, live-stock
rearing, and for wood then in any other location. For example, estimates for lost
rainforest coverage from 1990 to 2005 were Honduras 37.1%, Nicaragua 20.6%,
Costa Rica lost 6.8%, Panama 1.9%, and Colombia 1.2%. Assessments were made
using satellite imagery and are published by organizations such as the Food and
Agriculture Organization of the United Nations. Deforestation processes make the
land more susceptible to erosion by both winds and water which increases sediment
load to estuaries and the coastal ocean. Another major cause of the deterioration of
coastal ecosystems is the draining of wide areas of wetlands to give access to
agricultural zones or expanding housing.

Land reclamation, dike reinforcement, and deepening of shipping channels is
common practice in the Netherlands and has resulted in substantial tidal marsh loss.
For example, in the Scheldt estuary, marshes have been removed and eroded over
the last several hundred years, with 2500 ha (6178 acres) lost since 1900 (Eertman
et al. 2002). Deepening of shipping channels is occurring worldwide in estuaries
and has significant consequences to the ecosystem as well as increased flood
potential inland. Channel deepening enhances turbidity of sediments in the water
column, increases salinity upstream, and increases tidal amplitude and flow. More
recently, the recognition of natural marsh systems in reducing tidal energy have led
to the protection and restoration of tidal salt marshes in many areas.

Ecosystem degradation may be attributed to land and water pollution. Land
pollution is the contamination of land with hazardous waste like garbage and other
waste materials. Heavy metals in the soil may be consumed by plants and animals
and then when the next consumer feeds on either the plant or the animal, it accu-
mulates and contaminates the body. Land pollution contributes to excess sedi-
mentation, which causes changes in water quality and negatively impacts many
marine species. Water Pollution is the contamination of the aquifer, streams, rivers,
estuaries, and oceans by substances harmful to living things. Impure water kills
phytoplankton, zooplankton, and many larger plants and animals. It contributes to
known diseases, child-birth defects, and cancer. Pollution, in whatever form,
whether it is air, water, land or noise is harmful to coastal ecosystems.

The mining of natural resources may cause drastic changes in the natural
landscape while degrading its valuable ecosystems. Strip mines that remove top
soil, subsoil, and rock cause extensive damage such as erosion. Further, sulfur
deposits which may be associated with coal mining pollute nearby waterbodies. The
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sulfur reacts with water in the presence of air to create sulfuric acid. The resultant
sediment laden and acidic runoff enters streams and rivers below. Strip mines
should be regraded and then covered with topsoil and replanted. Oil exploration and
production has also polluted the environment owing to eroded and broken pipeli-
nes, blowouts, spills, and oil fires. Reed and Fitzgerald (2011) describe the horrific
blowout of the Macondo well in the Gulf of Mexico on April 20, 2010. By the time
the well was capped on July 15, 2010 (87 days later), an estimated 3.19 million
barrels of oil had leaked into the Gulf of Mexico making this the worst oil spill in
U.S. history. Once the oil reached the coast it coated plants such as cordgrass
(Spartina alterniflora) that were along the marsh edge, which damaged the plants
and wildlife that depend on those plants. Oil sinking to bottom has a similar effect
on submerged aquatic plants, coral and oyster reefs, and other members of the food
chain. Rangoonwala et al. (2016), described how the combined impacts of oil spills
and storm surge increase shoreline recession.

8.5 Vulnerable Coral Reefs

Coral reefs are among the most diverse and productive communities on Earth and
we rely on reef ecosystems for food, shelter, tourism and recreation. Degradation of
these tropical ecosystems is described in Chap. 5. As explained in that chapter,
rising sea surface temperatures are causing coral bleaching on the Great Barrier
Reef of Australia and elsewhere. International research programs such as CoML,
European Land-Ocean Interaction Studies, International Coral Reef Initiative, and
Land-Ocean Interactions in the Coastal Zone are working to understand the extent
of and reasons for the decline of coral reefs, worldwide. Research results will help
coastal zone managers to implement more effective ways to protect these resources.
In shallow water, healthy coral reefs absorb wave energy and protect our coasts
from waves, storms, and floods. There are also important coralline habitats
occurring at depths below 50 m (164 ft) that provide vertical structure above the
seafloor for other species. These cold water corals are found in many different
places around the world and include Antipatharia (black corals), Gerardia (gold
corals), Stylasteridae (lace corals), and Gorgonians (sea fans and sea whips). Black
coral, the official state gem of Hawaii, have been harvested for charms and medicine
since antiquity. Cold water and slow-growing corals are increasingly threatened by
a variety of activities ranging from bottom fishing to energy exploration. Lumsden
et al. (2007), Wilkinson (2008), and resources provided by the NOAA Coral Reef
Conservation Program also document coral threats, declines, and their societal
impact.
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8.6 Preserving Threatened Ecosystems

The coastal ocean and its many ecosystems are a valuable public good. One’s
enjoyment of a saltmarsh or mangrove forest does not diminish the ability of other
people to enjoy these open spaces. Similarly, people should not be prevented from
enjoying, learning, being protected, and benefiting from these coastal habitats. Louv
(2008), describes the societal importance of nature (physical, emotional, and spir-
itual wellbeing) and the costs of alienation from nature. Owing to overexploitation
of coastal ecosystems and growing knowledge about their importance, communities
are starting to balance the future land-use needs of wildlife and people. Through
careful planning, healthy ecosystems are being maintained for people as well as
wildlife. Restoration activities include returning abiotic factors (e.g., soil chemistry,
water quality, beach extent) and biotic factors (e.g., species composition, food
webs, submerged aquatic vegetation beds, oyster reefs) to historical levels.
Organizations such as the Chesapeake Bay Foundation have evaluated different
habitat restoration techniques for seagrass beds and oyster beds in order to
implement estuarine restoration and stewardship programs. Progress is evidenced
by imagery of expanding seagrass beds and recent improvements in the spawning
of Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus), an endangered species that
was historically overfished and is susceptible to poor water quality.

From an economic standpoint, estuaries are especially important to provide
natural buffers to sea level rise, for supporting commercial fisheries, and are
therefore vital to the economy. This makes research into these ecosystems espe-
cially important. In the United States, NOAA has established the National Estuarine
Research Reserve System as a network of protected estuarine areas or natural field
laboratories to develop and implement coordinated programs of research, moni-
toring, education and volunteer activities. These reserves are actually partnerships
among NOAA, non-governmental organizations such as The Nature Conservancy,
coastal states, and territories. Each reserve is managed on a day-to-day basis by a
lead state agency or university, with input from local partners. These reserves,
which are listed in Table 8.2, promote coastal and estuarine stewardship. From an
international perspective, the Man and the Biosphere Programme of the United
Nations Educational, Scientific and Cultural Organization has established a World
Network of Island and Coastal Biosphere Reserves. Research is focused on
studying and implementing coastal strategies to preserve biodiversity and heritage,
promote sustainable development, and adapt to and mitigate the effects of climate
change. The World Network of Biosphere Reserves currently counts 669 sites in
120 countries.
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Table 8.2 The U.S. National Estuarine Research Reserve System is comprised of a network of
coastal sites designated to protect and study estuarine systems. These reserves serve as sentinel
sites to better understand the effects of climate change

Reserve Location URL

Kachemak Bay Southern end of
the Kenai
Peninsula in
Southcentral
Alaska

http://accs.uaa.alaska.edu/kbnerr/

Padilla Bay Bay View,
Washington

http://www.ecy.wa.gov/programs/sea/
padillabay/index.html

Lake Superior St. Louis river
Estuary between
Superior,
Wisconsin, and
Duluth,
Minnesota

http://lakesuperiorreserve.org/

Wells Reserve at Laudholm Wells, Maine http://www.wellsreserve.org/

Great Bay Greenland, New
Hampshire

https://www.greatbay.org/

South Slough Coos estuary on
the south coast
of Oregon

http://www.oregon.gov/DSL/SS/Pages/
About.aspx

Waquoit Bay Cape Cod,
Massachusetts

http://www.waquoitbayreserve.org/

Narragansett Bay Prudence,
Patience, Hope
and Dyer Islands
in Rhode Island

http://nbnerr.org/

Hudson River Along Hudson
River in New
York

https://www.hrnerr.org/

Old Woman Creek Along Lake Erie
near Huron, OH

http://naturepreserves.ohiodnr.gov/
oldwomancreek

Jacques Cousteau Atlantic coastal
plain in New
Jersey

https://jcnerr.org/

San Francisco Bay North of Golden
Gate along the
western shore of
San Francisco
Bay

http://www.sfbaynerr.org/

Delaware Upper Blackbird
Creek and
Lower St. Jones
River, which
drain into
Delaware Bay

http://www.dnrec.delaware.gov/coastal/
DNERR/Pages/
DelawareNationalEstuarineResearchReserve.
aspx

(continued)
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Table 8.2 (continued)

Reserve Location URL

Chesapeake Bay Sites located in
upper, middle,
and lower
Chesapeake Bay

http://dnr.maryland.gov/waters/cbnerr/Pages/
default.aspx

Elkhorn Slough Monterey Bay,
California

http://www.elkhornslough.org/

N.C. Coastal Reserve &
National Estuarine Research
Reserve

Barrier islands
and lagoons
along the
Carolina Capes

http://www.nccoastalreserve.net/web/crp

Tijuana River California coast
bounded by
Tijuana,
Imperial Beach,
and San Diego

http://trnerr.org/

North Inlet-Winyah Bay Along the coast
near
Georgetown,
South Carolina

http://www.northinlet.sc.edu/

Ashepoo-Combahee-Edisto
Basin

Beaufort,
Colleton and
Charleston
Counties in
Southeastern
South Carolina

http://www.dnr.sc.gov/marine/NERR/index.
html

Sapelo Island One of
approximately
15 of Georgia’s
major barrier
islands

http://sapelonerr.org/

Guana Tolomato Matanzas North of St.
Augustine and
south
Jacksonville,
Florida

http://www.gtmnerr.org/

Weeks Bay Along the
eastern shore of
Mobile Bay in
Baldwin
County,
Alabama

http://www.outdooralabama.com/weeks-bay-
reserve

Grand Bay Along the
Mississippi
River Delta on
the southeastern
coast of
Mississippi

http://grandbaynerr.org/

(continued)

132 C. R. Nichols et al.

http://dnr.maryland.gov/waters/cbnerr/Pages/default.aspx
http://dnr.maryland.gov/waters/cbnerr/Pages/default.aspx
http://www.elkhornslough.org/
http://www.nccoastalreserve.net/web/crp
http://trnerr.org/
http://www.northinlet.sc.edu/
http://www.dnr.sc.gov/marine/NERR/index.html
http://www.dnr.sc.gov/marine/NERR/index.html
http://sapelonerr.org/
http://www.gtmnerr.org/
http://www.outdooralabama.com/weeks-bay-reserve
http://www.outdooralabama.com/weeks-bay-reserve
http://grandbaynerr.org/


8.7 Conclusions

Coastal ecosystem degradation is a worldwide threat and can occur through
numerous natural or anthropogenic processes or, more often, a combination of both.
It leads to depletion of resources such as clean air, water and soil and the reductions
ecosystem diversity and in the goods and services that ecosystems offer (e.g.,
negatively affecting indigenous people and/or migratory species). The impacts of

Table 8.2 (continued)

Reserve Location URL

Apalachicola Lower
Apalachicola
River and
floodplain, as
well as most of
Apalachicola
Bay in
Northwest
Florida

https://floridadep.gov/FCO/NERR-
Apalachicola

He’eia Along He’eia
estuary, Moku o
Lo‘e (Coconut
Island), and a
portion of
Kāne’ohe Bay

http://www.nerra.org/nerra-news/aloha-he%
CA%BBeia-reserve/

Mission-Aransas Western Gulf of
Mexico
estuarine system
which includes
the Aransas and
Mission rivers

http://missionaransas.org/

Rookery Bay Northern end of
Ten Thousand
Islands on the
gulf coast of
Florida and
considered the
westernmost
extent of the
Florida
Everglades
ecosystem

https://rookerybay.org/

Jobos Bay Southern coast
of Puerto Rico,
between the
municipalities of
Guayama and
Salinas

http://www.nerra.org/reserves/jobos-bay-
national-estuarine-research-reserve/
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degradation are evidenced by habitat loss, the extinction of wildlife such as the
Caribbean monk seal (Neomonachus tropicalis), and pollution. Ecosystem changes
must be measured and understood in order to devise techniques that can be
implemented to slow or prevent degradation, including science-based coastal
ecosystem protection efforts. A healthy coastal ecosystem represents a source of
wealth for society, hence the importance to restore and sustain coastal ecosystems.

Research, monitoring, and assessments are required to fully-understand and
manage factors that stress coastal ecosystems (Busch and Trexler 2003).
International programs such as the Census of Marine Life (CoML) and regional
projects such as Long-term Coastal Ecosystem Monitoring Program at the Cape
Cod National Seashore are critical to understanding ecosystem status and trends.
Progress is made through integrated assessments that describe the ecosystem, assess
its current condition or health, forecast future ecological health based on current
management, and evaluate alternative management options and their consequences.
Historical information, imagery, in situ sensors and model output are all useful to
understand loss of biodiversity by elimination of indigenous species, alteration of
trophic dynamics, degradation of habitats, and diminution of fisheries productivity.

References

Ackerman, Daniel, Daniel Griffin, Sarah E. Hobbie, and Jacques C. Finlay. 2017. Arctic shrub
growth trajectories differ across soil moisture levels. Global Change Biology 23 (10): 4294–
4302.

Azevedo, Ligia B., A.M. De Schryver, A. Jan Hendriks, and Mark A.J. Huijbregts. 2015.
Calcifying species sensitivity distributions for ocean acidification. Environmental Science &
Technology 49 (3): 1495–1500. https://doi.org/10.1021/es505485m.

Barr, Jordan G., Jose D. Fuentes, Vic Engel, and Joseph C. Zieman. 2009. Physiological responses
of red mangroves to the climate in the Florida Everglades. Journal of Geophysical Research
114: G02008. https://doi.org/10.1029/2008JG000843.

Bramanti, Lorenzo, Mimmo Iannelli, Tung-Yun Fan, and Peter J. Edmunds. 2015. Using
demographic models to project the effects of climate change on scleractinian corals:
Pocillopora damicornis as a case study. Coral Reefs 34 (2): 505–515.

Busch, David E., Joel C. Trexler, and Monitoring Ecosystems. 2003. Interdisciplinary approaches
for evaluating ecoregional initiatives. Washington, D.C.: Island Press.

Cameron, W.M., and D.W. Pritchard. 1963. Estuaries. In The Sea, vol. 2, ed. M.N. Hill, 306–324.
New York: John Wiley & Sons.

Eertman, Richard H.M., Bart A. Kornman, E. Stikvoort, and Verbeek Harm. 2002. Restoration of
the Sieperda tidal marsh in the Scheldt estuary, The Netherlands. Restoration Ecology 10 (3):
438–449.

Ezer, Tal. 2013. Sea level rise, spatially uneven and temporally unsteady: Why the U.S. East
Coast, the global tide gauge record, and the global altimeter data show different trends.
Geophysical Research Letters 40 (20): 5439–5444.

Ezer, Tal, Larry P. Atkinson, William B. Corlett, and Jose L. Blanco. 2013. Gulf Stream’s induced
sea level rise and variability along the U.S. mid-Atlantic coast. Journal of Geophysical
Research Oceans 118 (2): 685–697.

Gale, Alana. 2016, May 19. El Niño in Chile, Southern Pacific Review. Available online. http://
southernpacificreview.com/2016/05/20/el-nino-chile/. Accessed 24 Jan 24, 2017.

134 C. R. Nichols et al.

http://dx.doi.org/10.1021/es505485m
http://dx.doi.org/10.1029/2008JG000843
http://southernpacificreview.com/2016/05/20/el-nino-chile/
http://southernpacificreview.com/2016/05/20/el-nino-chile/


Harley, Christopher D.G., A. Randall Hughes, Kristin M. Hultgren, Benjamin G. Miner,
Cascade J.B. Sorte, Carol S. Thornber, Laura F. Rodriguez, Tomanek Lars, and Susan L.
Williams. 2006. The impacts of climate change in coastal marine systems. Ecology Letters 9
(2): 228–241.

Harris, April L., Julie C. Zinnert, and Donald R. Young. 2017. Differential response of barrier
island dune grasses to species interactions and burial. Plant Ecology 218: 609–619. https://doi.
org/10.1007/s11258-017-0715-0.

Huang H, J.C. Zinnert, L.K. Wood, D.R. Young, and P D’Odorico (in review). A non-linear shift
from grassland to shrubland in temperate barrier islands. Ecosystems.

Jackson, Jeremy B.C., Michael X. Kirby, Wolfgang H. Berger, Karen A. Bjorndal, Louis W.
Botsford, Bruce J. Bourque, Roger H. Bradbury, Richard Cooke, Jon Erlandson, James A.
Estes, Terence P. Hughes, Susan Kidwell, Carina B. Lange, Hunter S. Lenihan, John M.
Pandolfi, Charles H. Peterson, Robert S. Steneck, Mia J. Tegner, and Robert R. Warner. 2001.
Historical overfishing and the recent collapse of coastal ecosystems. Science 293 (5530): 629–
638.

Kerr, Alexander, and Andrew H. Baird. 2007. Natural barriers to natural disasters. BioScience 57
(2): 102–103.

Krumhansla, Kira A., Daniel K. Okamoto, Andrew Rassweiler, Mark Novak, John J. Bolton,
Kyle C. Cavanaugh, Sean D. Connell, Craig R. Johnson, Brenda Konar, Scott D. Ling,
Fiorenza Micheli, Kjell M. Norderhaug, Alejandro Pérez-Matus, Isabel Sousa-Pinto, Daniel C.
Reed, Anne K. Salomon, Nick T. Shears, Thomas Wernberg, Robert J. Andersond, Nevell S.
Barrett, Alejandro H. Buschmann, Mark H. Carr, Jennifer E. Caselle, Sandrine
Derrien-Courtel, Graham J. Edgar, Matt Edwards, James A. Estes, Claire Goodwin,
Michael C. Kenner, David J. Kushner, Frithjof E. Moy, Julia Nunn, Robert S. Steneck,
Julio Vásquez, Jane Watson, Jon D. Witman, and Jarrett E.K. Byrnes. 2016. Global patterns of
kelp forest change over the past half-century. Proceedings of the National Academy of Sciences
of the United States 113 (48): 13785–13790.

Leshchinsky, Ben, Michael J. Olsen, Curran Mohney, Kira Glover-Cutter, Geoff Crook, Jonathan
Allan, Michael Bunn, Matthew O’Banion, and Nicolas Mathews. 2017. Mitigating coastal
landslide damage. Science 357 (6355): 981–982.

Louv, Richard. 2008. Last child in the woods: Saving our children from nature-deficit disorder.
Chapel Hill, NC: Algonquin Books.

Lumsden, S. Elizabeth, Thomas F. Hourigan, Andrew W. Bruckner, and Gabrielle Dorr (eds.).
2007. The state of deep coral ecosystems of the United States. NOAA Technical Memorandum
CRCP-3. Silver Spring, MD: National Marine Fisheries Service.

Muller-Karger, Frank E., Maria T. Kavanaugh, Enrique Montes, Willaim M. Balch, Mya Breitbart,
Francisco P. Chavez, Scott C. Doney, Elizabeth M. Johns, Ricardo M. Letelier, Michael W.
Lomas, Heidi M. Sosik, and Angelicque E. White. 2014. A framework for a marine
biodiversity observing network within changing continental shelf seascapes. Oceanography. 27
(2): 18–23.

Perry, Allison L., Paula J. Low, Jim R. Ellis, and John D. Reynolds. 2005. Climate change and
distribution shifts in marine fishes. Science 308 (5730): 1912–1915.

Quintana, Juan. 2000, July 1. The drought in Chile and La Niña. Drought network news (1994–
2001). Paper 71. Available online. http://digitalcommons.unl.edu/droughtnetnews/71.
Accessed 24 Jan 2017.

Rangoonwala, Amina, Cathleen E. Jones, and I.I.I. Elijah Ramsey. 2016. Wetland shoreline
recession in the Mississippi river from petroleum oiling and cyclonic storms. Geophysical
Research Letters 43 (22): 11652–11660.

Reed, Stanley, and Alison Fitzgerald. 2011. In too deep: BP and the drilling race that took it
down. Hoboken, NJ: Bloomberg Press.

Sallenger Jr., H. Asbury, Kara S. Doran, and Peter A. Howd. 2012. Hotspot of accelerated
sea-level rise on the Atlantic coast of North America. Nature Climate Change 2: 884–888.
https://doi.org/10.1038/nclimate1597.

8 Degradation of Coastal Ecosystems: Causes, Impacts … 135

http://dx.doi.org/10.1007/s11258-017-0715-0
http://dx.doi.org/10.1007/s11258-017-0715-0
http://digitalcommons.unl.edu/droughtnetnews/71
http://dx.doi.org/10.1038/nclimate1597


Sakib, Mohiuddin, Fatin Nihal, Anisul Haque, Mansur Rahman, and Mansur Ali. 2015. Sundarban
as a buffer against storm surge flooding. World Journal of Engineering and Technology 3 (3):
59–64.

Sheng, Y. Peter, Andrew Lapetina, and Gangfeng Ma. 2012. The reduction of storm surge by
vegetaion canopies: Three-dimensional simulations. Geophysical Research Letters 39
(L20601). https://doi.org/10.1029/2012gl053577.

U.S. Environmental Protection Agency. 2008. Reducing urban heat islands: Compendium of
strategies. Available online. https://www.epa.gov/heat-islands/heat-island-compendium.
Accessed on 6 Nov 2017.

Soucie, Gary. 1973. Where beaches have been going: Into the Oceans. Smithsonian 4 (3): 55–61.
Wieski, K., and S. Pennings. 2014. Climate drivers of Spartina alterniflora Saltmarsh production

in Georgia, USA. Ecosystems. 17 (3): 473–484. https://doi.org/10.1007/s10021-013-9732-6.
Wilkinson, Clive (ed.). 2008. Status of the coral reefs of the world: 2008. Townsville, Australia:

Global Coral Reef Monitoring Network and Reef and Rainforest Research Centre. 296pp.
Wilmers, C.C., J. Estes, M. Edwards, K. Laidre, and B. Konar. 2012. Do trophic cascades affect

the storage and flux of atmospheric carbon? An analysis of sea otters and kelp forests.
Frontiers in Ecology and the Environment 10 (8): 409–415.

Zinnert, J.C., Sheri A. Shiflett, Jaclyn K. Vick, and Donald R. Young. 2011. Woody vegetative
cover dynamics in response to recent climate change on an Atlantic coast barrier island: A
remote sensing approach. Geocarto International 26 (8): 595–612.

Zinnert, J.C., S.A. Shiflett, S. Via, S. Bissett, B. Dows, P. Manley, and D.R. Young. 2016.
Spatial-temporal dynamics in barrier island upland vegetation: The overlooked coastal
landscape. Ecosystems 19 (4): 685–697.

136 C. R. Nichols et al.

http://dx.doi.org/10.1029/2012gl053577
https://www.epa.gov/heat-islands/heat-island-compendium
http://dx.doi.org/10.1007/s10021-013-9732-6


Chapter 9
Coastal Erosion and Land Loss: Causes
and Impacts

Lynn Donelson Wright, Wei Wu and James Morris

We speak of course of that narrow strip of land over which
ocean waves and moon-powered tides are masters-that margin
of territory that remains wild despite the proximity of cities….

—W. J. Dakin—Australian Seashores

9.1 Shore “Volatility” Versus Net Erosion and Retreat

The margins of the sea are encroaching landward throughout most of the world.
This is happening not simply because of sea level rise (SLR) and the inundation
phenomena discussed in Chap. 7, but also because the solid material-sand, mud,
gravel-composing the shore and the subaerial and subaqueous lands immediately
adjacent to it is being displaced. It has long been accepted that shores—particularly
sandy beaches—are cut back during high wave energy events but recover following
periods of moderate to low energy during which long-period swell waves return
sediments shoreward. Shepard (1950) offered the original, and classic, description
of these beach “cycles” with reference to the beach at Scripps Institute of
Oceanography in Southern California. More recent discussions of beach mobility
can be found in most texts on coastal processes (e.g. Komar 1998; Dean and
Dalrymple 2002). Such quasi-cyclic changes may be regarded as a type of volatility
but not necessarily as indicative of chronic or irreversible coastal retreat.

The quasi-cyclic seasonal erosion and recovery of beaches are commonly
superimposed on longer-term trends. When the sediments composing the shores,
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dunes and shallow sea floor are transported seaward by extreme events to depths
beyond the maximum depth from which constructive or fair weather processes can
return them, then erosion may be permanent, the shores will retreat landward and
seas will encroach on the coastal hinterlands. Similarly, sediments cast landward by
high waves and storm surge or moved along the coast by shore parallel currents will
lead to retreat. In the simplest terms, when the rate of removal of coastal material
exceeds the rate of input, recession will be the result and this recession will add to
and exacerbate the landward translation of the land-sea interface that accompanies
SLR alone. Based on a recent literature review and numerical modeling analysis,
Vitousek et al. (2017) argue that because of the combination of rising sea level and
anthropogenic severance of natural sediment to the coast, many beaches, particu-
larly those on the Southern California coast, are likely to vanish by the end of the
century.

9.2 Erosion of Coastal Barrier Islands and Contiguous
Wetlands

According to Stutz and Pilkey (2001), coastal barrier islands and barrier spits fringe
roughly 7% of the world’s coasts. Such barrier systems dominate the shores of U.S.
Atlantic and Gulf of Mexico coasts. Although coastal barrier islands are not usually
the sites of dense habitation, except in cases of high tourist-oriented communities
such as the Outer Banks of North Carolina, Florida’s resort coasts and Australia’s
Gold Coast, they provide essential protection for communities and ecosystems
situated immediately landward of the shallow lagoons or wetlands that back the
islands. Erosion of the barrier systems removes or reduces the shelter provided by
the islands and recent studies indicate that barrier systems are presently receding at
alarming rates by way of different modes. Without the protection of the barriers, the
wetlands that often exist behind the barrier islands or spits are subject to rapid, and
often permanent loss. According to NOAA (2016. U.S. Climate Resilience Toolkit),
between 1998 and 2009, the U.S. lost a total wetlands area greater than the area of
the state of Rhode Island.

Cowell et al. (1995) and subsequently Lorenzo-Trueba and Ashton (2014)
developed morphodynamic behavioral models to explain how barrier islands may
retreat as sea levels rise. These models typically assume that some kind of equi-
librium profile is maintained as the barriers migrate shoreward. Lorenzo-Trueba and
Ashton (2014) describe four general modes of barrier retreat as predicted by their
model. In the first, and simplest, mode, dynamic equilibrium is maintained and the
shape and volume of the barrier are preserved as the barrier advances landward by
overwash of dune sands onto the land surface or wetlands behind. The second
possibility, “height drowning” prevails when the rate of overwash is insufficient to
keep pace with landward migration and the barrier eventually becomes submerged.
“Width drowning” occurs when the landward delivery of sand from the shoreface
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(or surf zone) is inadequate to maintain the barrier volume or when the net
movement of sediment is offshore rather than shoreward. The fourth mode of retreat
is characterized by episodic landward migration with periods of rapid overwash
alternating with periods of relative stability. Crucial to these fairly simple models,
however, is an adequate availability of sediment from the inner continental shelf.
When the shelf is unable to nourish the beach and dunes, the barrier will ultimately
vanish.

In the simple “roll-over” model, it is assumed that the barrier is composed of a
deeply-rooted body of sand. This is the case in some instances but in many other
cases the “barrier” is little more than a thin veneer of sand migrating over an
eroding surface of salt marsh or relict marsh peat as in the Cedar Island case
described in Chap. 5 (Fig. 5.9). In a recent analysis of the retreat of Virginia’s
barrier islands, Deaton et al. (2017) describe the how the processes of barrier island
retreat are reducing the area of wetlands behind the islands and are also causing the
tidal prism of the back-barrier estuaries to diminish. The cases they describe are
experiencing both wash over and shore erosion and are thus narrowing. They
attribute the loss of salt marsh to burial by sands from the migrating barrier islands.
Figure 9.1a shows an example of washover fans burying the marsh behind and
Fig. 9.1b shows the dead marsh peat being exhumed on the “beach” as the sands
migrate landward. As discussed in Chap. 5, Zinnert et al. (2017) point out that the
marsh grass, Spartina patens is tolerant of burial and can survive periods of burial
beneath transgressing sands. However, the marsh cannot thrive in the high-energy
surf zone environment once the protective barrier has migrated landward.

The worst losses of coastal lands in the United States are taking place on the
Gulf of Mexico coast, particularly in coastal Louisiana where the rate of land loss is
popularly described as equivalent to “a football field every hour”. “The barrier
islands of Louisiana are eroding at an extreme rate. In places up to 100 feet of
shoreline are disappearing every year. Though it has long been assumed that this

Fig. 9.1 The outcomes of barrier island “roll over” on Cedar Island, Virginia’s Eastern Shore.
A. Washover fans of the narrow and thin barrier burying the marsh and tidal channels to the west.
B. Relict marsh peats compose the foreshore left behind by the migrating barrier. (Photos:
L. D. Wright)
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erosion was due to the area’s rapid rate of relative sea level rise, recent studies by
the U.S. Geological Survey show that other coastal processes, such as the long-
shore redistribution of sediments, are responsible for this erosion.”—Dr. Jeffrey H.
List, U.S. Geological Survey (USGS Fact Sheet Louisiana Barrier Islands: A
Vanishing Resource). We will examine the unique situation of Louisiana in more
detail in Part 3. Rosati and Stone (2009) describe the recent evolution of the barrier
islands along the northern Gulf of Mexico (NGOM) coast, which includes the
Florida Panhandle, Alabama, Mississippi and Louisiana. In contrast to most of the
U.S. Atlantic coast barriers, the NGOM barriers are backed by extensive bays,
sounds or open water areas such as Santa Rosa Bay, Mobile Bay, Mississippi
Sound and Barataria Bay. Storm surges can significantly raise water levels within
these bays and cause erosion to shores behind the barriers. The width and height of
the dunes comprising most barrier systems are not uniform along the coast and
Houser et al. (2007) show, with reference to Santa Rosa Island in west Florida, that
barrier island responses to the high waves and storm surges associated with severe
storms are critically dependent on dune height and width. In the case of Louisiana,
subsidence is progressively enlarging the open water areas (Morton et al. 2002)
while the width and height of transgressive barriers like the Chandeleur Islands are
diminishing.

9.3 Retreating Marshes and Wetlands

Coastal wetlands provide critical ecosystem services, including carbon sequestra-
tion, protection from storms, flood control, habitat for a variety of species, fisheries,
water quality improvement, recreational and aesthetic opportunities, and cultural
values etc. (Costanza et al. 1997; Engle 2011). However, wetlands have been
disappearing at an unprecedented rate over the past several decades. Coleman et al.
(2008) analyzed geologic and geomorphic data on 42 world deltas and found a total
of 15,845 km2 (6118 mi2) of wetlands were irreversibly lost at an average rate of
95 km2/year (37 mi2) in 14 of these deltas from the middle of the 1980s to the early
2000s. With a similar trend in the other deltas, a total wetland loss would be on the
order of 364,000 km2 in the 42 deltas. Dixon et al. (2016) found the world’s
marine/coastal wetlands declined at an average rate of 38% from 1970 to 2008, with
the highest decline rate of 50% in Europe, followed by 41% of decline in Asia, 28%
in North America, 19% in Africa, and 17% in Oceania. This dramatic loss of coastal
wetlands is due to natural causes and anthropogenic conversion of wetlands for
agricultural and industrial uses (Coleman et al. 2008). In the United States, the vast
majority of wetland loss occurred in the northern Gulf of Mexico coasts of
Louisiana and Texas (Dahl 2006; Dahl and Stedman 2013). About 99% of the
losses of estuarine emergent wetlands between 2004 and 2009 were caused by
coastal storms, land subsidence, SLR, salt-water intrusion, wave erosion etc. The
conversion of coastal wetlands to other land uses are rare as they are protected by
various State and Federal coastal regulatory measures and are not allowed to be
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converted to other land uses (Dahl and Stedman 2013). A retreating marsh is shown
in Fig. 9.2.

Stability of the coastal wetland platform under SLR reflects the balance between
inputs due to allochthonous (externally derived) matter deposition and in situ
vegetation production, versus losses through subsidence, erosion, and organic
matter decomposition (Neubauer 2008). Feedback among inundation, sediment
trapping, and vegetation productivity help maintain coastal wetlands facing SLR
(Morris et al. 2002). However, when the relative rate exceeds a threshold, coastal
wetlands can collapse (Wu et al. in press; Loucks 2006; Kirwan et al. 2010; Ratliff
et al. 2015).

A suite of models have been developed for predicting the response of coastal
wetlands to relative SLR (e.g., Morris and Bowden 1986; Park et al. 1989; Costanza
et al. 1990; Martin et al. 2000, 2002; Reyes et al. 2000; Morris et al. 2002, 2016;
D’Alpaos et al. 2007; Kirwan and Murray 2007; Mudd et al. 2009; Ross et al. 2009;
Stralberg et al. 2011; Fagherazzi et al. 2012; Rogers et al. 2012; Hagen et al. 2013;
Schile et al. 2014; Ratliff et al. 2015; Wu et al. 2015; Enwright et al. 2016; Clough
et al. 2016; Wu et al. in press). These models vary in structure, complexity, and ease
of application. Simpler models empirically capture the key characteristics of wet-
land dynamics, require less data, and are easily applied, but interactions and
feedbacks between geo-morphological and ecological processes are missing or
overly simplified (e.g. Park et al. 1989; Wu et al. 2015; Kirwan and Guntenspergen
2009). For example, the Sea Level Affecting Marshes Model (SLAMM) model uses
digital elevation data and other information to simulate potential impacts of
long-term SLR on wetlands and shorelines. More sophisticated models mechanis-
tically account for the important interactions and feedback mechanisms among

Fig. 9.2 Salt marsh retreat on the Louisiana Coast due to wave erosion and sea-level rise Photo by
Wei Wu
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vegetation, sediment, hydrology, and sea level factors, but generally require more
input data, and are difficult to implement, especially at broader spatial scales (e.g.,
Costanza et al. 1990; Martin et al. 2000; Reyes et al. 2000; Morris et al. 2002). The
various models highlight the importance of accounting for feedback among inun-
dation, sediment trapping, and vegetation productivity in predicting wetland
change. They also emphasize the need to integrate the environmental drivers other
than sea-level rise in predictions, such as increased concentration of CO2 and rising
temperature, as they interact with sea-level rise to affect coastal wetland dynamics.

9.4 Disappearing River Deltas

Deltas owe their existence to the fact that rivers have been able to supply sediment
to the coast at rates that have exceeded the rate of removal by oceanographic
processes or the rates of relative submergence by subsidence and rises in relative
sea level. Unfortunately, today, sediment supply has been sharply reduced by
multiple anthropogenic factors as described in Chap. 4 while rates of subsidence
have been increased, also by humans. Already, subaerial deltaic lands are rapidly
disappearing and the disappearance is sure to accelerate as the rate of SLR accel-
erates over the coming decades. According to Overeem and Syvitski (2009), in the
year 2009 roughly 26,000 km2 (10,039 mi2) of the world’s deltaic land surfaces
were below sea level and about 96,000 km2 (37,066 mi2) were highly vulnerable at
elevations less than 2 m (6.6 ft.). As pointed out in Chaps. 4 and 6, deltas currently
support twelve megacities and 500 million people so relocation is not a realistic
option in many or most cases.

When Hurricane Katrina made landfall on the Louisiana coast in 2005, it caused
a storm surge of up to 8.5 m (28 ft) that devastated New Orleans, particularly in the
Ninth Ward, and killed over 1800 people (NHC). A comparable storm surge was
generated by Hurricane Camille in 1969 but the impact on New Orleans was
minimal. The difference between the 1969 and 2005 impacts was attributable lar-
gely to loss of protective wetlands separating the city from the Gulf of Mexico over
the intervening 36 years. The Barras 2006 reported that just prior to Katrina, the
Mississippi Delta, was losing land at the rate of 65–90 km2/yr (25–35 mi2)
(Fig. 9.3). Numerous human activities, including the dredging of canals as well as
the isolation of the delta plain from renewed sediment supply contributed to the
land loss. Then, in 2005, Hurricanes Katrina and Rita together converted an
additional 15% of Louisiana’s wetlands to open water (Barras 2006; Xing 2015)
thereby exposing even more wetlands to wave action and erosion. Hurricane
Katrina alone caused over 250 km2 (97 mi2) of coastal lands to disappear in two
days (Barras 2006). Today, extensive engineering works (see Chap. 6) protect New
Orleans even though it is sinking. But the surrounding lands and wetlands are more
vulnerable than ever. According to Barnes and Virgets (2017), over 5180 km2
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(2000 mi2) of coastal land have been lost over the past century and that much again
could be lost within the next 50 years. The Gulf of Mexico is progressively
invading the Mississippi Delta.

9.5 Thermal Erosion of Arctic Coasts

The dramatic reduction of sea ice in the Arctic Ocean, described in Chap. 2 (see
Fig. 2.8and Chap. 16) is being accompanied by equally dramatic erosion of the
Beaufort Sea and Chukchi Sea coasts. This coastal realm is backed by the Arctic
North Slope coastal plain of Alaska and Canada. The flat, relatively low-elevation,
coastal plain, north of Alaska’s Brooks Range, is a tundra surface comprised of a
thin active (alternate freezing and thawing) layer of mosses and lichens overlying a
much thicker substrate of permafrost, or permanently frozen soil. The interstitial ice
normally holds the soil together but thawing causes the soil to lose its “cement”
which makes it easily erodible. As the Arctic Ocean has increasing opened up
(become ice free) during the summer, higher waves and warmer water have washed
the shores. The exposed permafrost at the shore has gradually melted, releasing the
sediments previously secured by the ice to the more energetic waves, which carry
this sediment away causing coastal recession. The thermal erosion at the shore
typically allows the permafrost to collapse in large blocks (Fig. 9.4) to be further
eroded by waves and waters that are above freezing temperatures.

Fig. 9.3 Coastal land loss in Louisiana in the century prior to Hurricane Katrina (from the U.S.
Geological Survey 2004)
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The U.S. Geological Survey has recorded the erosion rates of the Arctic coast
over several decades. Jones et al. (2009) reported that, between the years 2002 and
2007, a 64 km (40 mi.) section of the Beaufort Sea coast retreated at an average rate
of 14 m (45 ft) per year. Of course, erosion rates vary appreciably along the coast.
In a more recent USGS Open File Report, Gibbs and Richmond (2015) conclude
that for the entire 1600 km coastal reach from the Canadian border to Icy Cape on
the Chukchi Sea coast, the average rate of retreat is 1.4 m/year (4.6 ft/year) and the
local maximum rate is 18.5 m/year. (60 ft/year). As pointed out in Chap. 2, the
Arctic Ocean could be completely ice free in summer by mid century. The coasts
would be subject to attacks from larger waves and warmer water bathing the frozen
permafrost shores. According to Gibbs and Richmond (2015) in the years ahead “—
Arctic coasts will be more vulnerable to storm surge and wave energy, potentially
resulting in accelerated shoreline erosion and terrestrial habitat loss in the future.”
This represents a classic case of positive (self reinforcing) morphodynamic feed-
back: accelerated ice melting and coastal retreat will increase exposure to wave
attack by increasing the open water fetch distance over which wave-generating
winds can blow. And as pointed out previously, the decreased albedo resulting from
the increased area of ice-free open water will be followed by continued warming of
the earth-and coastal recession, which in turn will further increase the open water

Fig. 9.4 Thermal erosion of the permafrost shoreline on Alaska’s Beaufort Sea Coast. (Photo
From USGS; Photo Credit: U.S. Department of the Interior|U.S. Geological Survey URL: https://
walrus.wr.usgs.gov/climate-change/hiLat.html. Contact: Laura Zink Torresan
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area. Coastal retreat in the Arctic is likely to accelerate in the years ahead. The
socioeconomic and ecological impacts Arctic coastal land loss are discussed in
more detail in Chap. 16.

9.6 “Tipping Points” for Coastal Submersion

So long as the rates of SLR have remained relatively slow, or at least below certain
critical levels, it has been possible for coastal lands to keep pace and remain
emergent, or at least remain within the intertidal zone, by means of a combination
of sediment accumulation and organic production. However, it has long been
understood that there must be limits to the rate of drowning beyond which accretion
cannot cope and permanent submersion will prevail. Several recent studies (e.g.,
Kirwan et al. 2010; Morris et al. 2002, 2016; Ratliff et al. 2015; Schile et al. 2014;
Turner et al. 2017; Watson et al. 2017a, b; Wu et al. in press) have focused on
determining what these critical inundation rate “tipping points” might be under
different circumstances. The studies have involved various combinations of
methodologies including statistical analyses of historical trends, numerical model-
ing and stratigraphic analyses of sedimentary cores. Morris et al. (2016) determined
that intertidal wetlands on the U.S. East Coast and Gulf Coast can accrete at rates up
to 3 mm/year (.12 in./year) via organic production and up to 2 mm/year (.08 in./
year) as a result of deposition of inorganic sediment for a total maximum accretion
rate of 5 mm/year (.20 in./year). Watson et al. (2017a, b) arrived at a similar
conclusion with respect to the maximum accretion rate of New England salt mar-
shes and reported that, in that particular region, the rates of relative SLR may have
already reached the tipping point for wetlands loss. Relative SLR at rates in excess
of *5 mm/year (>.2 in./year) would thus likely result in wetlands loss and sub-
mersion of the intertidal realm.

Turner et al. (2017 in press) recently reanalyzed stratigraphic data and radio-
carbon ages for deposits associated with 36 of the world’s deltas spanning the
Holocene SLR period of the past 22,000 years. Their results indicate that for 90%
of the delta deposits examined, the onset of significant delta formation took place
roughly 8000 years ago at a time when the rate of SLR had slowed to somewhere
between 10 mm/year (.39 in./year) and 5 mm/year (.2 in./year), typically <6 mm/
year (.24 in./year). They argue that if this rate of SLR is the tipping point for the
onset of delta growth as the rate of rise decelerates, it may also be the tipping point
for delta destruction as the rate of rise accelerates.

As shown by Morris et al. (2016), the accretion rates vary depending on plant
productivity, root:shoot ratio, suspended sediment concentration, sediment-capture
efficiency and episodic events. This leads to high spatial variability in wetland
accretion rates and SLR thresholds on sustainability of coastal wetlands. At a river
dominated estuary on the Mississippi Coast—lower Pascagoula Bay, the measured
accretion rates is up to 8.6 mm/year (.34 in./year) with a standard deviation of
3.7 mm/year (.15 in./year) using fallout radionuclides (137Cs and 210Pb) (Wu
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et al. 2015). Some other studies showed higher sea-level rise threshold than 5 mm/
year (.2 in./year) based on different settings of sediment concentration in water
columns and tidal range. Kirwan et al. (2010) predicted the threshold of SLR rate as
10 mm/year (.39 in./year) in a typical estuary in the southeastern US and western
Europe with suspended sediment concentrations greater than 20 mg/L (20,000 ppb)
and tidal ranges great than 1 m (3.28 ft). Wu et al. (in press) predicted a SLR
threshold of 8.4 mm/year (.33 in./year) for the Grand Bay National Estuarine
Research Reserve which receives limited freshwater input, has an average of total
suspended sediment concentration as 18 mg/L (18,000 ppb) and microtidal range
of 0.6 m (1.96 ft) (Wu et al. in press). Wu et al. (in press) proposed a new threshold
of accelerated sea-level rise to study the tipping point for coastal wetlands under the
scenario of accelerating SLR. They also raised the point that other landscape
metrics that quantify spatial patterns of coastal wetland distribution in addition to
total area, for example, indices to represent fragmentation, should be considered
when SLR tipping point is derived.

Notably, the present rate of global SLR of 3.1 mm/year (.12 in./year) (Fig. 3.3)
is below the thresholds described in the above studies if regional subsidence is
neglected. However, as discussed in Chap. 3, the IPCC (2013) analyses indicate
that the rate is likely to be between 8 and 16 mm/year (.31 and .63 in./year) by the
mid to latter part of the 21st century, neglecting any potential collapse of major
Antarctic ice sheets. And, of course, in the case of deltas, subsidence is added to the
effects of SLR. It would thus seem wise to prepare for the possibility that, world
wide, vast areas of wetlands and deltaic lands may be replaced by open water before
the end of this century.

9.7 Socioeconomic Consequences of Coastal Land Loss

For some low-lying small island nations, such as the Marshall Islands and
Maldives, entire populations are at risk of becoming “climate change refugees”
because relocation to high ground within their country is not possible. Notably,
northern European coasts fronting the North Sea, particularly the Netherlands, have
for centuries relied on complex coastal engineering programs to protect lands that
are increasingly below sea level-in some cases by more than 2 m (6.6 ft; Dronkers
and Stojanovic 2016). These programs are essential to the Netherlands survival but
are extremely costly. In the United States, Hauer et al. (2016) predicted that by
2100 SLR of .9 and 1.8 m (2.95–5.9 ft) would place land areas projected to house
4.2 million and 13.1 million people respectively at risk of inundation. This amounts
to a three-fold increase in the vulnerable population under the scenario of 1.8 m
(5.9 ft) SLR by 2100 relative to today. In addition to monetary costs, population
growth and economic development are severely constrained. Fortunately, however,
the affected Northern European countries are relatively affluent and their prospects
of resilience are reasonably good. This is not the case for the populations of many
coastal megacities such as Mumbai, Dhaka, Calcutta and Lagos where the loss of
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habitable land enhances misery and disease and forces some homeless people to
live in the bottoms of boats and canoes (e.g. in Lagos, Nigeria; McDonnell 2017).
Perhaps most dramatically of all coastal land loss worldwide, the Marshall Islands
are experiencing serious inundation on a regular basis and are likely to become
uninhabitable in the foreseeable future causing the displacement of an entire nation
(Goodell 2017).

The most serious losses of coastal lands in the U.S. are taking place in Louisiana
(see Sect. 9.3 and Chap. 13) and are bringing the Gulf of Mexico closer and closer
to cities like New Orleans, Houma and Lake Charles. From a recent economic
impact study supported by the Environmental Defense Fund, Barnes and Virgets
(2017) conclude that $3.6 billion in business, residential and infrastructure assets
are presently at risk in Louisiana and the loss of these assets could cause an
additional loss of $7.6 billion per year in nationwide economic activity. With the
continued disappearance of protective wetlands, increased exposure of homes,
industries and infrastructure could allow a single hurricane to destroy as much as
$138 billion in assets (Barnes and Virgets 2017). On the positive side, however,
Barnes and Virgets (2017) note that if plans for coastal restoration can be imple-
mented, up to 10,500 jobs could be created. There are numerous other conse-
quences of wetlands loss that cannot be readily expressed in monetary terms. The
traditional culture and ways of life of Cajun and Creole residents of coastal
Louisiana are among these. Two threatened “cultural islands”, Tangier Island, VA
and Smith Island, MD, also exist in the Virginia and Maryland portions of the
Chesapeake Bay and are experiencing severe erosion and frequent inundation. High
rates of SLR in the Chesapeake Bay are evidenced by erosion of marsh and salt
water intrusion that is slowing killing woodland trees and shrubs that are not
adapted to the high marsh. In these locations, many homeowners who do not want
to leave are hoping for their States to build seawalls and breakwaters.
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Chapter 10
Impacts of Coastal Waters and Flooding
on Human Health

Lynn Donelson Wright, Christopher F. D’Elia and C. Reid Nichols

“Go to the banks of the great grey-green, greasy Limpopo
River, all set about with fever-trees, and find out” (what the
crocodile has for dinner).

—Rudyard Kipling-The Elephant’s Child

10.1 Rising Water, Rising Health Hazards

As detailed in Chap. 7, floods are among the most common natural hazards with
complex and far-reaching impacts. Coastal floods are most often caused by storm
surge (coastal), rivers that exceed their flood stage capacity (fluvial), and torrential
rainfall (pluvial). Increasingly, compound flooding by all three causes is the most
severe. The adverse consequences of flood events, especially coastal flooding, to
human health have been evaluated by the World Health Organization (WHO 2003),
the European Centre for Disease Prevention and Control (ECDC) (see http://www.
ecdc.europa.eu/) and the U.S. Global Change Research Program (Trtani et al. 2016).
Drowning is the major cause of death, followed by heart attacks, hypothermia, blunt
trauma caused by wind-borne objects and vehicle-related accidents. A few fatal
injuries also occur during evacuations and cleanups. Snakebites, electrocution and
wound infections are also causes of death. Less obvious health impacts involve
diseases and toxins spread by water and water-nurtured vectors (e.g. mosquitos).
Some of the most prominent of these include:
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• Enteric infections from drinking water contamination and sewerage disruption;
• Vector-borne diseases, such as malaria, dengue and dengue hemorrhagic fever,

yellow fever, West Nile fever and leptospirosis;
• Infections from numerous diseases contracted through direct contact or wound

exposure with filthy, polluted flood waters (Fig. 10.1);
• Water-borne pathogens particularly Vibrio bacteria which cause intestinal, skin,

ear, eye infections and septicemia (blood stream infection);
• Contamination by toxic chemicals during and after floods;
• Mold in homes following inundation.

Impacts from Hurricane Harvey on the Texas coast, from August 17, 2017 to
September 3, 2017, included displacement of wild animals such as raccoons,
skunks, foxes, and coyotes that might carry rabies, domesticated animals from
farms and households, and some dangerous animals such as fire ants, poisonous
snakes and American alligators. In the aftermath of Hurricane Harvey, animal
shelters were overflowing with rescued pets. Press reports following the landfall of
Hurricane Harvey indicated high concentrations of E. coli and even some
flesh-eating bacteria in the urban floodwaters flowing through the streets and
neighborhoods of Houston.

According to Doocy et al. (2013), throughout the world, 2.8 billion people were
adversely affected by floods of all sorts between 1980 and 2009. Of those affected,

Fig. 10.1 Contaminated floodwaters surrounding houses in a Memphis TN neighborhood
following Mississippi River flooding in 2011. Photo Credit: Sophia Ronan. Similar situations
prevailed in Houston following Hurricane Harvey in 2017. The lack of potable water early in the
recovery following large-scale natural disasters is a serious issue as was the case throughout Puerto
Rico after Hurricane Maria in 2017
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540,000 died and 4.6 million were rendered homeless; roughly 50% of flood related
fatalities in recent years have been in Asia. Lane et al. (2013) list several secondary
health hazards that are particular problems in flooded urban areas. Included are
impeded or delayed evacuations of health care facilities, particularly nursing homes,
and complications related to the transportation of frail, elderly or incapacitated
patients. Prolonged power outages can shutdown life-support medical equipment
and incapacitate elevators in high-rise buildings. Prison populations are sometimes
at high risk of being isolated from food, water and adequate ventilation for pro-
longed periods. Table 10.1, from Keim (2006) summarizes some of adverse con-
sequences of inundation events involving cyclones (hurricanes/typhoons) and
tsunamis. A similar list is offered by the European Centre for Disease Prevention
and Control as problematic in Europe (e.g. Vasconcelos 2006).

10.2 Drowning Deaths by Coastal Inundation

In 1970, a category 4 tropical cyclone, “The Bhola Cyclone”, generated a storm
surge that was funneled up the Bay of Bengal flooding the coastal
Ganges-Brahmaputra Delta and killing somewhere between 300,000 and 500,000
people in what is now Bangladesh (Frank and Husain 1971). Storm surge associ-
ated with Cyclone Nargis killed over 138,000 people in Myanmar in 2008 (Fritz

Table 10.1 Public health consequences of cyclones and tsunamis

Consequence Cyclones Tsunamis

Death rates Developed nations- low
Developing nations- high

High

Severe injuries (among survivors) Few Few to moderate

Loss of clean water Widespread Local to widespread

Loss of shelter Widespread Local to widespread

Loss of personal property Widespread Local to widespread

Loss of routine hygiene Widespread Local to widespread

Loss of sanitation Widespread Local to widespread

Disruption of solid waste removal Widespread Local to widespread

Increased pests and disease
vectors

Widespread Local to widespread

Worsening of chronic illnesses Widespread Local to widespread

Damage to health care system Widespread Local to widespread

Power outages Widespread Local to widespread

Exposure to toxic substances Possible Possible

Food scarcity Common in low lying
islands

Common in early
stages

Source Keim (2006)
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et al. 2009) and “Super Typhoon” Haiyan took 6000 lives in the Philippines in 2013
(Mas et al. 2015). The day after Christmas, 2004, the Asian Tsunami of 2004 killed
230,000 people, more than half of them (170,000) in Indonesia, 35,000 in Sri
Lanka, 18,000 in India and 8,000 in Thailand. Poor people who lived in flimsy
houses were easily swept away during the 2004 tsunami (Hays 2008). The eruption
of Krakatoa and the ensuing tsunami in 1883 killed 36,000 people and 19,000
people were killed in Japan by the March 2011 Fukushima earthquake and tsunami.
Most of the victims drowned; others were killed by debris.

Less than one year after the Asian Tsunami of 2004, hurricane Katrina hit the
Louisiana/Mississippi Coast and killed over 1800 people. The majority living in
New Orleans 9th Ward died by drowning, many within their own homes. The
hurricane of 1900 that totally submerged the city of Galveston Texas, killed
somewhere between 6000 and 10,000 residents and many of those people drowned
(Larson 1999). Of the 540,000 flood-related deaths reported by Doocy et al. (2013)
for the period 1980–2009, the majority drowned. Fortunately, the death toll of 43 in
New York City from Hurricane Sandy in 2012 was modest thanks to accurate
forecasting and the fact that warnings were heeded. In the future, improved pre-
dictions combined with more effective communication, assisted by social media,
should substantially reduce mortality from cyclones. Unfortunately warning times
for tsunamis are often much shorter but community education to enhance awareness
of the general public will help to reduce the loss of lives. It is crucial, however, that
emergency managers and the public at large understand- and trust-forecasts and
warnings.

10.3 Snakes and Alligators

During and in the aftermath of the hurricane of 1900 that devastated Galveston
Texas, numerous deaths were attributed to bites from poisonous snakes trying to
escape the floodwaters. “All over Galveston freakish things occurred….Venomous
snakes spiraled upward into trees occupied by people” (Larson 1999, p. 202). And
in 1957 when Hurricane Audrey made landfall in Louisiana, snakes were abundant
along the roads, in trees, in the remains of buildings and on other high features
(Henry et al. 1982). In Florida, Louisiana and other states in the southeastern U.S.,
alligators along with poisonous snakes represent hazards in low-lying neighbor-
hoods during and following storm surges and heavy rainfall events. Cottonmouth
water moccasins (Agkistrodon piscivorus) are particularly dangerous and may be
present in wet areas during post-storm cleanup. In northwestern Australia and
Papua New Guinea, saltwater crocodiles may be found in places where they are not
welcome following the passage of tropical cyclones. And they bite!
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10.4 Water-Borne Pathogens

According to the U.S. Global Change Research Program (Trtani et al. 2016),
water-borne pathogens are responsible for somewhere between 8.5 and 12% of
acute gastrointestinal illnesses in the United States; 12 million to 19 million people
are affected annually. The main sources of disease are human and animal waste and
agricultural runoff. Transmission pathways for illnesses are most commonly
through contaminated drinking water, direct exposure of skin surfaces and wounds
to water and through consumption of shellfish. Trtani et al. (2016) report that eight
climate-dependent pathogens account for approximately 97% of waterborne ill-
nesses in the United States. These are: the enteric viruses norovirus, rotavirus, and
adenovirus; the bacteria Campylobacter jejuni, E. coli O157:H7, and Salmonella
enterica; and the protozoa Cryptosporidium and Giardia. Rising water temperatures
expand the seasonal windows of growth and the geographic ranges of these
pathogens as well as those of toxic algae. Trtani et al. (2016) report medium

Table 10.2 Climate impacts on water related illnesses

Pathogen or toxin Exposure
pathway

Health outcomes Major climate driver

Toxic marine algae Shellfish;
aerosolized
toxins and
water vapor

Shellfish poisoning;
respiratory irritation

Warming waters; ocean
acidification

Cyanobacteria (blue-green
algae)

Drinking
water;
recreational
waters

Liver & kidney
damage; gastroenteritis;
respiratory arrest;
neurological ailments

Increasing temperature;
changing precipitation
patterns

Enteric bacteria and
protozoan parasites (e.g.
Salmonella, Giardia,
Cryptosporidium)

Drinking
water;
recreational
waters;
shellfish

Gastroenteritis, possibly
severe

Heavy precipitation,
flooding, and water
temperature (+ or −)

Enteric viruses:
enteroviruses; rotaviruses;
noroviruses; hepatitis A
and E

Drinking
water;
recreational
waters;
shellfish

Gastroenteritis, possibly
severe, possible
paralysis; infection of
organs

Heavy precipitation,
flooding, and
temperature changes

Leptospira and
Leptonema bacteria

Recreational
waters

Flu-like illness,
meningitis, kidney or
liver damage

Flooding, increased
water temperature,
heavy rain

Vibrio bacteria species (V.
parahaemolyticus, V.
cholera, V. vulnificus, V.
alginolyticus)

Recreational
waters;
shellfish

Gastroenteritis,
septicemia
(bloodstream infection);
eye and ear infections

Increased water
temperature, sea level
rise, changing salinity
of coastal waters

Source Trtani et al. (2016)
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confidence that future warming will increase risk of exposure to these pathogens
and toxins. Table 10.2 summarizes the health outcomes and climate change drivers
for key pathogens and toxins.

There are growing concerns about increases in the spread of and exposure to
Vibrio bacteria, which cause intestinal, skin, ear, eye infections and septicemia
(blood stream infection). The specific Vibrio species of concern are V. vulnificus, V.
parahaemolyticus, and V. alginolyticus. Vibrio cholerae, which is carried by
planktonic hosts and requires marine salt water for growth has shown strong cor-
relation with climatic events such as El Niño (Colwell 1996). Figure 10.2, from the
U.S. Global Change Research Program (Trtani et al. 2016), diagrams the pathways
by which humans are exposed to Vibrio and the climate drivers that are likely to
increase future exposure. Like the other pathogens just described, longer seasons
for growth and expanding geographic range of occurrence increase the risk of
exposure to Vibrio. It must be noted that, according to Trtani et al. (2016) illnesses
from water-borne pathogens may be underestimated by as much as 43-fold on
average, and by up to 143 times for Vibrio. Following Hurricane Katrina, Vibrio
vulnificus, which had infected patients through wounds, caused significant mortality
(Lemonick 2011).

Fig. 10.2 Climate change and exposure to Vibrio—conceptual diagram of pathways and possible
impacts (from Trtani et al. 2016)
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10.5 Vector-Borne Pathogens

Water does not have to be the direct pathway of pathogen delivery for floods to
cause spread of disease. Standing water following floods is a breeding ground for
mosquitos and other vectors of disease transmission, including rats, flies, fleas and
ticks. Vector-borne diseases in flooded coastal areas include malaria, dengue fever,
dengue hemorrhagic fever, yellow fever, West Nile fever and leptospirosis, which
is transmitted by rodents (Vasconcelos 2006). Most recently, Zika virus has joined
the list of vector-borne diseases. It is spread specifically by Aedes mosquito species,
which are the same mosquitos that transmit dengue fever and yellow fever. As is the
case for the water-borne diseases just discussed, increasing temperatures are
expanding the seasonal and geographic ranges of many of these diseases. For
example, West Nile fever has recently emerged in Europe and Zika has spread
throughout much of the tropics, particularly in low-lying regions of developing
countries (Smith 2017). In the case of West Nile Virus, birds are typically the hosts
and transmission to humans is attributed to mosquitoes that have first bitten a
hosting bird (Beard and Eisen 2016).

Beard and Eisen (2016), in a report of the U.S. Global Change Research
Program, point out that rising temperatures are likely to accelerate all aspects of the
biologic processes that lead to human infections by vector borne diseases. Included
are increases in the seasonal and geographic ranges of mosquito breeding, accel-
erated growth of the viruses themselves and enhanced contacts between vectors and
hosts (e.g. birds or other humans). According to the World Health Organization
(2003), in addition to warming temperatures, there are many other anthropogenic
global changes that are increasing the spread of vector-borne diseases. Among
these, dams, canals and irrigation increase exposure to malaria, Schistosomiasis and
Helminthiasies. Urbanization and crowding causes water contamination and redu-
ces hygiene and can enhance the likelihood of cholera. Malaria and hemorrhagic
fever outbreaks can also be exacerbated by increases in rodents related to agri-
cultural intensification (WHO 2003). Although these problems are not specifically
coastal in nature, they can be intensified in coastal environments, particularly
low-lying coastal plains where standing waters following floods can linger for
prolonged periods. In addition, the high poverty levels of coastal “megacities”,
especially those in river deltas, significantly raises the level of vulnerability to
vector-borne diseases.

10.6 Harmful Algal Blooms

“It is now well recognized that there are more harmful algal blooms (HABs), more
often, in new and different places, often lasting longer, and with a range of toxi-
cities, and that many of these blooms are related to nutrient pollution.” (Glibert and
Burford 2017, p. 58). The most well known of the HABs are the so-called “red
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tides” because of the discoloration (red or orange) of coastal waters, but HABs can
also cause other colors or no color at all depending on the nature of the bloom. In all
cases, they involve photosynthetic algae that require nutrients. These include
single-celled phytoplankton, cyanobacteria (also called blue-green algae) and
macroalgae. Algae serve as the base of the food web in healthy aquatic systems and
are not harmful in low concentrations (e.g. Kudela et al. 2017). They become
harmful when “explosive” blooms take place in response to an over abundance of
nutrients along with complex interactions of a number of other factors including
changes in freshwater runoff from rivers and climate change (Glibert and Burford
2017). Some, but not all, of these algae are toxic. Whether toxic or not, however,
eutrophication can lead to hypoxic (low dissolved oxygen) or anoxic (oxygen
depletion) conditions when the blooms decay. The adverse human health impacts of
HABs include paralytic shellfish poisoning, respiratory ailments from aerosolized
HAB toxins and, in the case of cyanobacteria, liver and kidney damage, gas-
troenteritis, respiratory arrest and neurological ailments. In 2015, an extensive HAB
affected the entire west coast of the U.S. and Canada and resulted in extensive
closure of coastal fisheries (Fig. 10.3).

Harmful algal blooms can occur along open ocean coasts (Fig. 10.3) or in bays
and semi-enclosed waterways (Berdalet et al. 2017). A detailed review of the causes
and toxicities of harmful algal blooms is offered by Anderson (2017). They also
occur at sharp vertical density gradients (pycnoclines) in coastal waters that are

Fig. 10.3 Map compiled from satellite images showing the algal bloom in the western U.S. and
Canada in 2015. NOAA public domain image
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stratified by temperature and salinity (Berdalet et al. 2017). Perhaps the most
dramatic and widespread increases in HABs over the past decade have taken place
in the Arabian Sea and have resulted from several complex factors including
warming climate and the effects of urbanization. Goes et al. (2005) report that
warming of the Eurasian land mass and reduction of Himalayan snow cover have
caused intensification of the southwest summer monsoons, which in turn cause
increased upwelling of nutrient-rich deep water off the coasts of Somalia, Oman and
Yemen on the western side of the Arabian Sea. This caused a 350% increase in
phytoplankton productivity between 1997 and 2005. On the eastern side of the
Arabian Sea, nutrient runoff from India has increased and contributed to HABs on
that coast (Swaney et al. 2014). In addition to agricultural runoff, the population of
Mumbai has doubled over the past decade without corresponding improvements to
sewerage treatment facilities and increases in nitrogen inputs to the sea are a
consequence (Glibert and Burford 2017). The east and west coasts of Florida have
in recent years experienced severe coastal blooms of the Florida “red tide” species
Karenia brevis (Maze et al. 2015), which cause fish kills and can cause respiratory
irritation in humans when the brevitoxins become aerosolized in the surf zone.
Maze et al. (2015) report a strong correlation between blooms of K. brevis on the
West Florida continental shelf and the position of the regional scale Loop Current in
the Gulf of Mexico. In 2016, the release of nutrient-rich agricultural runoff from
Lake Okeechobee into rivers flowing to the coast was implicated in severe K. brevis
blooms on Florida’s east and west coasts.

10.7 Airborne Illnesses

Though not directly dependent on coastal inundation for their spread, there are
several airborne ailments that affect coastal residents and appear to have emerged or
spread as a result of climate change. Some of these are, of course, well known and
include flu and the common cold. However, climate change is already affecting air
in several ways including increased production of allergens, fine particles, dust,
fungal spores and various pollutants, which can cause distress in children and the
elderly (Mansour 2013). Morfin et al. (2014) have described the airborne dissem-
ination of fungal spores on the California coast and conclude that the densities of
such spores probably depend on temperature and humidity and are likely to increase
as climates change. Fungal spores can trigger various respiratory ailments in
humans. Cryptococcus gattii is an airborne fungus that originally prevailed in
tropical environments, particularly in Northern Australia and Papua New Guinea,
but has most recently been affecting residents of British Columbia and the U.S.
Pacific Northwest coast and is particularly dangerous for persons with HIV or other
immune deficiencies (Springer et al. 2014). It can also lead to Meningitis in patients
with healthy immune systems (Cookman and Huqi 2013).

Griffin et al. (2001) analyzed samples of atmospheric aerosols obtained from the
U.S. Virgin Islands in the Caribbean Sea that apparently originated in the Saharan

10 Impacts of Coastal Waters and Flooding on Human Health 159



Desert of Africa and were carried across the Atlantic in dust storms. The transit
times for crossing the Atlantic were estimated to be 5–7 days. The microorganisms
associated with the dust include bacteria, viruses and fungal spores. Griffin et al.
(2001) suggest that these airborne microorganisms from Africa may be implicated
in sharp increases in asthma and other respiratory ailments in the Caribbean

10.8 Flood-Disseminated Chemical Pollution in Coastal
Waters

Coastal cyclones, floods and tsunamis can release garbage, sewerage, toxic
chemicals and, in rare cases, radioactive material into coastal seas, rivers and
estuaries. When Hurricane Katrina hit the Louisiana coast in 2005, it burst open oil
storage tanks at numerous coastal locations spilling eight million gallons of oil. The
spill, in aggregate, was comparable in magnitude to the 1989 Exxon Valdez spill in
Alaska. The worst of these spills involved the spread of one million gallons of crude
oil among 10,000 homes in Plaquemines Parish, southeast of New Orleans (Sturgis
2015). Onshore oil and petrochemical storage facilities worldwide are similarly
vulnerable to future storm surges superimposed on sea level rises. Many of these,
on the U.S. Atlantic coast, represent potential sites of environmental disaster as seas
rise and storms potentially intensify. In addition to oil, there are numerous other
chemicals and toxins that are spread by floods. Included are sediments that may
contain heavy metals or pesticides, various types of hydrocarbons from spills at gas
stations and fuel depots, heavy metals, road salts, fertilizers, pesticides and herbi-
cides (Euripidou and Murray 2004). Volatile organic compounds (VOCs), lead, and
arsenic were detected in the air, soil, and sediment samples of Louisiana and
Mississippi in the aftermath of Hurricane Katrina (Lane et al. 2013). Overflows of
sewers and leaching of landfills can spread a variety of toxic substances including
asbestos and mercury. Common household items that pollute flood waters are listed
in Table 10.3. As noted by Euripidou and Murray (2004), the most harmful impacts
typically occur where residential neighborhoods are in close proximity to industrial
or agricultural sites. With specific reference to the United Kingdom, Euripidou and
Murray (2004) point out that public health professionals often have limited expe-
rience in managing chemical contamination incidents. Various toxic chemicals were
reportedly carried throughout some areas of Houston during the unprecedented
floods caused by Hurricane Harvey in 2017.

On March 11, 2011, a magnitude 9.0 earthquake occurred offshore to the east of
Honshu Island, Japan. In addition to causing direct onshore damage, the quake
generated a 15-m (50 ft) tsunami which devastated the city of Fukushima and killed
19,000 people. The following description of what ensued with regard to the nuclear
power plant is summarized from a recent update by the World Nuclear Association
(2017). The tsunami inundated the Fukushima nuclear power plant disabling the
power and cooling systems of three nuclear reactors, which melted down within
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three days. A series of explosions demolished much of the building and cast
radioactive debris on the grounds surrounding the plant. People living within a
20 km (12.43 mile) radius of the site were evacuated. Inundating seawater was
radioactively contaminated and much of the contaminated water was ultimately
released into the coastal environment. Radioactivity was also released into the air.
The main radionuclides involved were iodine-131, which has a half-life of 8 days
and caesium 137 with a half-life of 30 years; caesium 134 with a half-life of 2 years
was also dispersed. The highest levels of radiation were from debris rather than
water or air. In April 2016, five years after the event, radiation had diminished
significantly but was still present at non-lethal levels. However, the iodine-131 with
its short 8-day half-life was gone by April 2011. Notably, no deaths were directly
attributed to radiation, either immediately following the event or several years
thereafter. Ironically, however, roughly 1000 deaths were indirectly attributed to the
dispersal of radioactivity. These deaths primarily involved elderly people and were
apparently caused by the enforced and prolonged evacuation during which those
displaced from their homes were forced to live in shelters (World Nuclear
Association 2017). It is worth noting that some debris from the disaster eventually
washed ashore on the west coast of the U.S. Buesseler (2014) discusses this triple
disaster - earthquake, tsunami, and radiation release.

Table 10.3 Hazardous household items contributing to pollution

Household Item Pollutant

Drain cleaner Sodium hydroxide, also known as lye or caustic soda

Paint, lacquer, and
varnish removers

Benzyl alcohol; ethanol; formic acid; methyl alcohol; methylene
hydrochloride; naphtha; and xylene

Petroleum, oil, and
lubricants

Polycyclic aromatic hydrocarbons such as naphthalene and metals
such as lead, zinc, chromium, barium, and arsenic

Toilet-bowl cleaner Chlorine, hydrochloric acid, sodium hydroxide, sodium
hypochlorite, or phosphoric acid

Antifreeze Ethylene glycol or propylene glycol

Pesticides Aldrin, atrazine, chlordane, dichlorodiphenyltrichloroethane,
dieldrin, endrin, endosulfan, heptachlor, lindane, mirex,
toxaphene, trifluralin

Fertilizers Nitrogen and phosphorus

Vehicle batteries Cadmium, lead, mercury, nickel, lithium and electrolytes

Sewage Cloth, detergents, dirt, food residues, human excrement,
micro-organisms, paper, soap, etc.

Many of the products are of toxicological concern
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10.9 Health-Related Impacts of Infrastructure Damage

Modern humans are heavily dependent on the built infrastructure for their health
and well-being and this is especially the case in urban environments. In 2012,
“Superstorm” Sandy shut down power to several hundred thousand residents of
New York City and its environs, caused the closure of five hospitals and numerous
nursing homes and long-term care facilities, disrupted water supplies, closed roads
and public transport and seriously hampered evacuations of elderly and ailing
patients from hospitals and nursing homes (Lane et al. 2013). New Orleans expe-
rienced comparable, or in many cases more severe, disruptions following Hurricane
Katrina. Power outage was prolonged in both cases. Virtually all hospitals and
health care facilities in New Orleans were seriously impacted and some were closed
permanently or for extended periods. Closure of stores and pharmacies in New
York City and New Orleans restricted access to food and medication. Limited
access of emergency responders to vaccines, oxygen supplies and medical equip-
ment is listed by Lane et al. (2013) as another of the problems experienced after
Sandy and Katrina. Prolonged and extensive power outages in Puerto Rico fol-
lowing Hurricane Maria in 2017 were continuing more than two months after the
storm. Numerous post-storm deaths in Puerto Rico were reportedly related to lack
of power for life-supporting medical equipment for chronically ill patients as well
as the lack of potable water.

Extended power outages can have several adverse health-related consequences.
Lack of refrigeration can lead to food poisoning. Elevator shutdowns in high-rise
buildings during power outages have caused cardiac arrest in older or infirm people
attempting to climb stairs. Hypothermia may result from lack of heat. There have
been numerous cases of carbon monoxide poisoning during power outages because
of attempts at using unsafe cooking methods such as charcoal grills or camp stoves
or from operating gasoline generators in enclosed or inadequately ventilated areas.
Shutdown of electrical medical equipment like ventilators can cause fatalities. Lane
et al. (2013) also report numerous physical accidents, such as tripping or falling
because of darkness. For situations of prolonged post-event disruptions, there are
some chronic outcomes. For example, homes and shelters subject to moisture and
mold contamination can cause respiratory ailments including asthma attacks.

10.10 Mental Health Impacts of Coastal Inundation

While physical security is a priority in dealing with natural hazards, Fernandez et al.
(2015) point out that detrimental short-, medium- and long-term effects on well-
being, relationships and physical and mental health are common following floods.
These types of disasters may precipitate mental illness such as post-traumatic stress
disorder, depression, anxiety, and substance abuse in some people. Survivors of
traumatic events such as floods may begin to experience symptoms such as:
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• interpersonal changes like withdrawal
• irritability and mood swings
• a sense of isolation
• trouble sleeping
• confusion.

Hurricane Katrina caused several mental health problems (e.g. Picou and
Hudson 2010). Among other mental illnesses, displacement from homes and
extended stays in shelters following Katrina caused acute stress disorder (Mills
et al. 2007). Shelters were also responsible for the spread of several communicable
diseases and for the onsets of substance abuses. For many, the mental anguish of
losing family members, neighborhoods, homes and employment may persist for a
lifetime.

Resilient communities will create safe spaces where well-trained workers offer
medical and health care supplies, food and diapers, and a warm and dry place for
flood victims to rest their heads. This support helps victims to take the time to
mourn their losses. Resources such as transportation, clothes, shoes, and tooth-
brushes can restore the victim’s sense of safety. Emergency response personnel and
neighbors all need to be aware of the psychological effects caused by floods, and
know how to respond appropriately.

10.11 Vulnerable Populations

By far, the people who are most likely to be drowned, devastated, sickened or
severely distressed by coastal flooding are poor. Worldwide, a majority of these
people live in coastal slums, particularly in megacities such as Mumbai, Dhaka
(Rashid 2000), and other southeastern Asian cities. World Bank data analyzed by
Doocy et al. (2013) showed that 45% of the flood-related fatalities in the three
decades after 1980 involved low-income people and 41% involved those with
low-to-mid incomes. Only 4% of the deaths involved those with high incomes.
World Health Organization statistics indicate that over that same three-decade
period, residents of Southeast Asia were the most vulnerable accounting for 33% of
flood-related deaths; the West Pacific region was close behind at 32% (Doocy et al.
2013). Only 3% of the deaths were in Europe and 15% were in the Americas (North
and South).

The most vulnerable people during and after Sandy and Katrina were those over
65 years of age and low-income African Americans (Lane et al. 2013). And, of
course, in the Katrina case, New Orleans Ninth Ward was the most vulnerable
neighborhood and was the center of the most casualties. Future decisions as to how
to triage the distribution of limited mitigation resources, post-storm recovery assets
and disaster relief should be prioritized on the basis of community vulnerability and
predicted storm impact, not simply storm intensity. The Saffir-Simpson scale of 1 to
5, by which the National Hurricane Center classifies hurricanes, indexes relative
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wind stress and the potential wind damage to structures. However, these levels
apply only to wind intensity and likely impacts on structures and do not distinguish
among the contrasting impacts that these storms may have on human communities.
For example, a Category 3 hurricane can be devastating to a low-lying coastal city
subject to widespread inundation by storm surge, with a poor community with low
societal and economic resilience. The same storm may be but a short-lived nuisance
to a more affluent community on high ground, surrounded by robust infrastructure.

Fortunately, advances are being made in methodologies for gaging vulnerability
of human communities. Van Zandt et al. (2012) consider neighborhood resilience in
relation to social vulnerability and housing. Norris et al. (2008) offer a treatise on
the psychology of community resilience as it impacts disaster readiness. More
recently, Cutter et al. (2014, 2010) have evolved the concept of Baseline Resilience
Indicators for Communities (BRIC) as empirical metrics for gaging the resilience of
communities to disasters. Guillard-Gonçalves et al. (2014) have developed a
“Social Vulnerability Index” (SoVI) which can be readily applied to most region-
ally specific communities. Application of these and other approaches should
become routine in planning for future disasters.
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Chapter 11
Natural Infrastructure to Mitigate
Inundation and Coastal Degradation

J. Livingston, N. Woiwode, M. Bortman, S. McAfee, K. McLeod,
S. Newkirk and S. Murdock

…the sense of alienation between man and nature leads to the
use of technology in a hostile spirit—to the conquest of nature
instead of intelligent co-operation with nature.

—Alan W. Watts, philosopher, 1968

11.1 In Search of Harmony Among Water, Coasts
and People

People have long been drawn to the water’s edge. Coastal waters provided early
humans with abundant resources. Once humans began to explore beyond their own
shores, journeying by water became the most efficient means of travel and trade—
connecting cultures and people across the globe for the very first time and pulling
even more to the coast. Eventually, megacities such as Seoul, Mumbai, New York,
São Paulo, Lagos, and London arose around seaports where there were increased
opportunities for trade, jobs, and transportation.

However, in attempts to satisfy our appetite for sea breezes and ocean views,
we’ve forgotten the ocean is a thing to be feared and respected. Consequently, we’ve
placed ourselves in locations highly susceptible to the impacts of coastal storms.

The ocean sustains life, but it also poses a great danger to us. And, continued
development of houses, roads, and commercial infrastructure is slowly degrading
and destroying the coastal features—such as wetlands, beaches, and reefs—which
protect us from the ocean’s force. Healthy wetlands and marshes shield commu-
nities by reducing wave energy. Beaches and sand dunes limit coastal flooding, and,
in near shore and estuarine areas, oyster and coral reefs buffer wave energy.
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The ocean’s enticement will never fade; our communities must invest in a future
where people and water live in harmony, no matter how high it may rise. Smart
investments in natural infrastructure can provide a pathway to a safer, healthier,
more prosperous and more resilient future.

11.2 Grey Infrastructure

For as long as we’ve lived near water, we’ve been trying to control it—constructing
barriers such as dams, levees, seawalls, groins, and jetties to keep it at bay. However,
“grey infrastructure” tends to block natural processes and degrade natural features,
such as wetlands and beaches, which provide important economic, environmental,
and recreational benefits. The Coastal No Adverse Impacts (CNAI) Handbook
(NOAA and the Association of State Floodplain Managers 2007) describes at least
nine adverse impacts of flood “protection” structures. Furthermore, these structures
are often very expensive to build and maintain. While grey infrastructure can be the
right- or only- choice in some locations, it has well-documented adverse conse-
quences, many of which are incompatible with the natural systems that support
healthy coastal communities. As explained in Chap. 18, poorly planned “grey
infrastructure” can increase, rather than decrease, the vulnerability of coastal com-
munities. For example, shoreline structures built to alter the effects of ocean waves,
currents, and sand movement, tend to cause down-coast erosion leading to associ-
ated costs that exceed the original cost of construction.

A 2017 study conducted by The Nature Conservancy, compared economic costs
and benefits of nine coastal climate change adaptation strategies at four locations in
Southern Monterey Bay, California. The analysis also spanned four time horizons
(2010, 2030, 2060, and 2100). The study concluded that in all cases the least
economically beneficial alternative, especially over the long-term, involved
shoreline armoring—that is, grey infrastructure (Leo et al. 2017). To determine the
costs and benefits of alternative strategies for different coastal reaches, Leo et al.
2017 examined the physical impacts by modeling expected shoreline changes for
each proposed adaptation strategy under a range of sea level rise projections (using
the High and Medium projections recommended by the Intergovernmental Panel on
Climate Change Fifth Assessment Report (IPCC 2013)) and time horizons (2010,
2030, 2060 and 2100). Results for the Del Monte reach are shown in Fig. 11.1 as an
example. The economic costs of each strategy were estimated by gathering infor-
mation on the engineering costs of implementation of various adaptation measures
(e.g. sand placement, construction of groins, etc.), as well as an economic analysis
of the recreational and ecological value of coastal and upland resources that could
be affected by coastal hazards. The relative ecological condition of the beach within
the study area was ranked using several metrics to score the physical, biotic, and
human impacts conditions of km2 blocks of southern Monterey beaches.
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The resulting Beach Ecological Index Score was then combined with estimates of
beach restoration (replacement) costs to provide a monetized ecological value. The
estimates for all these costs and benefits were combined and expressed in terms of
net present value using a 1% discount rate, which is appropriate for long-term
climate change modeling. Results were expressed as net present value of the
shoreline. “Net Present Value” refers to the sum of all the benefits (e.g., the
recreational and ecological value of beaches) minus the costs (e.g., engineering
costs of armoring and nourishment). Loss of land, buildings, roads, and other
infrastructure, as well as the cost of adaptation (e.g., elevating roads), were
incorporated as costs in the analysis.

A similar, previous economic assessment of shoreline management strategies in
Monterey Bay (ESA PWA 2012) examined various erosion-control alternatives at
three of the same locations. This study also found armoring strategies were gen-
erally not cost-effective. And yet, in the face of such research, U.S. shorelines
continue to be armored at a rate of 200 km (125 mi) per year. If this rate continues,
nearly 1/3 of our nation’s shoreline will be hardened by 2100 (Gittman et al. 2015).

As we continue to further harden our shores, we struggle to maintain existing
grey structures. In 2017 the American Society of Engineers gave U.S. infrastructure
a D+ rating (www.infrastructurereportcard.org). The price tag to repair and fortify
just 225 km (140-mi) of coastal structures in Massachusetts is over one billion
dollars (The Nature Conservancy 2017). As these unmaintained structures continue
to age, tens of millions of people living along U.S. coastlines are put at risk and the
potential for significant economic loss increases.

Fig. 11.1 Economic benefits of adaptation approaches for Del Monte reach (Leo et al. 2017)
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Not only is grey infrastructure expensive to build and maintain, it encourages
development in areas which are particularly susceptible to flooding and storm
damage. According to a 2013 study by Arkema et al., 16% of the U.S. coastline
comprises high-hazard areas, harboring 1.3 million people and $300 billion in
residential property value.

History has shown the worst damages occur when these structures fail—and fail
they have. In 2005, infrastructure failures during Hurricane Katrina, and the
resulting loss of nearly 2000 lives plus over $100 billion in damages, captured
headlines. Then, in 2016, Hurricane Matthew overtopped levees and defeated dams
leading to catastrophic flooding which again stole lives and cost billions of dollars
in damage. It’s becoming increasingly clear that grey infrastructure alone cannot
sufficiently minimize the risk and damage of natural catastrophes. Storm-driven
waters surging over barriers and floods overtopping levees have repeatedly shown
it’s time to accept the limits of our engineered-solutions. Fortunately, the very
source of devastation—nature—offers a promising solution.

11.3 Natural Infrastructure

Figure 11.2 shows the relative exposure of U.S. coasts to sea level rise. As will be
described in the case studies in Part III, greatest exposure exists on the East and
Gulf coasts. As sea levels continue to rise and storm impacts intensify, there is
growing pressure on coastal communities to identify cost-effective strategies for
mitigating societal, economic, and environmental impacts. There is evidence that
shorelines with intact natural features, such as wetlands, dunes, mangroves or reefs,
experience less damage from severe storms and are more resilient than hardened
shorelines (Arkema et al. 2013; Gittman et al. 2015). Natural infrastructure aims to
protect, restore, and mimic these natural features to reduce our vulnerability to
climate change related hazards and increase resilience of coastal areas by capital-
izing on their protective qualities.

Natural infrastructure (Fig. 11.3) protects coastlines by employing nature-based
solutions to reduce wave energy, trap sediment, reduce erosion, store excess water,
and weaken storm surge (Ferrario et al. 2014; Gedan et al. 2011; Möller et al. 2014;
Narayan et al. 2016; Pinsky et al. 2013; Shepard et al. 2011; Wamsley et al. 2010).
A growing body of evidence shows that natural infrastructure solutions can reduce
risk and meet the multiple needs of communities better than grey infrastructure
alone.

In addition to protecting coastal communities, these natural features also provide
wildlife habitat, opportunities for recreation, and improved water quality.
Furthermore, many of these natural infrastructure solutions are more cost-effective
because they are largely self-sustaining and grow stronger—not weaker—over time
(The Nature Conservancy, Natural Solutions for Reducing Flood Risk). Depending
on location and needs, there are many types of natural infrastructure which can be
used alone or in combination to achieve desired outcomes. These include:
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• Wetlands and marshes;
• Mangroves;
• Beaches and Dunes;
• Coral Reefs;
• Oyster Reefs; and
• Living Shorelines.

Fig. 11.2 Exposure of the US coastline and coastal population to sea-level rise in 2100 (modeled
future scenario) and storms. Warmer colors indicate regions with more exposure to coastal hazards
(index > 3.36). The bar graph shows the population living in areas most exposed to hazards (red
1 km2 coastal segments in the map) with protection provided by habitats (black bars) and the
increase in population exposed to hazards if habitats were lost owing to climate change or human
impacts (white bars). States are indicated on the x axis. Data depicted in the inset maps are
magnified views of the nationwide analysis (Arkema et al. 2013)
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11.4 Wetlands and Marshes

Coastal wetlands and marshes are among the most productive habitats on earth.
They play critical roles in the life cycles of an enormous number of species and
offer tremendous recreational opportunities. By some estimates, over 50% of
commercial fish and shellfish species in the United States rely on coastal wetlands
for survival (Naturally Resilient Communities). Coastal wetlands and marshes are
also vital for the safety of our coastal communities. Often referred to as “horizontal
levees” or “nature’s sponges”, coastal wetlands and marshes provide flood pro-
tection, erosion control, and water quality protection by reducing and absorbing
wave energy and flood waters. U.S. wetlands are valued at $23.2 billion per year in
storm protection (Costanza et al. 2008).

Through partnership with Risk Management Solutions, Guy Carpenter &
Company, and others, The Nature Conservancy analyzed benefits provided by
coastal marshes during Superstorm Sandy. The analysis found coastal wetlands
reduced property damages by more than $625 million across the impacted area,
with an average of 10% damage-reduction per state (Narayan et al.).

Furthermore, these natural defense systems are capable of keeping pace with sea
level rise; thus, maintaining their protective functions into the future without the
additional investments that would be necessary to maintain grey structures. And
yet, as storm impacts—and related social, economic, and environmental costs—
continue to increase, these natural defenses continue to be lost at alarming rates.

Fig. 11.3 Nature’s shield for total residential property value. a, b Total property value for which
habitats reduce exposure to storms and sea-level rise in each coastal county of the United States for
the current (a) and future (b) sea-level-rise scenarios. Insets show Monroe County in Florida,
Georgetown and Horry counties in South Carolina and Brunswick and Pender counties in North
Carolina. Reduction in the total value of property exposed to coastal hazards is the difference in the
total value of property exposed to coastal hazards with and without habitats included in the hazard
index. Estimates for each 1 km2 segment in the highest hazard category (index > 3.36) are summed
by county (Arkema et al. 2013)
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The EPA has estimated losses as high as 80,000-acres per year between 2004 and
2009. New York has lost 50% of its wetlands on Long Island Sound (Office for
Coastal Management 2017).

In Louisiana, the loss of protective wetlands was seen in the aftermath of
Hurricane Katrina—the deadliest and costliest Atlantic hurricane. Although less
intense than Hurricane Camille of 1969, Katrina caused far more damage, loss of
life, and general devastation. The increased impact of Katrina is primarily attributed
to wetland loss sustained over the 36-year period between storms (Chap. 14).

Case Study: Broward County, Florida
An assessment of the world’s metropolitan areas with the most to lose from hur-
ricanes and sea level rise, placed southeast Florida at the top of the list. Accelerated
sea-level rise and predictions of stronger hurricanes have led to an increased
demand for action and willingness to participate from both the public and private
sectors. As a result, numerous leaders from around the region have invested in
nature-based solutions to protect coastal communities.
One project, undertaken at West Lake Park in Broward County, garnered attention
from environmental groups and regulatory agencies nationwide. In 2011, Broward
County completed a $10 million mitigation and habitat restoration project to replace
15-acres of wetland habitat lost when Fort Lauderdale-Hollywood International
airport was expanded. In addition to 15-acres of restored wetland habitat, the
project also created 13-acres of new mangrove wetlands and preserved nearly
4.5-acres of additional park land. The project was so successful that it is now used
by the University of Florida in its Master Naturalist Program training classes.
The restoration, which is the largest of its kind in the area, provides valuable
recreational opportunities to residents and visitors.

11.5 Mangroves

Mangroves, a type of coastal or estuarine wetland characterized by the presence of
salt adapted trees and shrubs, are among the most effective natural forms of coastal
protection found in the world. Their complex root system and physical structure
significantly absorbs wave energy and reduces wave heights. Studies suggest wave
heights can be reduced by 13–66% over a 100-m-wide mangrove belt or as much as
50–100% over a 500-m-wide mangrove belt. Furthermore, the vegetation found
within mangroves reduces wind speeds thereby lessening the likelihood of waves
increasing in height within mangrove areas.

The same physical structure that reduces wave energy also serves to settle
sediment out of the water column. The combination of lessened wave energy and
increased sedimentation reduces coastal erosion and, in some cases, allows man-
groves to keep pace with sea level rise through accumulation of sediment and
vertical growth, providing ongoing protection as sea levels increase.
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In addition to reducing the impacts of storm events and limiting erosion, man-
groves provide habitat for an enormous number of fish and bird species which
creates opportunities for recreational fishing and bird watching and outdoor tourism
activities such as kayaking and wildlife viewing. Furthermore, mangroves provide
habitat for many economically important species. In Florida, bone fish, tarpon and
red snapper recreational fisheries—all mangrove reliant species—are estimated to
produce as much as $1 billion in annual value (Naturally Resilient Communities).

11.6 Beaches and Dunes

For many, the thought of vacation and relaxation brings to mind a beach getaway.
Not surprisingly, studies have shown beaches to be the largest driver of coastal
tourism in the United States. It is estimated nearly 85% of annual, tourist-related
dollars received by coastal states are due specifically to trips to beaches and
associated coastal areas. In 2002, James Houston of the United States Army Corps
of Engineers estimated beaches contributed over $250 billion to the U.S. economy
in 1999 alone (Naturally Resilient Communities).

Beaches and dunes also provide important habitat for a number of species,
including migratory birds which contribute to the birdwatching industry—estimated
to contribute more than $40 billion annually to the national economy. In addition,
beaches and dunes protect coastal communities from storm surges and other forces
of the ocean. These natural features dissipate the energy of breaking waves by
offering ‘sacrificial sediment’. When sand and sediment are transported offshore,
the surf zone and sandbar systems are widened which causes waves to break further
from shore; thus, weakening them before landfall (see examples in Chap. 5). By
absorbing and dissipating waves, beaches act as buffers between the sea and inland
areas. However, hard structures, such as breakwaters and seawalls, deny storm
waves access to sacrificial sediment needed to create wide, dissipative surf zones.

A study of barrier islands in Louisiana showed barrier islands could reduce wave
heights by 30% or more and delay the propagation of surges by up to two hours
during hurricanes (Grzegorzewski et al. 2011). Healthy barrier islands often consist
of multiple dunes fronted by wide beaches. A beach or dune’s size, width, slope,
shape, and sand volume determine how well the beach can protect a developed area
during a storm. The wider a beach or dune system is, and the more space between
the sea and any developed or populated areas, the more effective and efficient the
system will be at reducing the impacts of coastal hazards.

A beach’s popularity is often its downfall. As indicated in Table 2, many of the
world’s most popular beaches are located near megacities. Unfortunately, the
sprawl of these cities causes beaches to lose their natural characteristics. Grey
infrastructure stops the movement of sand and sediment, effectively starving a
beach or dune system of sand and exacerbating impacts of coastal erosion.
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Fortunately, efforts to restore these systems have been shown to be successful in
renewing and enhancing the protective services they offer communities.
A prominent example is Cape May, New Jersey (Figs. 11.4 and 11.5).

Case Study: South Cape May Meadows, Cape May Point, New Jersey
The communities in the Cape May area have a history of falling victim to flooding,
coastal storms and coastal erosion. The once vibrant, Victorian resort town of South
Cape May was abandoned following the Great Atlantic Hurricane of 1944 and has
since eroded away into the ocean. Other areas of Cape May were being lost to
erosion at a rate of 4.6 m/year (15 ft per year). But, it was the “Perfect Storm” of

Fig. 11.4 South Cape may Meadows during the dune storm breach in October 1991. Credit U.S.
Army Corps of Engineers

Fig. 11.5 Beach replenishment on the state park beach and around Cape May Point, before (left)
and after (right) the restoration. Source U.S. Army Corps of Engineers 2007
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Halloween of 1991 that truly fueled the urgency for a coastal risk reduction project.
The storm caused an estimated $75 million dollars in damages along the New
Jersey coastline—$10 million of damages to the beach in Cape May alone. Then,
early in 1992, the Cape May area was hit again. These two storms ignited a growing
sense of urgency for more effective flood protection strategies.
Following the October storm of 1991 (aka “Perfect Storm”), a diverse group of
stakeholders, including the U.S. Army Corps of Engineers (USACE), New Jersey
Department of Environmental Protection, The Nature Conservancy, and the local
governments, met to discuss a potential comprehensive ecological restoration
project. By 1998, the USACE completed the feasibility study, funding was secured,
and implementation was underway.
During the first phase of the project nearly 1,070,377 m3 (1,400,000 yd3) of sand
were used to construct a 1.6 km (1 mile) long, 5.5 m (18 ft) tall sand dune and
widen 3.2 km (2 mile) of beach. During the second phase, freshwater wetlands were
restored and drainage culverts were added to improve water flow, quality and
draining—thereby increasing their ability to prevent flooding. The project was
completed in 2007 and restored nearly 460 acres of coastal habitats.
The community of Cape May Point has experienced significant economic benefits
since the implementation of these nature-based solutions. In 2012, the Cape May
peninsula was hit by Superstorm Sandy, but the newly created dune was not
breached; while damage to the surrounding area was estimated at $640 million
dollars, the newly restored area of Cape May suffered virtually no damage. Prior to
the restoration, flood claims in Cape May Point following major storm events
averaged $143,713. That number has now dropped to $3713, leading to a projected
flood claims savings of $9.6 million dollars over the next 50 years.
Furthermore, birds have been flocking to the newly restored habitats—and bird-
watchers, and the dollars they spend, are following. An analysis conducted in 2014
by Elizabeth Schuster of The Nature Conservancy predicted that the ecotourism
from these birders will add more than $310 million dollars per year to the county’s
revenue.
The restoration of South Cape May Meadows offered a unique opportunity to
conduct a before-and-after analysis of nature-based solutions, and emerged as a
prime example of the significant economic, ecological and social benefits such
solutions can provide. The community of Cape May Point is now better protected
from the dangers and economic costs of coastal storms, boasts newly restored
wildlife habitat and a thriving ecotourism industry, and has even more recreation
opportunities for residents and visitors alike.
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11.7 Offshore Coral and Oyster Reefs

Offshore coral and oyster reefs serve as natural breakwaters. Their physical struc-
ture and rough surfaces absorb and dissipate the force of waves; creating calmer
waters on the shoreline side and reducing impacts of erosion and flooding.

Corals are marine invertebrates that permanently attach themselves to the ocean
floor while living in compact colonies of many identical, individual polyps.
According to Spalding et al. (2001), most coral reefs are found in tropical waters less
than 50 m (164 ft) deep where temperatures range from 23 to 29 °C (73–84 °F).

The reef systems built by coral polyps can reduce as much as 97% of wave
energy, greatly decreasing the impacts to communities and creating calm waters on
the backside of the reef which protects beaches and dunes from erosion.
Worldwide, nearly $6 billion of built capital protected from flooding by coral reefs
annually (The Nature Conservancy). Studies show onshore damages triple with as
little as a one-meter loss of coral reef (Tercek 2017).

Coral reefs are also popular with tourists, especially snorkelers and scuba divers.
A study conducted by Nature Conservancy scientists for the Journal of Marine
Policy, found coral reef tourism generates $36 billion globally each year (Spalding
et al. 2017). Coral reef based tourism in the Florida Keys alone has been estimated
to provide more than $1 billion of economic activity annually.

Additionally, coral reefs provide shelter, habitat, and food for numerous species.
Some estimates have found nearly 25% of all marine species rely on coral reefs
during some phase of their life (Naturally Resilient Communities). Many of the
species that rely on coral reefs are recreationally or commercially important.
According to the National Oceanic and Atmospheric Administration (NOAA) the
commercial value of coral reef-based fisheries is more than $100 million annually in
the United States.

Oysters, bivalve mollusks which inhabit coastal waters with variable salinity and
are generally found between 64° North and 44° South latitudes (Bayne 2017), also
live in compact colonies which form reefs. Oyster reefs are capable of meaningfully
reducing wave energy. Studies from the Gulf of Mexico have found oyster reefs can
decrease wave energy by as much as 76–93%.

In addition to providing protection, oysters are very economically important. The
oyster fishery is still one of the most valuable in the U.S. In the Chesapeake Bay,
dockside value for oysters was approximately $44 million from 2013 to 2014.
Dockside value, however, only accounts for a small portion of the overall value of
the fishery—one analysis found each $1 million of dockside value in the
Chesapeake Bay equated to $36 million in total sales and almost 1000 jobs
(Naturally Resilient Communities). Rich oyster fisheries also flourish in the bays of
coastal Louisiana and Apalachicola Bay, Florida.

Like wetlands and mangroves, offshore reefs are generally expected to be able to
keep pace with modest amounts of sea level rise if their environmental conditions
are good. However, there is growing concern about the health of our globe’s reef
systems. Studies suggest more than 85% of historic oyster reefs have been lost, and
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it is estimated that 70% of the world’s coral reefs could be lost by 2050. These vital
ecosystems are in desperate need of protection and restoration. Fortunately, there
are a number of recent success stories which give inspiration and hope.

For instance, a review of oyster reef restoration projects in Alabama showed
every mile of restored reef would provide revenue of $2.3 million and create 25
jobs. Additionally, the construction of these self-sustaining oyster reefs could save
Alabama property owners as much as $150 million over rip-raps and bulkheads
(Kroeger 2012; NOAA 2012).

Furthermore, a 2012 study by economists from The Nature Conservancy, titled
“Economics of Oyster Reef Restoration in the Gulf of Mexico”, found an invest-
ment of $150 million towards oyster reef restoration will:

• Build 100 miles of oyster reefs
• Create 380 jobs per year for 10 years, or rather, 3800 jobs during the

decade-long construction phase
• Boost regional household income by $9.7 million a year during the 10-year

construction period
• Increase revenues and sales of crab, fish, and oyster harvests by $7.87 million

yearly
• Increase annual sales by $7.3 million in the commercial seafood supply chain.

To date, more than 200 jobs have been supported by NOAA-funded oyster reef
restoration projects implemented by the Conservancy across the Gulf of Mexico.
Coastal habitat restoration produces jobs at higher rates than sectors like road
infrastructure or oil and gas (NOAA 2012).

Case Study: Half Moon Reef, Texas
The Half Moon Reef oyster colony is one of the most productive fisheries for blue
crabs, oysters and shrimp in Texas. Once massive, Half Moon Reef had to be
reconstructed from the ground up. Completed by The Nature Conservancy in 2014,
the 54-acre restoration project is one of the nation’s largest.
Surveys of the reef show the Conservancy’s complex design is working. Oysters
have attached to roughly 70% of the reef’s total surface and between January 2014
and May 2016 the size of those oysters increased an astonishing
551%. Biodiversity is 40% higher at Half Moon Reef when compared to the
adjacent bay floor; biomass, which helps measure the level of sea life in and around
the reef, is 1014% greater than at nearby areas.
Better still, this innovative restoration project has spurred some exciting social and
economic benefits. A 2016 survey by the Conservancy and Texas Sea Grant found:

• Increased recreational fishing at Half Moon Reef added $691,000 to Texas’
gross domestic product year over year and generated an additional $1.27 million
in annual economic activity

• Half Moon Reef has created a dozen new jobs and $465,000 in annual labor
income
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• 94% of fishermen reported that the restored habitat at Half Moon Reef offered a
more satisfying experience than other fishing locations.

Using the success of Half Moon Reef as a blueprint, The Nature Conservancy is
spearheading three new large-scale oyster reef restoration projects.

Case Study: Monroe County, Florida
In Monroe County more than 33,000 jobs, accounting for more than half of the
local economy, are supported by ocean recreation and tourism. But, the reefs of the
Florida Keys have been declining since the 1970s. So, Monroe County, NOAA, and
The Nature Conservancy are collaborating to protect the remaining healthy coral
and restore populations. Tens of thousands of corals are being grown in underwater
nurseries and outplanted to the degraded reefs off Monroe County.
The project’s primary restoration and recovery approach is to take small fragments
of live tissue from healthy coral colonies of known genetic stock, grow them in
nurseries over time to create multiple colonies of each genetic type, and then
outplant genetically distinct individuals in proximity to one another so they spawn
and help reseed surrounding reefs.
Each outplanting site directly enhances live coral cover, wave-breaking structure,
fisheries habitat and tourism value.
Nearly 10,000 colonies have been re-established since 2004 with survival rates
averaging above 80%.

11.8 Living Shorelines

Living shorelines are an important coastal management tool designed to reduce the
impacts of erosion while maintaining other vital coastal processes. Living shore-
lines consist of a broad suite of shoreline erosion control techniques combined with
natural or engineered means of dissipating wave energy. Applications of living
shorelines range from purely vegetation, to pairing vegetation with offshore sills of
some sort, to a truly hybridized approach which utilizes both green and grey
infrastructure features.

Unlike traditional erosion control structures, such as bulkheads or seawalls,
which focus on deflecting wave energy away from a site (and may actually increase
erosion), living shorelines reduce energy onsite by breaking-up and absorbing wave
energy as they roll into the shoreline. Although primarily implemented as an ero-
sion control feature, when properly designed living shorelines can provide pro-
tection during low level storm surge events.

In addition to erosion control, living shorelines allow for the continuation of
important natural processes that maintain the health of the broader coastal system.
Furthermore, living shorelines help maintain coastal habitat which would otherwise
be lost if traditional coastal management approaches, such as grey infrastructure,
were utilized.
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At sites where shoreline armoring has been previously implemented, hybridized
living shorelines can be a strategic means of recapturing functionality of aged grey
structures while maintaining or improving the ecosystem services—such as
improved water quality, enhanced habitat, and increased aesthetics—provided by
natural coastal features. Pensacola Florida provides an example of a successful
hybrid shoreline (Figs. 11.6, 11.7 and 11.8). In 2007, Project Greenshores began
construction at Site 2 that featured a similar, but smaller-scale design. Here, citizens
requested the breakwaters be completely submerged underwater to improve the
site’s aesthetics. The breakwaters were constructed from 25,000 cubic yards of
recycled concrete donated after a runway was decommissioned at a nearby Naval
air station. Three islands were then created from 16,000 cubic yards of dredge spoil
that was removed from the Escombia River during a separate project. Site 2 was

Fig. 11.6 Project greenshores, Pensacola Florida. Credit Google earth

Fig. 11.7 View of project greenshores showing breakwaters. Credit Darryl Boudreau, The Nature
Conservancy
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completed in 2008 with the planting of 30,000 plants. Plans are being developed to
enhance the breakwaters, to provide better wave reduction, at Site 2 and increase
marsh areas.

Case Study: Hybrid Living Shoreline, Pensacola, FL
Pensacola’s location in the western Panhandle of Florida, combined with its low,
flat elevation, means that intense wave action, rising water levels and storm surges
pose significant threats to city. In addition to the threat of loss of life, storm surges
can damage property and public infrastructure, force businesses to close, delay
emergency responses and erode coastlines.
In 2000, the City of Pensacola began a project to re-establish lost marsh habitat
along its downtown shoreline through “Project Greenshores”.
The first phase of the project was construction of a breakwater. The structure sits on
the bay’s floor and extends above the surface, creating a wall that reduces the height
and force of waves. The breakwaters were constructed using 14,000 tons of
limestone, 6000 tons of recycled concrete, and 40 preformed concrete blocks. Next,
workers formed 35,000 cubic yards of sand into a series of five islands just offshore.
Some 41,000 Spartina Alterniflora plants, a native species of common saltmarsh
grass, were then planted to produce eight acres of marsh habitat. With the com-
bination of sand, natural vegetation, and offshore breakwaters the site increased
protection from storm surge by attenuating the waves, stabilizing sediment and
reducing erosion during storms.
Project Greenshores has been a resounding habitat restoration success and has
exceeded expectations in terms of its potential benefits. Bird species are now so
abundant at Project Greenshores that the Audubon Society added it as a site along

Fig. 11.8 View of project greenshores showing salt marsh islands and breakwaters. Credit Darryl
Boudreau, The Nature Conservancy
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the Great Florida Birding Trail, which has boosted tourism. Oysters have grown on
the breakwaters, which enhances habitat for fish. Crab fishermen have benefitted
from increased harvests of blue crabs, which were scarce in the bay before the
project. The breakwaters have reduced wave action and turbidity, while the marsh
habitat better retains nutrients before they wash into bay, which has improved water
quality.
Shortly after completion, the effectiveness of Project Greenshores was tested by two
consecutive, category 3 hurricanes (Ivan 2004; Dennis 2005). During both events,
the breakwaters and marsh islands helped protect the shore from storm surge,
proving its utilization in coastal resiliency.
“This project has clearly demonstrated that living shorelines have tremendous
benefits not only in terms of our ecosystem, our economy, and our recreational
activities, but also in mitigating the impact of tropical storms and hurricanes.
Experts have found that areas with living shorelines experience less coastal erosion
as a result of storm events.”—Pensacola Mayor Ashton Hayward.

11.9 Implementing and Protecting Natural Infrastructure

Protect and Restore Natural Systems—A fundamental philosophy of municipal
governance is investing in and enhancing what is already present in the community
—building on the community’s existing strengths as a way to promote long-term
growth and success. This same philosophy should be applied to the natural
infrastructure communities possess.

As with any type of infrastructure, the most effective and efficient means for a
community to continue receiving the benefits provided by natural infrastructure is
to invest in their protection and maintenance. Intact, healthy, unprotected stretches
of coastal or estuarine habitat can be thought of as investment opportunities to
ensure ongoing delivery of the services they provide. Degraded or destroyed
habitats can be considered as infrastructure in need of upkeep or repair. To invest in
the restoration or enhancement of these features is much the same as one would
invest in road repairs to keep transportation ways safe and effective.

To understand the scale of opportunity and need, communities should identify
their existing, unprotected natural infrastructure as well as the areas that are already
protected but in need of restoration. Mapping and inventorying their coasts should
be followed by an effort to identify and prioritize the most important systems to
guide investment decisions. Many municipalities already have maps of potential
open space and identified targets based on criteria such as biodiversity or proximity
to existing protected lands, but assessing these inventories for their potential pro-
tective benefits can provide additional data for consideration when deciphering
where and how to invest.

One means of protecting natural infrastructure is acquisition of property. This
usually takes one of two forms—open space acquisition of an undeveloped parcel
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or voluntary buy-out of owned, developed property. Functionally these processes
are quite similar. The community identifies a property of interest, finds a willing
seller, and negotiates an agreement of just compensation for the parcel. Open space
acquisition is a long-standing practice and it is quite likely that a community
already engages in this effort, even if historically the reason for acquisitions was not
related to flood and storm reduction (Naturally Resilient Communities).

Voluntary buy-outs of vulnerable properties offer communities a two-fold
opportunity—moving people out of a vulnerable situation and preserving or
restoring the underlying natural infrastructure. A common practice in river com-
munities to address flooding, voluntary buy-outs have begun to gain more traction
in coastal communities as frequency and severity of coastal storms increases. In the
aftermath of Superstorm Sandy, hundreds of homes were acquired by New York
State, creating opportunities to restore wetlands and coastal habitats that had been
degraded by development (Naturally Resilient Communities). However, commu-
nities do not always have to rely on property acquisition as the only means of
protecting existing natural systems. Establishing regulations on allowable land uses,
limiting the amount of clearing on individual parcels, designating no-build zones,
and other regulatory strategies can promote healthier, more effective natural
infrastructure by guiding land-use decisions (Naturally Resilient Communities).

Each coastal habitat is unique and its protection or restoration should be
accompanied by a comprehensive plan to ensure the greatest likelihood of success.
Focusing additional efforts on restoring or enhancing the natural processes these
systems rely upon—clean water, sufficient sediment supply, and enough space to
persist now and in the future—further increases the likelihood these features will
continue to benefit the community for years to come.

These systems, and the benefits they provide, cannot continue to be taken for
granted. Communities that take a strategic approach to identifying their most
important natural infrastructure and investing in its current and future health will be
well-rewarded.

Influence Public Policy—Not surprisingly, existing financial, legislative and
cultural norms favor grey infrastructure over natural defenses. But, studies have
shown natural infrastructure often inspires greater public/local support because of
the attractive and highly valued community amenities, such as restored river
channels, river parkways, and beaches, they often provide. In 1995 a $115 million
“grey” Napa River flood protection proposal from the Army Corps of Engineers
was rejected amidst strong local opposition. Two years later, Napa County voters
approved a local sales tax increase to fund a “Living River” design, despite its
higher projected cost of $163 million (The Nature Conservancy, Reducing Climate
Risks with Natural Infrastructure; The Case for Green Infrastructure 2014).

To most effectively promote natural solutions, a suite of policies, programs and
funding is needed to facilitate investments in natural infrastructure. Fortunately,
there are examples of innovative strategies emerging. NOAA has led in this arena
by providing technical assistance and grant funding for coastal resilience projects
and creating the Digital Coast Partnership, a collaboration of organizations pro-
viding science, tools and assistance to advance natural infrastructure work.
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In Congress, some progress has been made through legislation, such as
Section 1184 of the 2016 Water Infrastructure Improvements for the Nation (WIIN)
Act, which calls on the U.S. Army Corps of Engineers to consider natural and
nature-based techniques when scoping flood management projects. Additionally,
the Federal Emergency Management Agency (FEMA) has adopted policies to help
account for the value of natural infrastructure when conducting flood risk mitigation
work. While these examples are encouraging and progressive, there is much more
that needs to be done to bring natural infrastructure into mainstream public policy.

Assess the Value of, and Insure, Nature—By assigning value to nature in risk
assessments, insurance companies are beginning to see potential opportunities to
stabilize, or even reduce, losses and increase the resilience of communities in the
face of climate change and heightened disaster risks.

Swiss Re, a global reinsurance industry provider and leader in understanding
climate risk, and Risk Management Solutions (RMS), one of the largest catastrophe
risk modelers in the market, are some of the first agencies to account for nature’s
protective services in their risk modeling. A recent study by Swiss Re found the
island of Barbados loses the equivalent of 4% of its GDP each year in hurricane
disaster costs. But, the study also found for every $1 spent on protecting and
restoring mangroves and coral reefs, $20 can be saved in future hurricane losses.
When asked what he thought the potential for natural infrastructure was in places
like Barbados, Swiss Re’s Vice President of Global Partnerships, Alex Kaplan, said
simply, “It’s about allowing economic progress to continue.”

Insurance companies are not the only ones working to insure nature. The Nature
Conservancy has launched new approach to protecting and restoring coastal
ecosystems and coral reefs. The goal is to create a shared governance trust fund
with a reliable source of funding which will be used to manage the health of a
60-km stretch of the Mesoamerican Reef, as well as the beaches, of greater Cancún,
México.

In addition to funding management of the reef and beaches, a key purpose of the
fund is the creation of an insurance policy for the beaches and reef. The policy will
pay out for reef and beach restoration while the shared trust fund supports perpetual
beach and reef maintenance and “First Response” teams for storm-ravaged
ecosystems. Key stakeholders to this approach are the local Cancún hotel associ-
ation, state government, and science community (represented by The Nature
Conservancy). The Nature Conservancy began this project in 2015 and expects it
will culminate in early 2018. The hope is to create a profitable insurance mechanism
that can be replicated across reef-dependent communities, a sustained source of
public and private funding, and new science protocols which help calculate the
value of coastal resources.

The Nature Conservancy is also looking at a range of other insurance mecha-
nisms, including reduced premiums for property owners protected by healthy nat-
ural infrastructure—which would hopefully incentivize those parties to help keep
the infrastructure healthy—and nature-based captives, where companies create their
own insurance companies to cover the protective services of natural infrastructure.
As the world prepares for more expensive climate-related disasters, novel insurance
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strategies provide opportunity for reducing our climate costs and increasing the
resilience of people and economies.

Move People out of Harm’s Way: Planned Retreat—In some cases, relocating
away from areas vulnerable to flooding will increasingly become a necessary choice
for health, safety, economic, and environmental reasons. Sea level rise in particular
has the potential to drive net migration away from vulnerable coastal areas (Hauer
2017). A key component of any relocation plan is that it be a resident and
stakeholder-based participatory process with a shared vision based on natural and
social science and urban planning principles. The CNAI Handbook (NOAA and the
Association of State Floodplain Managers 2007) recognizes relocation as the
“preferred” strategy for reducing vulnerability of residents living in flood prone
areas.

Analyses of sea level rise projections, storm surge scenarios, physical, structural,
economic, and social susceptibility, areas of repetitive loss, and conservation or
restoration potential are useful for prioritizing areas of retreat or redevelopment.
Behavioral economics are also an important consideration in planning so as to fully
understand issues of loss aversion, community culture, fairness, and uncertainty
about retreat and relocation (Buchanan et al. in review; Masterson et al. 2017).

Community planning can also address the potential change in local tax revenue
from property acquisitions and the benefit or gain from cost reduction for com-
munity services and creation of open space and public access in the retreat areas.
These participatory community plans can disseminate critical information and foster
trust, relationships, and collaboration among stakeholders (Nelson et al. 2007); all
of whom are needed to ensure long-term resilience of their community.

The mechanics of planned retreat require acquisition of willing sellers’ private
property and removal of homes, roads, telephone poles, electrical and sewage
connections, and other vulnerable infrastructure. Acquisitions take time and are
done on an individual basis. Ideal planned retreat areas are assemblages of
numerous willing sellers to create a coherent, contiguous area of future open space.
Over the short-term, however, there may be a patchwork of homes and infras-
tructure amid undeveloped properties which can temporarily limit creation of parks
and public access. For this reason, it is important to implement short, medium, and
long-term planning for the properties which considers maintenance, access, and use.
Property acquisition can happen many ways, including purchase of fee title, ease-
ments, rolling easements, or life tenancy agreements. There may also be opportu-
nities to provide tax incentives such as bargain sales.

A key component for successful planned retreat is providing fair market value
(FMV) for acquired properties, which will vary depending on the different pro-
grams’ rules for determining FMV. Factors such as pre- or post-storm value of
similar properties, presence of hazardous materials, underground storage, or utilities
are some considerations when determining FMV for a property. Depending on
funding programs, different criteria are followed to complete acquisitions. A major
source of funds for acquisition is post-disaster funding from federal programs. For
example, after Superstorm Sandy in 2012, New York received $4 billion in disaster
recovery aid primarily through FEMA and the US Department of Housing and
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Urban Development (HUD) Community Development Block Grant Disaster
Recovery program (CDBG-DR). A portion of these funds is being used to acquire
approximately 500 homes for retreat where the land will be returned to open space
and deed-restricted, while another approximately 500 homes are being acquired for
“resilient re-development” to be re-sold, with the potential for some relocation
support. Resilient redevelopment includes elevating homes and other
flood-prevention-related structural changes.

There are also pre-disaster, flood mitigation, and other federal, state, and local
funds that can be used for acquisition of developed and undeveloped land or for
easements to limit development in floodplains and protect wildlife, habitat, water
quality, and current and future wetlands that will result from flooding and inland
wetland migration.

The benefits associated with property buyouts accrue in two areas. First, moving
people out of harm’s way and removing vulnerable infrastructure reduces the
overall risk and vulnerability in a community, thereby reducing the costs associated
with ensuring the health and well-being of those communities, particularly during
storm events, and the costs associated with rebuilding in vulnerable areas. By
moving people out of vulnerable areas and replacing the built infrastructure with
natural infrastructure, communities are provided with ecosystem service benefits
that can include storm protection, access to open space, recreation, economic
development, and improved water quality and habitats.

Sidebar note: A large percentage of the federal payouts for flood damages are to repetitive
loss properties (King 2013). For example, in 2013, 9000 homes equal to only 1% of
properties insured by the National Flood Insurance Program (NFIP) made up approximately
one-third of the National Flood Insurance Program’s claim costs since 1978 (Daley and
Wang 2015).

11.10 Conclusion

Nature provides numerous, quantifiable services and benefits; however, commu-
nities are not often educated or incentivized to protect their natural systems.
Bridging this divide is paramount for communities across the globe to survive in a
climate changed future. Nature must be prioritized in our regulatory, financial, and
social systems in ways which empower, encourage, and incentivize smart and
necessary investments in natural infrastructure.

We cannot stop the seas from rising or the storms from coming. If we are to live
safely in these areas, at harmony with nature and water, tomorrow’s coasts will
need to look very different than those of today. We must make choices today that
enable succeeding generations to stand at the waters’ edge and feel the same, deep
affinity that has drawn so many.
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Part III
Case Studies of Threatened

and Vulnerable Coasts



Chapter 12
Pearl River Delta and Guangzhou
(Canton) China

Lynn Donelson Wright and Wei Wu

If it be said that your object is to exercise control over your
country’s trade, your nationals have had full liberty to trade at
Canton for many a year, and have received the greatest
consideration at our hands.

—Emperor Qian Long’s Letter to King George III, 1793

12.1 Historical Center of Trade Is Sinking and at Risk

The city of Guangzhou (Figs. 12.1 and 12.2), formerly called Canton by the British,
in China’s Guangdong Province was established in the Qin Dynasty *220 BCE as
a port city within the Pearl River Delta (PRD) and near the coast of the South China
Sea or Nan Hai (Fairbank and Goldman 1998). Following roughly two millennia as
a hub of trade, Canton became the focus of international conflict in the “Opium
Wars” with Britain in 1841. China lost and one of the concessions it was forced to
make was to grant Britain the rights to the nearby island of Hong Kong, which, at
the time, was desolate and malaria infested (Schell and Delury 2013). Today,
Guangzhou is one of the world’s coastal megacities (discussed in Chap. 6), with a
population of 13 million people. However, considering the “agglomeration” of the
eight urban centers within the Pearl River Delta including Shenzhen, Hong Kong
and Macau the total regional population rose to 66 million by 2017 (The Economist
2017). By 2015, the Pearl River Delta urban agglomeration had overtaken Tokyo as
the world’s largest megacity (van Mead 2015; Fig. 12.2).

Hallegatte et al. (2013) estimate that by the year 2050, the annual cost of
flooding of coastal cities worldwide could be on the order of $60–$63 billion
(USD) and Guangzhou and the PRD are among the cities most at risk. Westphal
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et al. (2013) conclude that the Peoples Republic of China (PRC) is the most
threatened East Asian nation in terms of the number of people who may be forced,
by sea level rise, to relocate. By 2050, millions of PRC coastal residents may be
displaced at a total cost of about $150 billion (USD) per million people; the greatest

Fig. 12.1 View of a small part of the modern city of Guangzhou, Guangdong Province, Peoples
Republic of China (PRC). Photo credit Pixabay free images

Fig. 12.2 Map of Guangdong Province, PRC showing the location of Guangzhou and 8 other
cities. The Pearl River Delta is highlighted in Orange. (From HKTDC Research 2016, PRD
Economic Profile)
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threat in the PRC is to Guangzhou and the Pearl River Delta. The actual number of
people displaced will depend on which sea level rise scenario prevails. Like Miami,
Florida, Guangzhou has been built at an elevation of only about 1 m (3.28 ft) above
sea level. The Pearl River Delta has a mean elevation less than 2 m (6.56 ft) above
mean sea level (Chen et al. 2014) with a mean elevation of 0.3–0.4 m (0.98 to
1.31 ft) above mean sea level in the southern delta (Tracy et al. 2007). With its many
high-rise buildings it is “very heavy” and it rests on a deltaic surface. The Pearl River
Delta is sinking at an average rate of 2.5 mm/year (0.1 in./year) (Wang et al. 2012).
This subsidence, combined with rising sea level, increased intensity of impact from
typhoons and storm surge (Du et al. 2013) and projections for increased urban
expansion have placed Guangzhou at, or near the top of the list of the world’s most
threatened coastal cities. In monetary terms, the cost of threatened assets in
Guangzhou over the coming decades is $268 billion, roughly equivalent to Miami’s
jeopardy (Parker 2015). This does not include the potential costs of relocating people
displaced by urban flooding. Westphal et al. (2013) suggest that, with appropriate
adaptation strategies, some mitigation of future climate change impacts is feasible.
However, these strategies will also be expensive and undoubtedly complex.

12.2 Rising Wealth, Rising Water

In 1980, Deng Xiaoping established the Shenzhen and Zhuhai Special Economic
Zone in the Pearl River Delta (PRD) region of Guangdong Province. Since then, the
economy of the PRD has grown at an explosive rate. For the past decade, the annual
rate of growth has averaged 12% and in 2017 the PRD supported one of the world’s
most successful economies with a GDP that exceeds $1.2 trillion (USD) which is
about 10% of China’s total GDP (The Economist 2017). The PRD is now con-
sidered to be China’s most innovative economic zone thanks to globalization and
the promotion of free international trade. It is a major manufacturing center for
automobiles as well as high-tech products. The American computer company Apple
is currently building a research and development center in the PRD. Although the
PRD occupies only 1% of China’s land area and supports only 5% of its population,
it accounts for 25% of China’s exports (The Economist 2017). The economy and
population of the PRD are expected to continue to grow over the decades ahead
although there is uncertainty as what the growth rates might be.

Among various climate change impacts, rising sea level is of great concern for the
Pearl River Delta due to its flat terrain and urban development (Tracy et al. 2007). The
frequency and height offlood events that regularly affect the PRD are also expected to
grow over the course of this century. AVISO altimetry data since 1990s has shown a
mean sea-level rise of 3.72 mm/year (0.15 in./year) on the Pearl River Delta coast (He
et al. 2014). Longer tide gage records fromHongKong’sVictoriaHarbor (HongKong
Observatory 2017) show that over the period 1954–2016, the average rate of sea level
rise was 3.1 mm/year (0.12 in./year), which is identical to the global rate as described
in Chap. 3 (Fig. 3.3). However, as concluded by IPCC (2013), models predict that,
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depending on which warming scenario prevails, the global average rate of sea level
rise over the coming decades is likely to be somewhere between 8 and 16 mm/year.
Since Hong Kong’s current rate of rise corresponds almost exactly to the global rate,
we may assume that the future rate of rise will also conform to the global rate. This
means that by the end of the century, mean sea levels in the Pearl River Delta may be
up to 1.3 m (4.3 ft) higher than at present. Figure 12.3 shows observed and predicted
sea level rises at Hong Kong and the Pearl River Estuary from 1948 to 2100 for the
three IPCC global warming and sea level rise scenarios discussed in Chaps. 2 and 3
(RCP 2.6, RCP4.5 andRCP 8.5). To the rises inmean sea level wemust add the rate of
PRD subsidence, which varies locally averaging about 2.5 mm/year (0.1 in./year)
(Wang et al. 2012) but reaching maxima of up to 15 mm/year (0.59 in./year) in some
locations (Ao et al. 2015). The total relative rise in sea level could exceed 2 m (6.6 ft)
in some places by 2100. Another analysis based on a 72-year tidal record from Hong
Kong (1920–1992) and other factors including backwater effects and long-term
geological subsidence showed a possible 30 cm (11.81 in.) rise in relative sea-level
rise at the mouth of the Pearl River (Huang et al. 2003, 2004). Hence, without
protective engineering structures such as levees and floodgates much of Guangzhou
and the PRD will be flooded (Du et al. 2013). Figure 12.4 shows the land configu-
ration of the PRD today (Fig. 12.4a) and as it might be with a 1.4 m (4.6 ft) rise in
relative sea level (RSL) without protective engineering structures (Fig. 12.4b; from
Kindel 2016). Most dykes on Pearl River were built for 1 in 20 year flood events
ignoring the effect of sea-level rise (Woodroffe et al. 2006). In order to build new
protective infrastructure and raise the standards of old infrastructures tomeet sea-level
rise, a multi-million dollar investment is required. However, this investment is nec-
essary to reduce the recurring costs of flooding. Huang et al (2003) showed that the
total engineering workwill require 175million m3 of soil and stone to meet the design
standard of 30 cm (11.81 in.) elevation rise by 2030 for each of the 95 defenses
distributed across the Pearl River delta, which amounts $263 million (1998 USD),
comparable to the direct economic loss attributed to the 1994 flood in the region.
Without infrastructure protection, the potential future flooded areawill bemuch larger
(Huang et al. 2004).

Fig. 12.3 Observed and
predicted mean sea level at
Hong Kong and the Pearl
River Estuary from 1948 to
2100. Figure from Yang et al.
(2014). The three scenarios
are explained in Chap. 2,
Sect. 2.4
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Flooding at recurrent high tides will be common before mid century. The tides
that affect the Pearl River Estuary and Delta are mixed-semidiurnal with a large
diurnal inequality in range (Mao et al. 2004). The average tide range is less than 2 m
(6.56 ft) but the spring tide range (full and new moons) can be up to 2.3 m (7.54 ft)
and perigean “King Tides” can have a range up to 2.7 m (8.86 ft) and cause street
flooding under normal “fairweather” conditions (Hansen 2017). Added to these
water levels, more intense and frequent rainstorms now cause episodic flooding
(Yang et al. 2014). In the 19th century, Guangzhou, like Venice, had numerous
intertidal canals, which quickly drained away floodwaters. But those have long since
been paved over and drainage is now impeded and Du et al. (2013) report that urban
drainage problems are worsening. Today, when storm surges are superimposed on
these recurrent inundation events, the outcomes can be tragic and extremely costly.

12.3 Typhoons and Storm Surges

The Pearl River estuary faces the largest composite risk of typhoon-induced disaster
in China’s coastal region (Yin et al. 2012). Long-term records from China are
extensive and detailed and they go back thousands of years. Liu et al. (2001)
analyzed written records of typhoons striking the PRD dating back to AD 975.
Their analysis suggests that typhoon landfalls in Guangzhou were infrequent prior
to about 1400 (possibly reflecting incomplete records) but were most frequent
during certain multi-decadal periods, specifically: AD 1660–1680; 1850–1880;
1900–1940 and 1970–1980. Typhoon frequency during these periods was around
25–30 typhoons per decade. Based on these results, the authors conjecture that the
next period of increased typhoon frequency could be in the 2020s or 2030s but
there is no model-based support for this. Since 1900, instrumented records have

Fig. 12.4 a The PRD land surface today. b The PRD with 1.4 m RSL rise. Figures are from
Kindel (2016). Lessons from the World’s Largest Megacity: How to confront the challenges facing
China’s Pearl River Delta
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been maintained and these records indicate higher frequencies of typhoon occur-
rences specifically 40–60 per decade. Yang et al. (2014) show data indicating that
since the 1950s, the PRD has been affected by 3–11 typhoons per year, with the
highest frequency occurring in the 1970s. The frequency has been diminishing
since the 1990s and over the past decade or so has been on the order of 4 or 5 per
year. However, Yang et al. (2014) emphasize that the intensity of these storms has
increased significantly in recent years, consistent with expectations from rising sea
surface temperatures (e.g. Chap. 2, Sect. 2.6). Yin et al. (2012) point out that
socioeconomic vulnerability to these more intense storms is high. They developed a
risk analysis system from which they estimated that economic loss to Guangdong
Province from a single severe typhoon to be about $2 billion (USD).

One recent major typhoon to strike the PRD was Typhoon Nida in August, 2016
which had wind speeds of 151 km/h (93.83 mph) when it made landfall near
Shenzhen (Xinhua news Aug 2 2016; Fig. 12.5). The most recent Typhoon Hato
that directly hit the PRD region on August 23 of 2017 was the strongest typhoon
within the last fifty years in southeastern China. There is not yet a detailed
assessment of the impact but it was estimated that the hurricane could have caused
Hong Kong $8 billion in economic losses due to wind and flooding damages and
paralysis of business, the stock market and traffic (http://www.scmp.com/news/
hong-kong/economy/article/2107994/typhoon-hato-could-cause-hk8-billion-losses-
after-no-10, last accessed on September 27, 2017).

According to Li and Li (2010, 2011) Guangdong Province experiences the most
severe storm surges in China and most of these are in the PRD. Zhao et al. (2016)

Fig. 12.5 Track of Typhoon Nida near Hong Kong and over the Pearl River Delta, August 1–2,
2016. Image from Hong Kong Observatory 2017
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analyzed the storm surges affecting the western region of Guangdong Province that
were generated by Typhoons Rammasun (TR) and Kalmaegi (TK) in 2014. The
results showed that although the two storms were of similar strength, TR generated
a storm surge that was less than 2 m (6.56 ft) high while TK generated a 4.5 m
(14.76 ft) storm surge. The difference was attributed to the fact that TK was moving
across the shelf at a much higher speed than TR and that speed roughly matched the
speed over the shelf of a long wave (which an advancing storm surge is). Storm
surges propagating up the funnel-shaped Pearl River Estuary are typically amplified
more than the surges examined by Zhao et al. (2016) and often exceed 5 m (16.4 ft)
or more in height. Du et al. (2013) state that storm surges in the PRE are the most
severe in China and have intensified over the past 20 years or so. Those affecting
Guangzhou are now typically 0.76 m (2.49 ft) higher than in the past. The storm
surges not only cause flooding but also cause significant upstream intrusions of salt
water. Although storm surges are a major cause of damaging floods in Guangzhou,
severe rainstorms, which may or may not accompany typhoons are worse.
According to He and Yang (2011), rainstorms are responsible for 63% of the
economic losses in Shenzhen while typhoons directly account for 33%.

12.4 Environmental Impacts of Climate Change
in the PRD

Beyond the extensive built-up urban areas are agricultural lands, coastal wetlands,
intertidal mud flats and various marine ecosystems, all of which are already being
degraded and are under serious threats from both climate change and urbanization.
The main causes of environmental degradation are coastal erosion and land loss,
saltwater intrusion, and reduced water quality related to pollution and sewerage
overflows (Du et al. 2013; Tracy et al. 2007). Nutrient and sewerage runoff into
estuarine waters can lead to low dissolved oxygen (hypoxia) impacting fish and
aquaculture. Saltwater penetration into ground water, agricultural areas and city
water supplies occurs often during dry conditions. Wetlands that support numerous
bird species are diminishing because of saltwater intrusion and erosion combined
with the fact that the ability of the wetlands to adapt by migrating inland is pre-
cluded by human construction of such structures as paved roads and levees (Tracy
et al. 2007). Mangroves and coral reefs have been severely impacted since the
1950s. According to Du et al. (2013) the area covered by mangrove forests has
diminished by 65 and 80% of the coral reefs surrounding nearby Hainan Island
have disappeared.

The multiple stressors related to sea-level rise, climate change, and anthro-
pogenic activities interact, often in non-linear ways, to affect natural resources to
degrees that are greater than the sum of individual effects. Based on an ecosystem
health index, Pearl River estuary has deteriorated from healthy to unhealthy status
over the last three decades (Chen et al. 2013). Over-reclamation and exploitation

12 Pearl River Delta and Guangzhou (Canton) China 199



have resulted in dramatic reduction of coastal wetlands in the past decades in China
(Han et al. 2006). From 1970s to 1990s, tidal marshes in the Pearl River estuary
declined from *7000 ha to *3000 ha. The mangroves in Guangdong province,
where Guangzhou is located, declined from 21,289 ha in 1950s to 9411 ha in 2002.
The degradation and loss of coastal wetlands will be even worse under sea-level
rise. Sea-level rise leads to more frequent, longer, and deeper flooding in man-
groves. The ecosystems need to accumulate sediments at a rate larger than sea-level
rise rate in order to be maintained. However, higher nutrient availability due to
environmental pollution, interacted with the predicted more severe drought due to
climate change, will likely increase mangroves’ mortality or vulnerability to
sea-level rise by favoring the growth of shoots relative to roots (Lovelock et al.
2009, 2015). The below-ground biomass contributes organic matter to sedimenta-
tion and is important to maintain mangroves under sea-level rise.

One of the most immediate threats is to the security of urban and rural water
supplies in the PRD and surrounding areas. Although Guangzhou does not yet
suffer from water scarcity, 6 of the other PRD cities are considered to be water
impoverished (Hu 2017). The combination of salinity intrusion and pollution is
increasingly causing water supplies to be impacted. Cheng and Hu (2012)
emphasize the need for improved water resource management throughout China.
Proposed strategies include improved efficiency of water utilization, reductions in
man-made pollution, more effective regulations and enforcement and improved
reservoirs.

12.5 Impacts of Climate Change and Flooding on Human
Health

Since 1970, average annual temperatures in the PRD have been rising at rates
between 0.3 °C (0.54 °F) and 0.4 °C (0.72 °F) per decade depending on specific
location; in 2007 the average summer temperature was 28.2 °C (83 °F) and rising
(Guangdong Meteorological Administration 2007). During heat waves, however,
temperatures are much higher than this. The PRD is hot and getting hotter and high
heat can be very harmful to cardio-vascular and respiratory health. For example,
IPCC models predict that by 2050, there will be 3.6–7.1 times more heat-related
deaths in Shanghai than at present (Tracy et al. 2007). But warmer temperatures and
wetter surroundings bring other threats including mosquitos, which spread
vector-borne diseases. Bai et al. (2013) conclude from an analysis of numerous
health studies that incidences of mosquito-transmitted diseases are increasing
throughout China but particularly in South China. The most prominent of these
diseases are malaria, Dengue fever and Japanese encephalitis. Those authors also
report that Guangzhou has recently experienced an outbreak of Dengue fever.

Lv et al. 2013 have described the prevalence of ten water-borne parasitic dis-
eases in China. They report that socioeconomic development, accompanied by a
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decline in sanitation improvement is contributing to increases in parasitic diseases.
These diseases are contracted through drinking water, direct skin penetrations and
consumption of undercooked aquatic plants and shellfish. Among these ten para-
sites are Giardia and Cryptosporidium. Other water-borne diseases include Vibrio
cholerae and Vibrio parahaemolyticus (Li et al. 2014), which causes infectious
diarrhea.

China’s hazy (smoggy) days have been increasing within the last few decades.
For example, the hazy days increased significantly from 70 days in 2001 to
144 days in 2004 in Guangzhou (Liu et al. 2013; Leng et al. 2016). Air pollution
due to economic development is mainly responsible for this. In addition, recent
studies showed that climate change is likely to cause air circulation changes. This
could interact with air pollution to intensify China’s severe haze episodes (Cai et al.
2017). The concentration of fine particles with a diameter of 2.5 μm or smaller
(PM2.5) increases significantly during severe haze. This reduces visibility, disrupts
economic activities, and harms human health (Zhang et al. 2014). The toxic sub-
stances in the fine particles could severely affect the respiratory, cardiovascular,
immune, and nervous systems, and increase morbidity and mortality, especially
premature mortality (Bai et al. 2006; Kan et al. 2007; Pope and Dockery 2006;
Wang et al. 2006; Xu et al. 2013).

12.6 Socioeconomic Impacts of Climate Change
and Flooding on the PRD

Yang et al. (2014) argue that socioeconomic vulnerability of the population of the
PRD to floods and storms has been increased in recent years by increased urban
population density and by the increase in flood frequency and severity. In addition,
the flood-protection dykes are near their limits of effectiveness and would likely be
overwhelmed with moderately increased sea level combined with more intense
storm surge. Yang et al. (2014) also point out that the most vulnerable segments of
the population are children, the elderly, the poor and, from an economic perspec-
tive, small businesses. The elevation of most of the PRD is only 1 m (3.28 ft) or
less above sea level and according to Du et al. (2013), 13% of the land is below sea
level. A 5 m (16.40 ft) storm surge on top of a 1 m sea level rise would inundate 15
counties in the PRD, ruin crop lands and displace many villagers and urban resi-
dents. The GDP of Guangzhou, Foshan and Zhongshan together would be reduced
by 52.3% (Du et al. 2013). In the case of Foshan, 67% of the population would be
forced to relocate. Extensive, and potentially prolonged power outages would have
unknown socioeconomic outcomes. Notably, the design criteria of one nuclear
power plant have already been exceeded by storm surge (Du et al. 2013). Tracy
et al. (2007) reviewed data that suggest that a normal storm surge and high tide
superimposed on a 65 cm (2.13 ft) sea level rise would cause economic losses in the
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PRD of about $ 22 billion (USD). In May 2014, a single downpour inundated 100
factories and shops, damaged tens of thousands of homes and cost $100 million for
repairs (Hansen 2017).

Yang et al. (2014), among others, have developed quantitative indices of vul-
nerability for identifying the specific areas of the PRD that are at greatest risk.
These indices consider three primary determinants: (1) relative exposure to the
threats such as elevation, exposure to storm surge, likelihood of failure of dykes
etc.; (2) sensitivity of the population which depends on age, health, income and
education; and (3) adaptive capacity which is function of flood prevention infras-
tructure, GDP, education and general mobility. In combination, these factors
determine overall vulnerability. Note, for example that Hong Kong has a very high
degree of exposure and also a high sensitivity, in part because of the high popu-
lation density. But Hong Kong also has a high index of adaptive capacity because
the population is relatively affluent, well educated and healthy and the city’s
emergency management infrastructure is good. Therefore, Hong Kong’s vulnera-
bility index is low. Another national assessment on China’s coastal vulnerability to
sea-level rise based on predicted sea-level rise, coastal geomorphology, elevation,
slope, shoreline erosion, land use, mean tide range, and wave height showed that
the Pearl River delta is in a highly vulnerable region (Yin et al. 2012).

12.7 Adaptive Strategies for the Future

Future resilience of the PRD will depend critically on advancements in resource and
emergency management strategies, on investments in flood protection infrastructure
including nature and living shorelines (O’Donnell 2017), on improvements in water
resource management and evolving predictive models of storms, storm surges and
hydrology for both long- and short-range forecasting. In addition, continuing
education of PRD residents about natural hazards and how to respond to them is
important. Cheng and Hu (2012) have emphasized the urgent need for new and
sophisticated approaches to water management in order to cope with water scarcity
and with degraded water quality caused by pollution and salt-water intrusion. Fresh
water is needed not only for drinking and sanitation but also for agricultural irri-
gation and power (Hu 2017). Wu et al. (2014) stress the importance of improving
flood control protections for reservoirs.

Du et al. (2013) outline four main categories of strategies that must be imple-
mented in order to ensure future resilience of the Pearl River Delta cities and
inhabitants. First among these, is the need to improve monitoring, forecasting and
early warning of impending floods, storm surges or other damaging events.
Advanced numerical models will undoubtedly be essential in this strategy. The
second set of adaptation strategies primarily involves innovative coastal engineer-
ing including a range of flood protection structures, submerged breakwaters,
strengthening and water proofing the walls of buildings and protections of sewers.
Thirdly, Du et al. (2013) advocate restoration of coastal ecosystems to strengthen
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natural protection. Finally, protection against saltwater penetration is essential to the
security of water resources. Accomplishing this will require complex management
of reservoirs throughout the Pearl River basin and well-orchestrated release of
freshwater to suppress seawater penetration during times of drought or storm sur-
ges. Implementation of these strategies will have to consider the interdependence of
all four categories as well as potentially impacted and constantly changing
socioeconomic circumstances.

Mitigating climate change impacts by controlling emission of greenhouse gas
and other pollutants is essential. Ecological thresholds can be useful to guide policy
making. For example, critical air pollutant loadings based on ecological thresholds
have been implemented in European countries to control atmospheric acidic
deposition (Porter et al. 2005). China is actively supporting basic research to
understand these ecological thresholds, but the research results must be effectively
disseminated to policy makers to help them make more-informed decisions.
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Chapter 13
Coastal Louisiana

Lynn Donelson Wright and Christopher F. D’Elia

(The upper course of the Mississippi River)… is held in place
… by the gorge in the Commerce hills. Its mouth in the Gulf of
Mexico is fixed by the works of man. Between these points it
writhes like an imprisoned snake constantly seeking …
equilibrium.
—D. O. Elliot, U.S. Army Engineer quoted by Barry (1998)

13.1 A Unique and Imperiled Coastal System

Just as “Egypt is the Gift of the Nile” (Chap. 4), Coastal Louisiana owes its
existence entirely to sediments supplied to the Gulf of Mexico coast by the
Mississippi River (Fig. 13.1) from a catchment that covers 3.2 million square
kilometers (1.2 million mi2) of North America including roughly 41% of the area of
the contiguous 48 states of the USA (EPA 2017). Over the past 10,000 years, these
sediments have yielded vertical accumulations of 0.1–0.5 km (0.06–0.3 mi) with
the highest accumulations occurring nearest to river mouths (Coleman and Roberts
1988). As sediments have accumulated, the land surface has undergone progressive
subsidence, partly because of large-scale tectonic subsidence of the structural Gulf
Coast Geosyncline and partly because of compaction of the fine grained silts and
clays. According to Allison et al. (2016), the rates of Mississippi Delta subsidence
are up to 18 mm/year. When this subsidence is added to the projected rates of
global sea level rise of between 8 and 16 mm/year, the total relative rate of sea level
rise in coastal Louisiana will conceivably be between 26 and 34 mm/year or
roughly up to 1 foot per decade (Chap. 3; Figs. 3.6 and 3.7). Prior to European
settlement in Coastal Louisiana over the past two or three centuries, deposition of
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new sediment was able to keep pace with subsidence by a combination of overbank
discharge, crevasse splays and occasional avulsions of the river and its tributaries.
However, since the early 1800 s, increasing engineering constraints have confined
the river, reduced the amount of sediment reaching the delta, and greatly limited the
natural dispersal of sediment over the deltaic surface. Today, land loss greatly
exceeds land creation. As the area of open water increases, so does exposure to
erosive wave action. At the present time, the rate of land loss is averaging 41 km2

(16 mi2) per year (or, as popularly stated: “one football field per hour”).
Coastal Louisiana includes the largest wetland in the U.S.A. and one of the largest

in the world. This unique and diverse ecosystem is regarded as one of the world’s
natural treasures. The cultural landscape is equally unique and diverse and includes,
among its population of roughly 2 million people, long-time Native American res-
idents, extensive African American communities, descendants of French and
German immigrants, mixed race Creoles and Acadians (“Cajuns”) who were orig-
inally displaced from Nova Scotia. In economic terms, up to $138 billion in busi-
ness, residential, and infrastructure assets are at risk and could be lost by 2050; a
single severe storm could cause disruption of $53 billion in economic activity
(Barnes and Virgets 2017). Beyond conventional economic activity, Shepard et al.
(2013) report that “In 2010, revenues from provisioning ecosystem goods and ser-
vices generated by the five U.S. states bordering the Gulf of Mexico contributed over
$2 trillion per year to the nation’s gross domestic product, including $660 billion

Fig. 13.1 The Mississippi Delta showing sediment plumes issuing from the mouths of the modern
“bird’s foot” delta lobe in the east and the Atchafalaya River in the west. NOAA AVHRR image
from LSU’s “Earth Scan” Lab, March 1997
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from the coastal county revenues and $110 billion from ocean revenues” (Shepard
et al. 2013, p. 10). It is, perhaps, ironic that the extensive engineering works that
were intended to protect people and assets from floods and support navigability of
the lower Mississippi River are now profoundly implicated in the disappearance of
the wetlands that once provided natural protections. Numerous dams on the upper
reaches of the river have significantly reduced the amount of sediment that ultimately
makes it to the coast. The levees that protect Louisiana communities from floods and
storm surges also prevent sediments and nutrients from nourishing wetlands and
agricultural lands. Prevention of the river and its distributaries from switching
course, as is natural, does not allow sediments to be deposited in the western parts of
the delta. The sediments remain confined to the river channels until they reach the
river’s mouths where man-made jetties maintain navigable depths by funneling the
outflows and causing the much-needed sediments to be lost to the deep Gulf of
Mexico waters. The dissolved nutrients that were denied to farmlands and wetlands
upstream are now dispersed over the continental shelf where they contribute to
eutrophication and oxygen depletion (Chap. 6, Fig. 6.3).

13.2 The Physical Setting of the Mississippi Delta

Today, the Mississippi Delta covers an area of 29,000 km2 (11,200 mi2). The rate at
which the Mississippi River discharges fresh water into the Gulf of Mexico aver-
ages 15,360 m3/s (552,960 ft3/s) over the course of a year but reaches a maximum
rate of 57,400 m3/s (2,066,400 ft3/s) when the river is at flood stage during spring.
Annually, the river delivers 210 million tons of suspended sediment to the Gulf of
Mexico (Milliman and Meade 1983). Compared to many major river systems, this
is a fairly small sediment load; the Ganges-Brahmaputra system has an annual
sediment load of 1.67 billion tons per year and the Amazon discharges 900 million
tons per year. Although most of the Mississippi sediment bypasses the coastal
wetlands that need it, much of the material that has not spilled over the edge of the
continental shelf has accumulated on the shelf yielding an extraordinarily low
gradient (slope of only 0°.02′) and soft inner shelf profile (Chap. 5, Fig. 5.2). For
coastal Louisiana, this is both good and bad. It is good because the flat, muddy
seabed causes wind-generated waves to be substantially dissipated before they
reach the shore (Sheremet and Stone 2003). It is bad because low gradient shelves
favor amplification of long-wave storm surges as was exemplified by Hurricane
Katrina in 2005. The average wave height in deep water off the coast is about 1 m
(3.3 ft) but is typically less than 20–30 cm (<1 ft) near shore. The maximum wave
heights recorded by buoys offshore during storms have been up to 10 m (*33 ft)
but less than *5 m (*15 ft) inshore. Tides and tidal currents are small. The tides
are diurnal (1 tide per day) and the range is only 40 cm (1.3 ft) and since the tide
only occurs once per day, the resulting currents are very weak. Consequently,
vertical mixing between the low salinity river plumes and the higher salinity Gulf
waters is weak allowing the mud-laden freshwater plumes to be carried westward
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by the prevailing coastal currents which normally flow from east to west (Dinnel
and Wiseman 1986).

Since the last post-glacial sea level rise reached its current position about
7000 years ago, the lower Mississippi River has switched its course at least 6 times.
Following each avulsion, the river produced a major deltaic lobe (Draut et al. 2005).
These overlapping lobes have left behind what now constitutes the rapidly receding
deltaic plain of the Mississippi. The result has been the existing landscape
(Fig. 13.2), which includes the remaining deltaic plain comprised mostly of dis-
appearing wetlands and shallow bays. The western part of the deltaic plain includes
the newly forming deltaic deposits from the Atchafalaya River, an active dis-
tributary of the Mississippi River. Further to west, is a plain of low beach ridges,
locally referred to as “cheniers” because they are surmounted by oak trees (chene,
in French). The Chenier Plain is composed of sediments transported westward from
the active delta and pushed onshore from the inner continental shelf during episodic
high wave energy events. Inland from the deltaic plain is the alluvial valley of the
lower Mississippi River, which is incised within “uplands” consisting of older
Pleistocene deposits.

13.3 The Cultural and Socioeconomic Landscape
of Coastal Louisiana

In the broadest sense, the population of coastal Louisiana can be separated into two
very general categories: those who live in and around New Orleans and those who
do not. New Orleans proper covers an area of 170 square miles (440 km2) and has

Fig. 13.2 The major geomorphologic regions of coastal Louisiana. Figure is from Gagliano and
van Beek 1993 with permission from Coastal Environments Inc. Baton Rouge, LA
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roughly 400,000 permanent residents (U.S. Census Bureau 2016). African
Americans make up 60% of the population, whites account for 33% and Hispanics a
little over 5%. In the mid 1800 s, New Orleans was the wealthiest and the third
largest city in the U.S.A. Today, the average per capita income of the city is
$27,700 (USD) and 27% of the population is living at or below the poverty level
making them highly vulnerable to floods and severe storms. The loss of protective
wetlands has greatly increased this vulnerability (Tibbetts 2006). This historical and
architecturally unique city attracts large numbers of tourists and tourism, including
hotel accommodations and food services, generates $2.8 billion (USD) in annual
revenue. It is largely for this reason as well as the vulnerability of the population
that the U.S. Army Corps of Engineers has invested $14.5 billion in surrounding
this sinking city, which is already below sea level, with an elaborate flood pro-
tection system consisting of hardened levees, floodgates, storm surge barriers and
high-volume pumps. It should be noted that, when one considers the urban “ag-
glomeration” immediately surrounding New Orleans proper, including the eight
contiguous parishes, the total population swells to 1.3 million (in year 2000; U.S.
Census Bureau) and the demographic composition becomes more similar to that of
the state as a whole.

Beyond the “Big Easy,” Coastal Louisiana includes extensive rural lands, wet-
lands, bayous, and several other cities including Lake Charles, Abbeville, Lafayette,
New Iberia, Morgan City, Houma, Thibodaux and Cameron as well as barrier island
communities like Grand Isle (Fig. 13.2). About 63% of the inhabitants are white
and 32% are African American. French speaking Cajuns (Acadians), Creoles and
direct descendants of French and Haitian immigrants make up a high percentage of
the population and many of these residents are involved in commercial fishing
(which supplies 26% by weight of U.S. commercial fisheries landings) or agri-
culture. Many others are employed by the oil and gas industry, which supplies 18%
of the nation’s oil (CPRA 2017). Although their populations are relatively small,
there are also unique and threatened Native American tribal communities, primarily
of the Choctaw and Muskogee Nations, throughout the lower Mississippi River
Delta. Many of these communities have lived in the delta for up to 300 years,
existing on a subsistence economy. Some notable examples include Grande Bayou
Village in Plaquemines Parish and the Pointe-au-Chien Tribal Community in
Terrebonne Parish (Peterson 2012).

The dominant economies to the west of New Orleans are oil and gas, commercial
and recreational fisheries and agriculture. Shipbuilding and boat building are also
significant in specific localities. The oil and gas industry accounts for over 25% of
the total revenues collected by the state of Louisiana (NRC 2006). In addition to
being a major producer of oil and gas, much of it from offshore production plat-
forms, Louisiana is among the nation’s top 3 importers of crude oil (U.S. Energy
Information Administration 2017). The “Henry Hub” is a natural gas delivery point
where 13 major pipelines intersect. The Louisiana Offshore Oil Port (LOOP) is the
only U.S. port facility capable of berthing Ultra Large Crude Carriers. Much of the
oil imported via such facilities is processed by the 18 operating Louisiana petro-
leum refineries (U.S. EIA 2017). In the aggregate,Louisiana supplies 18% of the
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US’s oil. The elaborate, multi-billion dollar infrastructure that supports this
industry, mostly in the vicinity of Houma, LA (Fig. 14.3; Barnes and Virgets 2017)
is now at serious risk of damage or destruction when future storms are superim-
posed on rising seas and sinking lands (Fig. 13.3).

Agriculture and commercial fisheries are also very important sources of income
for residents of rural Coastal Louisiana. In 2005, agriculture in Louisiana’s coastal
parishes contributed $410 million to the state’s economy (NRC 2006). The major
crops are sugarcane, rice and soybeans. Freshwater pumped from bayous, such as
Bayou La Fourche, provides irrigation for fields but progressive upstream pene-
tration of sea water threatens the continuation of this practice. The smaller, family
farms of the past are rapidly being replaced by large “agribusiness” farms.
Louisiana is regarded by many as the U.S. seafood capital: second only to Alaska, it
accounts for the nation’s highest commercial fish landings and 37% of the nation’s
oysters. The wetlands serve as nurseries for these fisheries and their disappearance
will have a very negative impact on commercial and recreational fisheries.
Ironically, however, some in the seafood industry have expressed concerns that
plans for reclaiming land from open bays could have a negative impact on some
fisheries including oysters (NRC 2006).

13.4 Hurricanes and Storm Surges

From an analysis of tropical storm and hurricane landfalls in the Northern Gulf of
Mexico, Doyle (2009) concluded that storm frequency is greatest along the Florida
Panhandle and decreases toward the west becoming half as frequent along the
Texas coast as in West Florida. Nevertheless, over the past century or so Louisiana
has taken direct hits by some very intense and destructive hurricanes. According to
Roth (2010) in a technical report of the National Weather Service, some of the
deadliest and most destructive hurricanes to hit the U.S. have made landfall on the
Louisiana coast. Notable examples were Audrey in 1957, Betsy in 1965, Camille in

Fig. 13.3 Port Fourchon, LA. A center of oil and gas activity near Houma and highly vulnerable
to rising sea levels and future storm surges. From Barnes and Virgets (2017)
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1969, Andrew in 1992 and Katrina in 2005. Between 1850 and 2010, a total of 106
tropical cyclones made landfall on Louisiana’s shores (Roth 2010). The most
intense storm of the 20th Century and early 21st Century was Category 5 Hurricane
Camille (Fig. 13.4) in August 1969, which struck Plaquemines Parish along the
narrow strip of the modern delta lobe with 160 mile per hour (256 km/h) winds and
completely leveled the towns of Venice and Buras. Camille also severely damaged
coastal counties of Mississippi and Alabama. The warm waters of the Gulf of
Mexico contributed to the intensification of Camille as it progressed northward.

Fig. 13.4 Northward track of Hurricane Camille up the Gulf of Mexico to landfall in the
Mississippi Delta in mid August, 1969. Image from NOAA Office of Coastal Management, Digital
Coast
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Although it was less intense than Camille, Hurricane Katrina caused far more
damage, loss of life and general devastation in eastern Louisiana than Camille,
primarily because of losses of protective wetlands over the 36-year period sepa-
rating the two storms. Less than 4 weeks after Katrina, Hurricane Rita made
landfall near the Louisiana-Texas state line inflicting damage on the western part of
Louisiana’s coast.

Although it is the direct impact of winds that cause damage to, and destruction of
buildings, it is coastal flooding that causes the most fatalities as well as much
property damage and substantial human health hazards (Chap. 10). The two most
common causes of coastal flooding are storm surges and heavy rainfall (as exem-
plified by hurricane/tropical storm Harvey in August 2017). In some cases, river
floods that coincide with storms can add to the effects of surges. In the case of the
Pearl River Delta (Chap. 12), heavy rainfall can cause more severe flooding than
storm surges. But, in the case of Coastal Louisiana it is storm surges that are most
devastating and this was very much true of the hurricane that drowned 6000 people
in Galveston in 1900 (Chap. 10). Needham and Keim (2011) compiled a data base
on storm surges that have affected the northern Gulf of Mexico and point out that
the most severe storm surges in the U.S. occur along the Gulf Coast. The torrential
rainfall flooding of Texas and Western Louisiana by Harvey in 2017 may well
represent the onset of a new regime.

The low gradient inner continental shelf combined with the trapping or funneling
effects of convergent bays such as the Bay St. Louis area immediately east of the
active “Birds-foot” delta causes the long-wave surge to experience amplification as
it moves ashore. The results of Needham and Keim’s (2011) analysis show that
surges affecting the Florida panhandle are much less severe than is the case for the
crenulated and embayed Louisiana coast. Although Hurricane Andrew that made
landfall just south of Miami in 1992 was a Category 5, it caused a maximum storm
surge that was typically less than 2 m high (4–6 ft.) throughout most of Biscayne
Bay reaching a local maximum of 5 m (16.5 ft; Chap. 15). The weaker Hurricane
Katrina over the shallow shelf of the northern Gulf of Mexico generated a surge of
8.5 m (28 ft). The surge caused by Camille was 7.5 m (25 ft) high and it completely
inundated Plaquemines Parish. The Mississippi River Gulf Outlet (MRGO), a
dredged and artificially maintained shipping channel to the east of the river proper,
was reportedly responsible for enhancing the Katrina storm surge that ultimately
flooded New Orleans’ Ninth Ward (NRC 2006). Chen et al. (2008) have hypoth-
esized that if Katrina had tracked farther to the east and made landfall on the
Alabama coast, the storm surge would been 4 m (13 ft) lower. As sea surface
temperatures in the Gulf of Mexico increase in the decades ahead, it is likely that
tropical cyclones will become more intense, but, there is no existing evidence that
they will become more frequent.
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13.5 Disappearing Wetlands

From uplands to the Gulf of Mexico, Louisiana’s coastal vegetation types include
(1) forests and freshwater swamps with cypress and tupelo gums, (2) floating
marsh, (3) freshwater marsh, (4) intermediate marsh, (5) brackish marsh and (6) salt
marsh. Figure 13.5 shows the distribution of these coastal vegetation types as they
exist in 2017 (CPRA 2017). As pointed out earlier, the present rate of wetlands loss
is around 41 km2 (16 mi2) per year and accelerating. The Louisiana Coastal
Protection and Reclamation Authority (CPRA 2017) projects that by 2050, without
reclamation, most of the wetlands will have been replaced by open water as por-
trayed in Fig. 13.6. Houma will be inundated and the narrow coastal barrier islands,
such as Grand Isle, will be gone.

There are multiple contributors to Louisiana’s wetlands loss. Inundation is the
most obvious of these. As explained in Chap. 9, Sect. 9.6, the maximum rates of
vertical accretion of salt marshes as well as deltaic surfaces in general are about
5 mm/year. Relative sea level rise rates in excess of these “tipping points” are likely
to cause wetlands or deltaic lands to be replaced by open water (Morris et al. 2016;
Turner et al. 2017). We pointed out earlier in this chapter that subsidence rates
alone are causing inundation of as much as 18 mm/year and, when the modeled
rates of future global sea level rise of between 8 and 16 mm/year are added to

Fig. 13.5 Distribution of vegetation types in Coastal Louisiana in 2017. Figure from Louisiana
Coastal Protection and Reclamation Authority (CPRA) on line Master Plan Data Viewer (2017)
(https://cims.coastal.louisiana.gov/masterplan). Key Dark green—forest and swamp; purple—
floating marsh; light green—freshwater marsh; yellow—intermediate marsh; orange—brackish
marsh; red—salt marsh
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Fig. 13.6 CPRA projections for wetlands distribution in 2050 without reclamation

Fig. 13.7 Dredged access channels in Louisiana coastal wetlands. Photo source U.S. geological
survey Louisiana coastal wetlands: a resource at risk. https://pubs.usgs.gov/fs/la-wetlands/
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subsidence, the “tipping points” are exceeded by 5–6 fold. As open water bays
grow in size, wave action becomes more energetic and progressively nibbles away
at the marsh edges (Chap. 9, Fig. 9.3) creating a “positive feedback”
loop. Landward intrusion of salt water causes dieback of freshwater swamps and
marshes. Another important contributor to wetlands disappearance is the denial by
levees and other engineering works of the supply of necessary sediments to nourish
delta accretion. Finally, perhaps one of the most egregious and highly visible
detriments to wetlands health is man-made destruction by the dredging of access
canals and channels for oil and gas development (e.g. Dardis 2010; Fig. 13.7).

13.6 Engineering Impacts

Flood control levees on the Mississippi had been constructed by the latter part of
the 19th Century and the impact of the levee system on the Mississippi Delta was
clearly understood. E.L. Corthell wrote the following in 1897: “The conditions are
very different now from those existing prior to the construction of levees. There are
at present no annual accretions of sedimentary matters from the periodical over-
flows of the river. These accretions formerly were a little more than equal to the
annual subsidence of the lands… No doubt the great benefit to the present and two
or three following generations accruing from a complete system of absolutely
protective levees, excluding the waters entirely from the great areas of the lower
delta country, far outweighs the disadvantages to future generations from the
subsidence of the Gulf delta lands below the level of the sea and their gradual
abandonment due to this cause.” While this ominous prediction of land loss has
come true, the levees of that time were unfortunately not designed to be high
enough or strong enough to be effective. The Great Mississippi River Flood of 1927
motivated Congress to mandate the construction of levees high enough to keep the
river completely contained in future such events (Barry 1998).

Today, the Mississippi’s artificial levees serve the purpose for which they were
intended: protecting lives and property along the course of the river. This protection
has the added effect of increasing property values and supporting economic growth.
However, these levees have also prevented overbank flows from supplying sedi-
ments to the deltaic plain and coastal wetlands and nutrients to farms and wetlands.
Kesel (2003) compared the situation that existed in 1850 prior to levee construction
to that of the late 20th century with levees and other controls. Notably, in 1850,
Bayou Lafourch carried about 30% of the river’s water and sediment load to
Terrebonne and Barataria Bays to the west of the active Birdsfoot and overbank
dispersal of sediment prevailed along the main and secondary channels. In contrast,
by 1990, overbank flows had been eliminated and sediment was discharged directly
into the Gulf of Mexico. In addition, river control structures upstream have com-
pletely cut off flows down Bayou Lafourch and directed 30% of the discharge down
the Atchafalaya River to the west. Atchafalaya sediments discharged into
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Atchafalaya Bay are at presently contributing the progradation of the Wax Lake
Delta, the only actively accreting delta lobe on the Louisiana Coast (Xing 2015).

While protection of human health and wealth was a prime driver of engineering
investment and construction, maintaining Mississippi River navigation for com-
merce and trade has always been close behind. Crucial to the navigability goal has
been maintaining relatively deep-water channels from the river mouths to as far
upstream within the river as ships may need travel. The three main mouths of the
river in the active “birdsfoot” are Southwest Pass, South Pass and Pass a’lOutre.
Pass a’lOutre the eastern most pass is not navigable by ships but the other two
passes are. For ships entering from the east the Mississippi River Gulf Outlet was
designed to provide a navigable short cut to New Orleans and the main channel of
the Mississippi. To ensure navigable depths across the river mouth bars at the
Southwest Pass and South Pass distributary mouths, the U.S. Army Corps of
Engineers designed and constructed converging river mouth jetties. By concen-
trating the outflow, these jetties prevent rapid river mouth deposition and maintain
depths sufficient to allow conventional shipping traffic to enter the passes.
Unfortunately, they also cause the sediments that are needed to nourish the delta
plain to be shunted into deep water. The third important type of impactful structures
are oil and gas platforms and pipelines. These are extensive and are highly dis-
ruptive to wetlands ecology.

13.7 Adapting to Change: Complex Plans for the Future

The loss of wetlands, barrier islands and other lands in coastal Louisiana is severe
and becoming worse. This has been known for several decades and, in 1990
Congress passed the federal Coastal Wetlands Planning Protection and Restoration
Act (CWPPRA). With state and federal collaboration, an initial plan was developed
in 1993. In 1998 the Louisiana Coastal Wetlands Conservation and Restoration
Task Force and the Wetlands Conservation and Restoration Authority (1998)
prepared a long-range plan entitled Coast 2050: Toward a Sustainable Coastal
Louisiana. In 2004, the U.S. Army Corps of Engineers published a report entitled
Louisiana Coastal Area (LCA), Louisiana Ecosystem Restoration Study (USACOE
2004). In late 2005, in the wake of Hurricanes Katrina and Rita, Louisiana
restructured its Wetlands Conservation and Restoration Authority to form the
Coastal Protection and Restoration Authority (CPRA). In 2017, CPRA released its
most recent comprehensive master plan for a sustainable coast.

The National Research Council was asked to assess the USACOE LCA report
and their report was published in 2006. In their assessment, NRC (2006) empha-
sized that returning coastal Louisiana to earlier conditions or even stopping future
land loss on a state-wide scale is not really possible. What is more feasible, how-
ever, is to limit or slow future damage by targeting specific vulnerable or eco-
nomically important localities for “triaged” protection or restoration. The NRC
report specifically states that: “The challenge of slowing the loss of coastal wetlands
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and adjacent barrier islands and levees is unprecedented. The geographic extent of
these wetlands and the range of natural and human forces that cause wetland
degradation contribute to what would be one of the largest civil works projects in U.
S. history” (NRC 2006, p. 17). They explain that the reasons for this challenge have
much to do with the conflicts among nature, politics, regulations, economics and
social traditions. Reconciliation among these conflicts is a challenge that must be,
and surely can be, over come.

The CPRA has a plan and it is laid out in detail in the 2017 report. An interactive
version can also be accessed on line at http://cims.coastal.louisiana.gov/masterplan/.
Plans for future protections, and some reclamation, include a suite of site-specific
strategies. One of these, involves a significant diversion of the lower Mississippi
River to discharge sediment into Terrebonne and Barataria Bays to create a new delta
lobe. Other strategies involve construction of new levees and elevating old ones as
well as installation of floodgates. Non-structural strategies include flood mitigation
by relieving or redirecting river flows during flood season, elevating and flood
proofing commercial, public and residential structures, removing dangerous or
environmentally harmful works, cessation of canal dredging, and, in some cases,
relocating residents to upland areas. Several reclamation projects also rely on
multiple structural and non-structural methodologies. One traditional approach is
barrier island reclamation using dredged material or sediment pumped from offshore.
Despite the ambitious plans and the likelihood of a large investment in implementing
the envisioned projects, the prospects for the future of coastal Louisiana remain grim
—the same human actions that have been taken to protect life and property have, in
the long term, jeopardized them as well.
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Chapter 14
Florida

Lynn Donelson Wright, C. Reid Nichols and Gary Zarillo

For nineteen years my vision was bounded by forests, but to-
day, emerging from a multitude of tropical plants, I beheld the
Gulf of Mexico stretching away unbounded, except by the sky.
—John Muir, upon reaching Cedar Key on the West Coast of
Florida (from A Thousand-Mile Walk to the Gulf, published
1916)

14.1 “Nuisance Floods” in Paradise

In a February 2015 article in National Geographic Magazine, Laura Parker
describes the plight of coastal Florida as rising seas add to the frequently recurrent
effects of perigean “King tides”, non-tidal effects related to fluctuations in the Gulf
Stream, and the occasional storm surge. The article points out that, in financial (but
not humanitarian) terms, Southeast Florida is more threatened than any urban
region in the world: in Miami alone, assets worth $22.6–$300 billion are in jeop-
ardy. These assets are primarily luxury high-rise condominiums, hotels and resorts
and are the major source of tax revenue for the state, county and city. More
recently, in 2017, Jeff Goodell discussed the threats facing Miami in more detail in
his popular book The Water Will Come (Goodell 2017). Ironically, in the year 2017,
the official position of the Florida State Government is to deny the existence of
climate change and sea level rise. In addition to episodic storm surges, there is a
recurring and growing inundation threat in the form of “nuisance flooding”
(Fig. 14.1; see explanation in Chap. 7). Across the Florida peninsula, on the state’s
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Gulf of Mexico coast, assets are also at risk but they are measured less in monetary
terms and more in terms of unique and endangered ecosystems. In this chapter, we
describe two dramatically different Florida realms: the highly urbanized
Miami-Dade and Broward Counties of Southeast Florida and the “Nature Coast” of
Citrus and Levy Counties. Both realms are at serious risk and both are distinguished
from most coastal systems by Florida’s uncommon natural and demographic
circumstances.

14.2 Florida’s Physical Setting

Florida is composed mostly of porous limestone, the remains of relict corals. The
emergent subaerial land surface of the state of Florida rests on the eastern side of the
much larger calcium carbonate Florida Platform (Schmidt 1997), which now con-
stitutes not only the substrate of the state, but also provides the surrounding con-
tinental shelf. Because the emergent lands are on the platform’s eastern margin, the
continental shelf off Florida’s south east coast is very narrow, whereas that off the
west coast is exceptionally wide. Figure 14.2, from Google maps, shows Florida in
its regional setting with its continental shelf. The red colors in the figure represent
relatively shallow water. Florida’s karst landscape is characterized by extensive
underground rivers, springs, caves (Fig. 14.3) and sinkholes as well as by a high
degree of permeability. This permeability precludes the feasibility of building
protective levees or dykes because rising seas will simply come up through the
ground. The Floridan aquifer, which underlies most of the state (Miller 1997), is at
or near the surface of the northwestern region and lies at depth beneath southeast
Florida where it is overlain by the Biscayne aquifer and a confining layer of fine
sedimentary rock. These limestone aquifers are critical components of Florida’s

Fig. 14.1 “Nuisance flooding” of the historic Stranahan House, Ft. Lauderdale, October 2015
(Photo-C. R. Nichols)
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complex groundwater hydrology network and are subject to saltwater penetration
when freshwater flow is significantly reduced.

The Florida Current (Schott and Zantopp 1988; Gyory et al. 2013; Fig. 14.4), the
southern component of the Gulf Stream system (or AMOC; see Sect. 2.4), is the
most prominent feature of the ocean circulation affecting Florida’s coast and
commonly attains speeds of up to 2 m/sec (4.5 mi/h). Off southeast Florida this
current impinges directly on the inner continental shelf within a few miles of Miami
and Ft. Lauderdale. Coastal currents off the coast of west Florida are much weaker
and more variable. The dominant ocean circulation feature in the Gulf of Mexico is
the Loop Current (Schmitz et al. 2005; National Academies of Sciences,
Engineering, and Medicine 2018). This swift Atlantic current, transports warm
water from the Caribbean Sea into the Gulf of Mexico at speeds of about 0.8 m/s
(1.8 mi/h). Sea surface temperatures in the summer months in the Gulf Stream and
within the Gulf of Mexico are hot and getting hotter; in late June 2017, the sea
surface temperatures are between 29.44 and 31.67 °C (85 and 89 °F). As pointed
out in Chap. 2, Sect. 2.5, warm sea surface temperatures can fuel rapid intensifi-
cation of tropical cyclones as was the case for Hurricane Matthew in 2016.

Fig. 14.2 The karst land surface of Florida rests on the eastern side of the much wider calcium
carbonate Florida platform. The continental shelf (red and yellow) is narrow off the Atlantic coast
and exceptionally wide and gently sloping off the Gulf (west) coast. Landsat image from Google
based on NOAA and U.S. Navy data
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For Florida as a whole, the rise in mean sea level over the past century has been
around 21 cm (8 in.; Maul 2015), but this rate is likely accelerating due the steric
effects of warming seas. The U.S. Army Corps of Engineers (2011, 2013) estimates
that by 2030 sea level will be roughly 18 cm (7.1 in.) higher than at present while
Boon and Mitchell (2015) conclude from statistical analyses that by 2050 mean sea
level in South Florida could be on the order of 50 cm (1.6 ft) higher than at present.
Model projections, however, suggest that by 2050 Miami sea levels could be up to
1 m (3.3 ft) higher than at present (Sweet 2017; Chap. 3, Fig. 3.7).

14.3 Tropical Storms and Hurricanes

Florida, especially south Florida, lies directly in the path of tropical cyclonic sys-
tems spawned over the warm waters of the tropical Atlantic Ocean, Caribbean Sea
and Gulf of Mexico. Many of these storms originate when hot Saharan winds carry
“easterly waves” off the west coast of Africa, across the Cape Verde Islands and out
over the Atlantic Ocean in late summer or early autumn. The most intense hurricane
to affect Florida in the past 25 years was Category-5 Hurricane Andrew (Rappaport
1993; National Hurricane Center et al. 2015), which made landfall near Homestead
in south Florida in 1992. Prior to Hurricane Irma in 2017, Andrew was considered
to be the most destructive storm to ever hit Florida where it killed 85 people

Fig. 14.3 Entrance to an underwater cave system in the Floridan Aquifer. Ginny Springs,
Gilchrist County Florida (photo-L. D. Wright)
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and caused $26.5 billion (1992 US$) in damage. An August 23, 2017 article in USA
Today pointed out that if a hurricane like Andrew hit south Florida today, the
damage would be on the order of $300 billion. Since 1992, 8 major hurricanes
(Category 3 or higher) and 1 minor hurricane have made landfall on the Florida
coast. In addition, since 2000, Florida’s coast has been directly affected by 66
tropical storms or hurricanes, including Hurricane Sandy that passed to the east of
Florida (but did not make landfall) in 2012 and generated large waves and moderate
storm surge along the state’s Atlantic coast. In 2005, Tropical Storm Katrina,
crossed the southern tip of Florida before entering the Gulf of Mexico where it
intensified into the hurricane that devastated New Orleans. In September, 2017,
Hurricane Irma, the largest and most intense Atlantic hurricane ever recorded made
landfall in south Florida as a Category 4 storm after devastating parts of the
Caribbean as a Category 5. Because of the immense size of the storm (Fig. 14.5), it
brought hurricane force winds and large storm surges to both the east and west
coasts of the state. The unusually warm waters of the tropical Atlantic and
Caribbean fueled the growth and rapid intensification of Irma. The impacts of this
storm are still being assessed.

Fig. 14.4 Generalized diagram of the ocean circulation affecting the Florida Coast. The arrows
indicate the directions and relative strengths (proportional to arrow length) of currents. The strong
Florida current is highlighted in white from Gyory et al. (2013)
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14.4 Invasive Species: A Growing Threat

Numerous plants, animals, and organisms such as the mosquito-transmitted West
Nile Virus have been introduced to Florida. While these newcomers do not all pre-
sent a threat to native species, some cause harm, pose a threat to human health and
safety, or cause economic damage. These invasive species are dispersed during
hurricanes and floods or may be illegally released into the wild by pet owners. There
are reports that invasive lionfish (Pterois volitans and Pterois miles) are now
abundant on reefs and in ship wrecks in south Florida. The lionfish spawn and
their larvae are dispersed up the east coast of theUnited States and into the Caribbean
through currents with water temperatures that range from 10 to 35 °C (50–95 °
F). Agriculture and mariculture producers are responsible for prevention of the
escape of non-native species and may utilize a combination of culture and holding
systems located inside buildings, greenhouses, or sea cages. Introduced species that
establish their presence and spread over a non-native environment are considered to be
invasive. As an example impact, native species such as the endangered Key Largo
woodrat (Neotoma floridana) or the American alligator (Alligator mississippiensis)
that may have a low population or rely on isolated or limited habitats such as the
Everglades are imperiled by the invasive Burmese pythons (Python bivittatus).
A hurricane that devastates broad expanses of critical habitat and introduces new and
hardier species, could push vulnerable species over the brink. The invasive species in
Florida are thriving in or around the suburbs, Everglades and even the coastal
ocean. Table 14.1 lists some of the key invasive species challenging Florida.

Fig. 14.5 NOAA satellite GOES-16 geocolor image of Hurricane Irma as it passed over Cuba on
its way to eventual landfall in South Florida. Image Credit NOAA/CIRA Updated: Sept 10, 2017
Editor: Sarah Loff
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14.5 Miami-Dade and Broward Counties: Endangered
Wealth and Poverty

Miami-Dade and Broward Counties respectively cover 5200 km2 (2000 mi2 and
3186 km2 (1230 mi2). Both counties are bounded on the east by the Atlantic Ocean
and on the west by the Everglades. The major cities are Miami, Miami Beach and
Ft. Lauderdale along with numerous smaller cities. In 2012, the population of
Miami-Dade County was 2.5 million (Miami-Dade County, Dept. of Regulatory
and Economic Planning 2014) and in 2015 Broward County had roughly 2.0
million residents (Broward County Planning Services 2015). In Miami-Dade
County, 64% of residents are Hispanic, 17% are African-American and 16% are
non-Hispanic whites. Non-Hispanic whites account for 44% of Broward’s resi-
dents; 25% are Hispanic and 26% are African-American. The average per capita
income in 2012 in Miami-Dade County was $38,000; however, 31% of households
had combined incomes of less than $25,000. Attesting to the income gap, the mean
annual income of the top 5% was $338,000 and in 2012 the gross regional products
of Miami-Dade and Broward Counties were $124 billion and $85.4 billion
respectively, reflecting a 3% growth from the previous year (Miami-Dade County,
Dept. of Regulatory and Economic Planning 2014).

The contrast between wealth and poverty in southeast Florida is dramatic. The
abundance of multi-million dollar mansions and yachts in both counties would
seem to belie the fact that the average owner-occupied home in Miami Dade was
valued at $181,000 in 2012, 46% of houses are rented and most are valued at under
$100,000. In fact, only 3% of homes are valued in excess of $1 million. In Broward
County, 202,000 residents are living below the poverty line but in Miami-Dade the
situation is worse. Cruz and Hesler (2012) identify 15 neighborhoods which they
classify as “Targeted Urban Areas” (TUAs) that are in serious need of economic
improvement. The residents of the TUAs are mostly poor and their socio-economic
conditions seriously lag the rest of the county. The median income of TUA resi-
dents is 44% less than the countywide level; the average TUA per capita income in
2011 was $14,561. African Americans account for 58% of the 362,000 TUA res-
idents and Hispanics make up 35%. Notably, the TUA population is growing, as is
its vulnerability to future disasters. Vulnerability is exacerbated by poor education:
31% of TUA residents over 25 have not completed high school and 65% have no
education beyond high school. It was pointed out in the opening paragraph of this
chapter that $22.6 billion worth of assets are in jeopardy in Miami. But these assets
are largely luxury buildings and infrastructure that would probably not be occupied
by people during times of an impending disaster. Although damage to these assets
would be costly, insurers would probably bear most of the costs. The real tragedy
could take the form of human fatalities and suffering: the most vulnerable residents
of Southeast Florida are those over 65-years old and the nearly half-a-million
impoverished people living in TUAs or low-lying neighborhoods. Other factors that
may slow reaction to impending disasters such as hurricanes are physical, mental,
emotional, or cognitive status; religion; language; and citizenship.
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Table 14.1 Selected list of invasive species in Florida. These species are non-native to their
ecosystems and are likely to cause economic or environmental harm or harm to human health

Common
name

Scientific name Issue

Burmese
python

Python bivittatus A large non-venomous snake native to tropical South
and Southeast Asia. Probably released by pet owners
and responsible for eating many small mammals.
Their bites and sharp teeth can cause severe
lacerations

Brazilian
peppertree

Schinus terebinthifolia A sprawling shrub native to subtropical and tropical
South America, which has been introduced outside
its range as an ornamental plant. Because it produces
abundant seeds that are dispersed by birds and ants
and basal shoots if the trunk is cut, it is hard to
control. The Brazilian Peppertree shades native
plants and has an aromatic sap that can cause skin
reactions in some sensitive people

Cuban tree
frog

Osteopilus septentrionalis A large amphibian native to the Caribbean that was
probably introduced as a hitchhiker on cargo
containers. They eat snails, insects, and the prey of
Florida’s native frogs. They have a sticky skin
secretion that is extremely irritating to the eyes and
nose in some people

Giant
African
snail

Lissachatina fulica Considered one of the world’s most invasive species,
this land snail was introduced either as a commercial
food source (for humans, fish and livestock) or as a
novelty pet. Native to East Africa, this fast-growing
polyphagous plant pest may also carry the parasitic
nematode Angiostrongylus cantonensis, which can
cause a very serious meningitis in people

Green
iguana

Iguana iguana A large herbaceous lizard native to the rain forests of
northern Mexico, Central America, the Caribbean
Islands, and southern Brazil. They are a popular pet
and have probably escaped from or have been
released by their owners. Their feces carry
salmonella bacteria. Salmonella infection in humans
can lead to severe nausea and dehydration

Red
lionfish

Pterois volitans A venomous coral reef fish native to the Indo-Pacific
and Red Sea region. Their introduction into the
Atlantic Ocean and Caribbean Sea was caused by
inadvertent escapes from aquaria and purposeful
releases. Their venomous spines deter most potential
predators. A sting from a lionfish is extremely
painful to humans and can cause nausea and
breathing difficulties, but is rarely fatal

There are many more invasive species in Florida. To learn more visit the Florida Fish and
Wildlife Conservation Commission online at http://myfwc.com/wildlifehabitats/nonnatives/
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14.6 Miami-Dade and Broward Counties: Water Threats
and Challenges

In Miami-Dade and Broward Counties, flooding of streets, residential neighbor-
hoods and low-elevation homes now occurs several times a year during high tides.
In addition, salt-water intrusion into the Biscayne aquifer frequently accompanies
high water events creating episodic shortages of fresh water to homes. The fre-
quency of these flood events is increasing. As a recent report by the Union of
Concerned Scientists (2017) puts it: “In recent years tidal flooding in Miami-Dade
County has grown from occasional to chronic—a visible sign of rising sea levels—
and is causing disruption to the local economy and infrastructure”. This flooding is
not solely due to rising mean sea level but to the additive effects of tides, non-tidal
water level fluctuations and sea level rise. Tides in southeast Florida are
semi-diurnal (2 tides per day) and the maximum tidal range (elevation distance from
low to high) varies over the course of a month with the maximum range occurring
at times new and full moons (called “spring” tides). The range also varies somewhat
over the course of a year and is greatest during perigean tides when the earth and
moon are closest (e.g. at times of “harvest moons” in October). Perigean spring
tides are locally referred to as “King Tides” because the range is above normal. The
mean tide range at Miami is 0.62 m (2 ft) and increases to approximately 1.2 m (3.9
ft) during “King Tides” (Park and Sweet 2015). Simple coincidence of moderately
strong onshore winds and high tide can add measurably to these levels.

The maximum heights of King Tides are increasing annually because of
superimposition of other non-tidal effects that contribute to the coastal flooding
(e.g., Ezer 2013). Recurring flooding of streets, historic sites, and homes occurs
during perigean high tides (e.g., Wright et al. 2016). These effects are superimposed
on mean sea levels, which are rising. As explained earlier (Sect. 14.2), sea levels by
2050 could be between 50 cm (1.6 ft) and 1 m (3.3 ft) higher than at present. These
estimates do not take account of any unexpected glacial melting or calving in
Antarctica or Greenland. Regional contributions to non-tidal water levels include
atmospheric-pressure and wind induced changes, variations in offshore Ekman
transport caused by fluctuations in Gulf Stream transport intensity (Ezer 2013; Ezer
and Atkinson 2014; see Chap. 3, Sect. 3.5), storm surge, wave-induced set up, and
land sinking. Annual fluctuations in coastal sea level of up to 1 m (3.28 ft) are
attributed to aperiodic variations in Gulf Stream transport with higher sea levels
corresponding to times of Gulf Stream slackening (Fig. 14.6). Also important are
the tidal currents that are created by astronomical forces, which may combine with
the waves to severely erode beaches and scour coastal structures.

Hurricanes can cause high storm surges and if these surges coincide with “King
Tides”, the outcomes can be catastrophic. Fortunately, because the continental shelf
fronting southeast Florida is extremely steep, surges do not experience the same
degree of amplification that take place over much gentler, shallow shelves (see Part
2, Chap. 7). The continental shelf extends from approximately 100 km (62 mi) in
width off of St. Augustine to less than 2 km (1.2 mi) off of West Palm Beach. In
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general, wide gently sloping shelves have more storm surge and relatively smaller
waves than narrow shelves with a steeper slope. For example, the storm surge
generated by the Category-5 Hurricane Andrew was typically less than 2 m high
(4–6 ft) throughout most of Biscayne Bay reaching a local maximum of 5 m (16.5
ft) in the western corner of the bay (Rappaport 1993). Though non-trivial, these
surge heights were significantly lower than that of 8.5 m (28 ft) generated by the
weaker Hurricane Katrina over the shallow shelf of the northern Gulf of Mexico in
2005. Other factors impacting total surge depend on (1) storm characteristics such
as angle of approach to the coast, wind intensity, forward speed, size of the
windfield and (2) local features such as coastline shape, coastal inlets, lagoons,
oyster reefs, and mangrove forests.

A particularly complex aspect of the challenges facing Southeast Florida pertains
to the interplay of surface hydrology, ground water hydrology, fluctuations in sea
levels at different time scales and spatial and temporal variations in demand for
fresh water by county residents. In the years around 1900 the Everglades was
roughly twice as large as today and provided a much greater volume of fresh water
to recharge the Biscayne Aquifer that immediately underlies Broward County.
Reductions in that recharge have allowed the penetration of seawater into the
aquifer. Today, the South Florida Water Management District maintains a complex
engineered system involving levees, drainage canals, containment ponds and
pumping stations (Fig. 14.7). This system serves the multiple functions of miti-
gating flooding during heavy rainfall events, ensuring adequate distribution of
freshwater to local communities and limiting seawater intrusion into the aquifer.

Fig. 14.6 Time series showing Gulf Stream transport and mean sea surface elevation off the east
central Florida Coast in 2015. Left vertical axis and blue line indicates coastal sea surface elevation
(in meters) relative to a standard datum. Right vertical axis and black line indicates Gulf Stream
transport expressed in Sverdrup units (SV). One Sverdrup is equivalent to 1 million cubic meters
of water per second. Water level Data are from Gary Zarillo, Florida Institute of Technology. Gulf
Stream data are from NOAA
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Future modeling efforts should involve linking surface hydrologic, ground water,
ocean inundation and sociologic models to optimize and prioritize solutions to this
complex suite of problems.

14.7 Florida’s Nature Coast: Natural, Rural
and Vulnerable

Florida’s “Nature Coast” (Fig. 14.8) covers 4000 km2 (1500 mi2) and embraces 8
counties on Florida’s Gulf Coast but we focus here on Citrus and Levy Counties,
which comprise the central part of the region. Much of this area is water, small
islands or intertidal wetlands. Environmentally and socio-economically the contrast
between southeast Florida and the Nature Coast is truly extreme. This diverse
region which includes vital sea-grass ecosystems for blue crabs (Callinectes sapi-
dus) and bay scallops (Argopecten irradians) and warm spring and river aquatic
ecosystems that support species such as the Florida manatee (Trichechus manatus
latirostris), which is protected under both the Endangered Species Act and the
Marine Mammal Protection Act. The Nature Coast is accessible via a coastal road,
the north-south trending U. S. Route 19. There are no expensive resorts or high-rise

Fig. 14.7 Water management in Broward County, Florida. Source South Florida Water
Management District
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buildings on the Nature Coast. There is, however, a large coal-fired and recently
nuclear-fueled power plant in Citrus County. Even though the reactors have been
shut down, the fuel has not yet been relocated and the plant is situated in the
intertidal zone. Demographically, Citrus and Levy Counties (Florida Legislature,
Office of Economic and Demographic Research 2017a, b) are totally opposite to
Southeast Florida: there are only 183,000 residents and most are white,
non-Hispanic (95% in Citrus County and 80% in Levy County). African Americans
constitute 2.3 of the Citrus County residents and 9.1% of Levy County residents.
Hispanics are 2.7 and 8.0% of the populations in Citrus and Levy respectively. The
median annual income averaged across the two counties is roughly $33,000.
However, the threats to the Nature Coast cannot be adequately expressed in
monetary terms or even in humanitarian terms. So what is special about this coast?
The natural ecosystem is beautiful, diverse and unique in the world- and it is
receding and may soon disappear forever.

Unlike the shores of southeast Florida, the Nature Coast is not fringed by sandy
beaches, but by brackish marshlands that grade almost imperceptibly into shallow
open water bays and, ultimately, the Gulf of Mexico (Fig. 14.9). From sea to land
the coastal environments progress from open water to tidal flats to salt marsh to

Fig. 14.8 Google earth image of the central part of Florida’s “Nature Coast”
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transitional salt marsh to coastal forest (aka “swamp” or “hammock”) yielding an
extraordinarily diverse ecosystem in the aggregate (Geselbracht et al. 2011;
Fig. 14.10). Among the dozen or so plant species are several rare and endangered
species. There are at least 25 animal species including Florida black bear (Ursus
americanus floridanus). These wetlands have long been undergoing gradual
flooding by the recent sea level transgression and are slowly receding eastward,
often leaving behind relict shorelines beneath the shallow waters (Davis 1997).
Although the extremely wide and shallow shelf fronting this coast amplifies storm
surges, it dissipates waves approaching from the Gulf of Mexico and the waves that
reach the marshy shore are very low energy and only a few centimeters high. This is
one of the reasons why there are no beaches. The other reason is that there is no
supply of silica sand since the eastward transgression has taken place across a karst
limestone surface and the rivers that enter the sea along this coast carry minimal
sediment loads (Davis 1997). Low sediment input has favored the growth of fairly
extensive oyster reefs on the shallow limestone surface beneath the waters of the
shallow bays. Oyster and clam farming are now a major source of livelihood for the
residents of Cedar Key.

Despite the deficiency of sediment, it is the rivers that contribute one of the most
unique environmental attributes of the Nature Coast: all are fed by freshwater

Fig. 14.9 Coastal salt marsh on the shores of a shallow bay near the mouth of the Withlacoochee
river on Florida’s Nature Coast. The trees on the higher ground “hammock” in the background are
typical of the coastal forest (photo-L. D. Wright)
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springs from the Floridan aquifer. The waters issuing from these numerous springs
maintain a constant temperature of 22.22 °C (72 °C) year-round and this allows the
coastal rivers to support manatees (Fig. 14.11) with refuges from the cold winter
waters of the Gulf of Mexico. Manatee watching is the main industry of the city of
Crystal River in Citrus County. The seven Nature Coast rivers, from north to south,
are Suwanee, Waccasassa, Withlacoochee, Crystal, Homosassa, Chassahowitzka
and Weeki Wachee. In addition to the input of freshwater to the coast from rivers,
the Floridan aquifer also has numerous subsurface connections with the Gulf and
sub-sea springs are common on the inner shelf. In some cases, seawater penetrates
upstream within the underground rivers and when this occurs the water from some
wells can become brackish.

The tides affecting the Nature Coast are mixed, which means that the secondary
diurnal contribution from the solar component of the tide interacts with the primary
semidiurnal lunar component in such a way as to cause two high and two low tides
a day but with the range of one tide being significantly greater than the other
(CO-OPS 2000). The normal maximum spring tide (i.e. new or full moon) tidal
range is 1.5 m (5.0 ft). However, when high tides are added to water levels raised
by strong onshore winds or winds from the south, flooding of low areas and coastal

Fig. 14.10 The Yellow-Crowned Night Heron (Nyctanassa violacea) inhabits marshes, mangrove
swamps and eats mainly crustaceans as well as insects, some fish, and worms (photograph from the
Waccassassa River mouth, Florida courtesy of Gordon Hart)
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roads can occur. And, as is the case for southeast Florida, the frequency of “nui-
sance flooding” is increasing in communities like Crystal River and Cedar Key as
sea level rises. Sinkholes may form by erosion caused by frequent exposure to
water that is able to dissolve the limestone bedrock.

Adding to the nuisance flooding, the low gradient continental shelf fronting this
coast (Fig. 14.1) amplifies storm surges. The threats were dramatically illustrated
by severe inundation caused by the “minor” Category 1 Hurricane Hermine on
September 1, 2016, which flooded at least 2000 homes, caused a massive sewage
spill in Tampa Bay, and severely impacted the clam aquaculture industry of Cedar
Key. Notably, the approximately 2 m (6.5 ft) storm surge that prevailed was
comparable to that generated in Biscayne Bay by the much more intense Hurricane
Andrew in 1992. Fortunately, Nature Coast flooding caused by the much larger

Fig. 14.11 Florida Manatee (Trichechus manatus latirostris), in Manatee Springs Florida
adjacent to the Suwanee River (photo courtesy of L. D. Wright)
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Hurricane Irma in September 2017 was minimal because the dominant winds on the
storm’s advancing margin were easterly and pushed water offshore. As explained in
Chap. 7, NOAA’s National Hurricane Center uses the SLOSH model to generate
maps of worse case scenarios of flooding expressed as Maximum Envelope of Water
(MEOW) and the Maximum of the Maximum Envelope of High Water (MOM).
Figure 14.12 shows corresponding MOMS map for the Nature Coast in the event of
a hypothetical Category 3 Hurricane. Note that inundation in excess of 9 ft (*3 M)
above the level of normally dry ground is predicted to extend as far as 5 mi.
landward of the present coast. Figure 14.13 illustrates the high social vulnerability
of communities on Florida’s West Coast to 1.83 m (6-ft) storm surges. As sea levels
rise, the vulnerability can be expected to increase. Vulnerable Nature Coast com-
munities include Crystal River, Homosassa and Cedar Key.

Fig. 14.12 Predicted maxima of maximum envelope of water (MOMs) for a category 3 Hurricane
affecting Florida’s Nature Coast. Red = greater than 9 ft (3 m) above ground; Orange = greater
than 6 ft (2 m) above ground; yellow = greater than 3 ft (1 m) above ground; blue = less than 3 ft
(1 m) above ground. Source NOAA/NWS/NHC/Storm surge unit, NOAA/NOS/Office for coastal
management

236 L. D. Wright et al.



The future prospects for the Nature Coast are dire and they are made more so,
not just by the global changes that are already in play, but also by state and local
policies and commercial activities that are impacting the Floridan aquifer and the
coastal environment. Among these are recently approved permits for drawing down
water from the aquifer for horse and cattle agriculture and commercial water bot-
tling. This will measurably reduce freshwater discharge at the coast and affect the
salinity regime. Mining of limestone from the substrate for road aggregate has been
ongoing for several years. To assess the likely future impacts of sea level rise on the
Nature Coast wetlands, the numerical model Sea Level Affecting Marshes Model
(SLAMM; Clough et al. 2010) was applied by Geselbracht et al. (2011) for three
sea level rise scenarios: 0.64 m (2.1 ft), 1 m (3.3 ft) and 2 m (6.6 ft). The model

Fig. 14.13 Social vulnerability of Florida Nature Coast residents to a 1.83 m (6 ft) storm surge.
From “Surging Seas” risk zone maps produced by Climate Central. Orange = medium
vulnerability; red = high vulnerability
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results suggest that for the 0.64 m (25.2 in) sea level rise scenario, the area of the
saltmarsh and transitional saltmarsh would increase by displacing 69% of the
coastal forest but without significant recession of the seaward margin of the marsh,
which would presumably be maintained by accretion. A 1 m (3.28 ft) S.L. rise is
predicted to enable continued eastward expansion of saltmarsh at the expense of
83% of the coastal forest and 25% of the currently developed dry land. With a sea
level rise of 2 m (6.5 ft) by the year 2100, open water would encroach inland 7–
8 km (approximately 5 mi.) displacing 48% of the salt marsh, 99% of the coastal
forest and 79% of developed dry lands (i.e. towns and residential areas). The loss of
critical habitat, particularly transitional marsh, would seriously reduce biodiversity
and several bird species would disappear (Geselbracht et al. 2011).
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Chapter 15
Mid Atlantic Bight and Chesapeake Bay

C. Reid Nichols, Gary Zarillo and Christopher F. D’Elia

This chapter is dedicated to research asst. professor Arthur
Schwarzschild (1966–2017) who is best known for his
leadership as the site director at Anheuser-Busch Coastal
Research Center in Oyster, Va., which is the facility that hosts
the Virginia Coastal Reserve Long Term Ecological Research
program.

15.1 Migratory Lighthouses

The Mid-Atlantic Bight (MAB) off the East Coast of the United States covers the
continental shelf region from Nantucket Shoals in Massachusetts to Cape Lookout
in North Carolina. This indentation or concave stretch of changing coastline
includes the New York Bight and important estuaries such as Long Island Sound,
Great South Bay, Delaware Bay, Chesapeake Bay, and Pamlico Sound. The
geography of the MAB is depicted in Fig. 15.1. The Chesapeake Bay is the largest
estuary in the United States, extending nearly 321.9 km (200 miles) from the
Susquehanna River in the north to its entrance between the Virginia Capes. The
Pamlico Sound is the largest lagoon along the North American East Coast,
extending 129 km (80 miles) in length and having widths from 24 to 48 km (15–30
miles). Storms resulting in coastal erosion along the MAB include wave develop-
ments preceding cyclogenesis, strong cold fronts with associated squall lines,
intense cyclones moving northeastward, and hurricanes. The MAB rising sea level,
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which has accelerated during the past few decades in some locations, not only
inundates low-lying coastal regions but also contributes to the redistribution of
sediment along sandy coasts. Barrier islands respond by migrating landward (Part 2,
Chap. 9). The impact is illustrated along the MAB by (1) the erosion observed on
barrier islands such as Hatteras Island, NC, and glacial headlands, such as
Nantucket Island’s Sankaty Head and (2) ongoing engineering efforts required to
safeguard the historic Cape Hatteras and Sankaty Lighthouses. While these light-
houses are located at either end of the MAB others such as the historic Montauk
Point Lighthouse in New Jersey are also threatened by erosion. The rapidly
increasing availability of meteorological and oceanographic data and innovative
marine technologies since the 1950s has greatly improved the frequency and
accuracy of numerical forecast models and other products that can be directly used
to protect property or adapt to sea level rise by moving coastal structures and
infrastructure away from unsuitable areas.

Fig. 15.1 Geography of Mid Atlantic Bight. Source U.S. Geological Survey
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The first Cape Hatteras Lighthouse was made of sandstone and completed in
1803. Owing to modernization, a new tower was constructed in 1870 and
encroachment by the sea required the lighthouse to be replaced by a steel tower in
1935. The beacon was returned to the brick tower during 1950, following con-
siderable accretion of beach material in front of the lighthouse. From the 1960s to
the 1980s, efforts were made to stabilize the beach in front of the lighthouse. During
March 1980, a winter storm swept away the remains of the 1803 lighthouse and
caused significant dune erosion. During September 1999, when the 61-m (200-foot)
tall and 5000-ton Cape Hatteras lighthouse was just 4.6 m (15 ft) from the ocean’s
edge, a well-planned and executed engineering feat resulted in its movement from
its original location at the edge of the ocean to a safer location approximately 460 m
(1500 ft) from the shoreline. The general contractor International Chimney and
Expert House Movers won the 40th Annual Outstanding Civil Engineering
Achievement Award from the American Society of Civil Engineers in 1999 for
their accomplishment in moving the Cape Hatteras Lighthouse, the tallest masonry
structure ever moved.

During the 1850s, Sankaty Light on Nantucket Island was reportedly 85 m (280
ft) from the edge of the bluff. The bluff has reportedly lost an average of 0.9 m (3 ft)
a year since 1980, but erosion is episodic. For example, approximately 5.18 m (17
ft) were lost off Sankaty Head after the Perfect Storm, also known as the No-Name
Storm, of 1991. This nor’easter absorbed the remnant of Hurricane Grace and
ultimately evolved back into a small unnamed hurricane late in its life cycle. With
their success in moving the Cape Hatteras Lighthouse, the Buffalo, N.Y.-based
company International Chimney was contracted to move the 70-foot-tall, 550-ton
Sankaty Lighthouse inland during October 2007, when it was approximately 20 m
(66 ft) from the edge of the bluff (Benchley and Felch 2009). The lighthouse was
jacked up and slowly moved to its new location approximately 85 m (280 ft) from
the cliff along steel rail tracks. In addition to being a historical landmark, Sankaty
Light remains an important navigation aid.

15.2 New Jersey to Cape Charles, Virginia

The Intergovernmental Panel on Climate Change, or IPCC (2007), estimates that
global sea level will rise from 0.18 to 0.59 m (7–23.23 in.) by the end of the 21st
century. As sea level continues to rise along the MAB with the concomitant erosion
from tides, waves, and currents, the future of coastal structures such as lighthouses
and natural areas such as shorelines is uncertain.

The shoreline is defined as the wider fringe of land that is geologically modified
by the action of the ocean past and present. Many coastal residents in places such as
Ocean City, New Jersey, and the Eastern Shore of Maryland face recurring
flooding, especially during higher high tides or Spring tides and during periods
when favorable winds set-up estuarine and coastal waters. The spring tides occur
just after a new or full moon, when the gravitational pull of the sun is “added” to the
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gravitational pull of the moon on Earth. Flooding may also be caused by the
combined effects of wind waves, high tides and storm surges in response to fluc-
tuations in local and remote winds and atmospheric pressure. The term ‘surge’
refers to the pile of water pushed ashore by the strong winds. People living along
coastal lagoons and estuaries need to be aware of sea-level rise rates. In the
Chesapeake Bay, people living on Smith and Tangier Islands are especially sus-
ceptible to the impacts of sea level rise.

Many of the Chesapeake Bay islands have been shrinking in size for centuries,
due to a combination of their low elevation, lack of rock substrate, land subsidence,
storm erosion, and man-made factors, such as dredging channels through the marsh.
Langland and Cronin (2003), report sediment accumulations of 25–30 m (82–98 ft)
in some parts of the Bay. Further, land subsidence in some parts of the Chesapeake
Bay region is caused by the pumping of ground water from unconsolidated sedi-
ment (Eggleston and Pope 2013). In order to be resilient to flooding, some coastal
communities spend many millions of dollars on dredging, building new structures,
such as elevated roads, and making improvements to drainage systems and
pumping stations. Smith Island, located 19.3 km (12 miles) west by water from
Crisfield on the Maryland Eastern Shore, was particularly devastated in 2012 by
Hurricane Sandy. Residents formed the group Smith Island United to fight efforts
by the State of Maryland to buy up and demolish homes that were impacted by
hurricane storm surge. Smith Island United, in concert with various private and
public partners, has developed plans to be resilient against future storms and
eroding land. Other communities are adapting by introducing flood protection
schemes that integrate habitat restoration with traditional measures, e.g., developing
wetlands that store floodwaters, planting woodlands to slow flash floods, and
restoring rivers to hold more water.

15.3 Rising Sea Level Along the Maryland and Virginia
Chesapeake Bay Shoreline

Numerous investigators (e.g., Cronin 2005; Curtin et al. 2001; Pritchard 1951,
1952a, b, 1955; Ward et al. 1989; White 1989) have characterized physical features
common to the Chesapeake Bay, a semi-enclosed body of water partially protected
from the open sea, referred to as a “Type II” (moderately stratified) estuary
(Pritchard 1951). Marine scientists classify the Chesapeake Bay as a drowned river
valley estuary and have studied its response to notable storms such as Hurricanes
Hazel (1954), Agnes (1972), Irene (1999), Isabel (2003), Ivan (2004), Sandy
(2012). The area of land that drains into Chesapeake Bay includes parts of
Delaware, Maryland, New York, Pennsylvania, Virginia, West Virginia, and
Washington D.C. This area, known as the Delmarva Peninsula, is especially
affected by cyclones that brush the East Coast. Central and Western Maryland, as
well as Washington, D.C., commonly receive rainfall from the remnants of storms

244 C. R. Nichols et al.



that make landfall elsewhere and track northward. These episodic events, which are
detailed in Fig. 15.2, directly contribute to flooding and geomorphological changes
such as shoreline erosion and shifting channels. As illustrated in Fig. 15.3, the
Chesapeake Bay includes major tributaries such as the Susquehanna, Potomac,
Rappahannock, York and James rivers, and more than 100,000 streams, creeks and
rivers. The bay and its tidal tributaries include about 18,803.6 km (11,684 miles) of
shoreline and have depths averaging 6.4 m (21 ft) along with deep holes that are up
to 53 m (174 ft) deep.

Physical processes in the MAB, such as sea level rise, greatly influence the life
cycles of marshes, submerged aquatic vegetation (SAV), marine birds, shellfish,
and fish. Along with natural and anthropogenically influenced processes, sea level
rise contributes to coastal erosion, driven by the movement of beach materials.
Atmospheric and oceanic weather, such as El Niño, storms, winds, tides, currents,
waves, and storm surges, are major factors in coastal erosion, which can be
quantified by geophysical surveying and remote sensing. Discharge from rivers and
water movement due to the astronomical tides also produces coastal erosion as
evidenced by the sediment plumes that are depicted in Fig. 15.3. Solid particles

Fig. 15.2 Tracks of hurricanes causing wind damage and severe flooding along the Chesapeake
Bay. Numerous investigators (Blankenship 2004; Chesapeake Research Consortium, Inc. 1976;
Horowitz et al. 2014; Smith 2014; and Wang et al. 2015) describe the impacts that these extreme
events have caused on the Bay’s rivers, wetlands, forests, and coastal communities. Tropical
cyclones traversing the MAB tend to move toward the west-northwest, which brings the hurricane
into the vicinity of the East Coast of the U.S. The hurricane tracks were obtained from the NOAA
National Hurricane Center (see http://www.nhc.noaa.gov or https://coast.noaa.gov/hurricanes/)
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from eroding river banks, drainage from construction sites, and agricultural runoff
are entrained in rivers such as the Susquehanna and are transported into the
Chesapeake Bay. Aside from sea level rise and other natural processes, humans
have contributed to coastal erosion by altering coastline transport processes with
dams, groins, and jetties, which impact the supplies of sand to the shorelines.

Long-term environmental data are made available through sensors that comprise
capabilities such as the National Water Level Observation Network, the U.S. Army
Corps of Engineers Field Research Facility at Duck, N.C., Physical Oceanographic
Real-Time Systems, and the Chesapeake Bay Interpretive Buoy System. Data from
these networks indicate that water levels are rising along the North American coast
due to climatic changes that expose more and more of the coastline to wave action
(Sweet et al. 2017). The Chesapeake Bay’s wetlands safeguard natural services of
the coastal ecosystem and the temperate climate offers a fertile and diverse envi-
ronment for waterfowl such as mallards (Anas platyrhynchos), black ducks (Anas
rubripes), canvasbacks (Aythya valisineria), and redhead ducks (Aythya ameri-
cana). Winds and rains can cause high sea states and currents that uproot bay
grasses. These same SAV beds that contain species such as eelgrass (Zostera
marina) and Widgeon grass (Ruppia maritima), provide food and habitat for many
species of waterfowl on their migration from summer breeding grounds. The beds
provide a refuge from predators for finfish such as spot (Leiostomus xanthurus),
croaker (Micropogonias undulatus), and juvenile striped bass (Morone saxatilis).
The Bay grass beds are also important for grass shrimp (Palaemonetes pugio)

Fig. 15.3 In Maryland, the National Weather Service reported rainfall totals of 613 mm (24.13 in.)
in Largo, 609 mm (23.98 in.) in Forrestville, and 546 mm (21.49 in.) in Forest Heights
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and blue crabs (Callinectes sapidus), especially after molting. These wetlands
provide an important natural buffer for storms by temporarily storing floodwaters
and filtering pollutants. Shorelines that lack adequate wetlands, beaches, and oyster
reefs are highly vulnerable to forces generated by sea level rise, waves, tides, and
other shallow water processes. People living in flood prone areas that lack buffers
have to contend with recurring floods that enter front yards and garages, overtop
docks, clog storm drains, block streets, and damage lawns and trees.

Sea level rise exacerbates the vulnerability of infrastructure to flooding from
storm surges along the MAB. In the Chesapeake Bay region, port facilities, coastal
roads, pipelines, and other important structures in Maryland and Virginia are
especially susceptible to storm surge. Locations of recurring floods include
Hampton Roads and the heavily traveled US 17 coastal highway. Flooding caused
by hurricanes, tropical storms, and nor’easters occurs as a result of elevated water
levels from atmospheric pressure changes and favorable wind directions associated
with storm passage. Coastal communities also face flooding when sea level rise is
compounded by semi-monthly spring tides, which increases coastal erosion and the
weathering of roads. Wave action associated with storm surge has been responsible
for the removal of beach and dune sediments in places such as Virginia Beach. One
of the often overlooked dangers to motorists driving on previously flooded roads is
that the inundation reduces the bearing strength of the pavement by allowing water
to get into the underlying layers. This is evidenced by numerous ruts, cracks, and
potholes.

There are many physical processes contributing to long and short-term variations
in Chesapeake Bay water levels. Short-term variations that occur on a daily basis
include waves, tides, or episodic flood events, such as those associated with winter
snow melt, hurricanes or coastal storms. The majority of the Chesapeake Bay has a
semidiurnal tidal period and harmonically predicted tides are made possible by a
long-term water level observation network that includes more than 20 stations,
which are maintained by NOAA. Areas that experience tides have two high and low
waters and accompanying ebb and flood tidal currents per day in response to
astronomical forces. The tidal day is 24 h and 48 min long and is the reason why
tides arrive one hour later each solar day. For some species such as horseshoe crabs
(Limulus polyphemus), spawning activities occur in synchronization with the full
moon and spring tides. Currents caused by tides, winds, rains, and differences in
water levels are responsible for the transport of passive drifters such as plankton,
seeds, and fish larvae. Longer-term processes may occur over time scales ranging
from months to several years, and may present as repeatable cycles, gradual trends,
or intermittent anomalies. Seasonal weather patterns, variations in the Earth’s
declination, changes in Gulf Stream circulation (Ezer et al. 2013), anthropogenic
influences (such as dredging), vertical land motion, and the El Niño Southern
Oscillation are just a few examples of long-term fluctuations. When estimating sea
level trends, a minimum of 30 years of data should be used in order to account for
long-term sea level variations and to reduce errors in computing sea level trends
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based on monthly mean sea level. Accounting for repeatable, predictable cycles,
such as tidal, seasonal, and interannual variations allows for computation of a more
accurate long-term sea level trend. Changing sea levels have been documented by
the Coast and Geodetic Survey, as evidenced by Fig. 15.3, which depicts historic
seasonal to inter-annual cycles of sea level in the MAB area using a low-pass filter
on NOAA water level records.

NOAA tide stations that measure Local Sea Level, which refers to the height of
the water as measured along the coast relative to a specific point on land, are critical
to understanding long term changes in sea level. According to Cooper (2016), the
Eastern Shore is the third most vulnerable area to flooding behind South Florida and
Louisiana. As indicated by 20th century water level records in Fig. 15.4 and ref-
erences such as Cronin (2005), Maryland residents have been coping with rising sea
levels and shoreline erosion for many years. The combination of sinking lands and
rising sea levels has significantly eroded previously inhabited islands such as
Holland Island in the Chesapeake Bay. Holland Island, which once supported a
community with approximately 60 homes, a church and other buildings, was
abandoned in 1922. The island, which has receded into the Bay, was located in the
Holland Strait between South Marsh Island on the south and Bloodsworth Island
and other smaller uninhabited low marshy islands on the north. Figure 15.5 is a

Fig. 15.4 A historic graph showing the rise in sea level in Baltimore, which includes water level
fluctuations caused because the underlying land is falling with respect to the sea surface. Data from
1902 through 1946 were obtained through C&GS tide gage observations (courtesy NOAA Photo
Library)
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picture of the remaining house on Holland Island before its total collapse in October
2010. Schulte et al. (2015) hypothesizes that Tangier Island, which is located in
Virginia, will have to be abandoned prior to 2100. Neighboring Smith Island res-
idents who have been reported to say, “we live in the water,” highlight the fact that
people will fight to defend the places they call home. These islands have a rich
history dating back to the earliest European explorers and remain important sites for
marine archaeology and anthropology.

15.4 Human Intervention

Effective solutions for shoreline protection rely on a complete understanding of the
physical, financial, government permitting, and policy environments. Built-up areas
that are subject to coastal erosion are expensive to protect. Most shore protection
structures (e.g., jetties and sea walls) are eventually undermined and broken apart
by waves. Therefore, when possible, it makes sense to allow coastal erosion to
continue and to site new structures far enough back from the shoreline, dunes, or
banks to minimize the need for shore protection structures. Climate change will

Fig. 15.5 The last house on Holland Island, which was built in 1888, collapsed into the Bay in
October, 2010. This photograph of the Holland Island, which is barely discernible today, was
taken on November 9, 2008 (courtesy of the Chesapeake Bay Foundation, Photo by Chuck Foster)
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accelerate sea-level rise and erosion of beaches and necessitate building rock
defenses against coastal erosion. For example, the Monmouth Seawall was heavily
damaged by Hurricane Sandy after the “superstorm” made landfall in Brigantine,
New Jersey on October 29, 2012. The National Weather Service reported storm
surge of up to 3.35 m (11 ft) along the New Jersey Shore with wave heights in
excess of 4.27 m (14 ft). Portions of the seawall have been rebuilt and new addi-
tions to the wall are being planned as indicated in Fig. 15.6. Data collected during
storms such as Hurricane Sandy have been used to improve the accuracy and
resolution of numerical modeling of storm effects. The ensuing street-scale fore-
casts have proven to be especially useful to urban planners. Blumberg et al. (2015)
developed a hydrodynamic model to accurately describe Sandy’s flooding along the
urban coastal waters in Hoboken, New Jersey. Other solutions for shoreline pro-
tection include control of ground water pumping and development of surface water
to offset the reductions of ground water pumping. Ground water recharge has also
been practiced in some locations threatened by subsidence.

Fig. 15.6 Following hurricane sandy, the U.S. Army Corps of Engineers replaced roughly 6.1
million m3 (8 million yards3) of sand to repair and restore engineered beaches along the Atlantic
coast of Monmouth County, NJ (courtesy of U.S. Army Corps of Engineers)
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15.5 Wetlands Restoration

Human interactions such as heavy land development have been blamed for declines
in some of the more than 3600 species of plants, fish, and animals that inhabit the
Chesapeake Bay. As an example, runoff from the watershed can pick up pollutants
such as nutrients, sediment, and chemical contaminants. The ensuing siltation
blocks sunlight from reaching SAV beds and smothers oyster reefs, causing
problems for feeding and the settling of new larvae on old shell material.
Commercial, residential, and recreational development along the coast has reduced
favorable habitat of the piping plover (Charadrius melodus), which prefers wide,
flat, open, sandy beaches with very little grass or other vegetation. Besides high
turbidity from siltation, diseases and invasive species have contributed to declines
in sea grasses. Other factors such as the parasites MSX (Haplosporidium nelsoni)
and Dermo (Perkinsus marinus), overharvesting, and loss of habitat are con-
tributing to declines in Eastern Oyster (Crassostrea virginica) populations.

Programs have been implemented in the MAB to help improve water quality,
prevent overfishing and reopen spawning grounds. Restoration of SAVs benefits
through nitrogen removal (e.g., Reynolds et al. 2016) and oyster restoration benefits
by helping to stabilize and raise shorelines (e.g., La Peyre et al. 2014).
Organizations such as the Maryland Department of Natural Resources, Chesapeake
Bay Foundation, and the Oyster Restoration Partnership are working to re-establish
once flourishing SAV beds and oyster reefs. The reduced loading of nutrients is
now contributing to a marked expansion of SAV beds throughout the Chesapeake
Bay. Table 15.1 provides an example list of selected rivers and SAV species that are
responding well to restoration efforts. Restoring native oysters, planting underwater
grasses, and planting trees and stream buffers helps to restore the Bay’s natural
filters. For example, eelgrass (Zostera marina) with their long, ribbon-like leaves

Approximately 20 species of Chesapeake Bay marine and freshwater SAVs grow into impressive
beds and provide important ecosystem services such as habitat and protection for fish, crustaceans,
and mollusks. In recent years, SAVs have made an unprecedented recovery owing to restoration
efforts. Some selected examples by river and species are listed below

Tributary Common Name Scientific Name

James River eelgrass Zostera marina

Magothy River widgeon grass Ruppia maritima

Patapsco River wild celery Vallisneria americana

Patuxent River eelgrass Zostera marina

Potomac River eelgrass Zostera marina

Rappahannock River eelgrass Zostera marina

Severn River widgeon grass Ruppia maritima

South River sago pondweed Stuckenia pectinata

Susquehanna River wild celery Vallisneria americana

York River eelgrass Zostera marina
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that grow in the saltier waters of the middle and lower Chesapeake Bay, absorb CO2

through photosynthesis. As generations of oysters settle on top of each other, they
sequester carbon from the water column as they form calcium carbonate shells. The
benefit of restored reefs is structured habitat for many fish species and crabs and a
natural water-cleansing system, filtering the estuary’s entire water volume of excess
nutrients on the order of weeks rather than today’s rate of more than a year.
Restored SAV beds and oyster reefs help to prevent ocean acidification since they
are carbon sinks that absorb carbon dioxide.

15.6 Chesapeake Bay Management

Many government agencies and industries are working to safeguard the Chesapeake
Bay. As an example, the Environmental Protection Agency (EPA), the National
Oceanic and Atmospheric Administration (NOAA) and the Department of Defense
spend millions for restoration projects in the Chesapeake Bay watershed. EPA
programs include (1) air and water pollution control, (2) toxic substances, pesticides
and drinking water regulation, (3) wetlands protection, (4) hazardous waste man-
agement, (5) hazardous waste site cleanup, and (6) some regulation of radioactive
materials. Activities include compliance and enforcement, inspection, engineering
reviews, ambient monitoring, analysis of environmental trends, environmental
planning, pollution prevention, risk assessment, and education and outreach.
NOAA provides services ranging from protecting lives and property through the
distribution of meteorological, hydrographic, and oceanographic information to
evaluating the status and trends in stressed fisheries such as Menhaden (Brevoortia
tyrannus). Military bases, such as the United States Army’s Aberdeen Proving
Grounds and the United States Navy’s Naval Surface Warfare Center, Dahlgren
Division, have exemplified principles of stewardship through compliance with the
National Environmental Policy Act of 1969. This Act, which is generally called
“NEPA,” requires U.S. Federal agencies to consider environmental effects that
include, among others, impacts on social, cultural, and economic resources, as well
as natural resources.

Since 1983, governors from Maryland, Virginia, and Pennsylvania, along with
the mayor from the District of Columbia have sponsored a Chesapeake Bay
Program that reflects a shared vision for the restoration and protection of the
Chesapeake Bay, one of our nation’s most wonderful natural resources. The
Chesapeake Bay Program is officially managed by EPA and staff from a number of
federal and state agencies, non-profit organizations, and academic institutions that
comprise the Chesapeake Bay Program Office. Restoration efforts sponsored by the
Chesapeake Bay Program have shown that the development of intertidal oyster
reefs near shorelines protects against erosion and could possibly help keep up with
sea level rise. These kind of living shoreline techniques are also being applied by
others in the MAB region to help stabilize coastlines, improve water quality, and
reduce recurring floods and erosion. This type of green infrastructure utilizes
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natural materials such as plants, sand, or rock and possibly offshore sills or reefs to
stabilize the shoreline.

15.7 Virginia Beach to Cape Lookout

Coastal lagoons, such as Long Island and Pamlico Sound that are connected to the
sea through inlets, are common along the MAB. Numerous authors (Barnes 1980;
Kjerfve and Magill 1989; FitzGerald et al. 2008; Carrasco et al. 2016) have
described the formation of these estuaries as the result of rising sea level during the
Pleistocene or Holocene epoch and the building of coastal barriers by marine
processes. Sea level rise may contribute to the conversion of marshes to open water
and increasing flows through coastal inlets. These inlets provide important com-
mercial and military navigation links and may be spanned by bridges or crossed by
ferry. These shallow estuaries are productive ecosystems and are a vital nursery area
for many species from different taxa. They provide recreational opportunities for the
nation and assets for the economic strength of coastal communities. Lagoons are
also vulnerable to anthropogenic influences such as increased nutrient loads
because of land use change, alterations to freshwater inflows and modification to
tidal flushing regimens. On longer time scales, sea level rise causes changes in the
exchange of water occurring between the shallow lagoon and the sea because of
tides, river flow, wind, and waves. This contributes to sand sequestration in tidal
deltas and erosion of adjacent barrier shorelines.

Research sites such as the Virginia Coast Reserve (VCR) provide long-term data
to study coastal lagoons that extend for 110 km (63 mi.) along the Atlantic shore of
the Delmarva Peninsula (e.g., Callahan 1984; Hayden et al. 1991). Erosion along
coastal lagoon shorelines that includes barrier islands along what is now part of the
VCR required the decommissioning and demolishment of Hog Island Light in
1948. The site where the lighthouse once stood is now nearly 1.6 km (1 mile)
offshore. The VCR Long Term Ecological Research (LTER) program includes an
archive of historic information, long-term data sets from sensors that provide access
to real-time observations, various types of high-resolution imagery, experimental
data on marshes, coastal bays and barrier islands, and numerical model output.
Fundamental research at the VCR has included the integration of these data to
achieve new levels of understanding on ecological systems such as SAV beds, salt
marshes, and barrier islands and processes such as shoreline retreat and resilience to
climate change. These data support research that has been focused on succession,
disturbance, and system-state change and helps address management questions
about what resources should to be protected, saved or conserved. VCR LTER
contributions include large seagrass restoration and monitoring projects that can be
applied by others (Orth and McGlathery 2012; McGlathery et al. 2012; Moore et al.
2014). The VCR LTER has also demonstrated the importance of educating society
on climate changes through outreach and education activities that have included the
full spectrum of students from elementary school to university to life-long learners.
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The North Carolina Outer Banks consist of low, sandy barrier islands including
Cape Hatteras National Seashore, Cape Lookout National Seashore, and Pea Island
National Wildlife Refuge. The origin of the Outer Banks is likely to have been from
coastal deposition and erosion along the drainage divides between late Pleistocene
river valleys. This would be the geological epoch with repeated glaciations which
lasted from about 2,588,000 to 11,700 years ago, also commonly called the Ice
Age. The barrier island segments along the Outer Banks provide the seaward
boundary of a system of large, ecologically important sounds. The Pamlico Sound
is connected to the north with Albemarle Sound through passages provided by the
Roanoke Sound and Croatan Sound. Core Sound is located at the Pamlico Sound’s
narrow southern end. Today, it is fed by the Neuse and Pamlico Rivers from the
west and by the Atlantic Ocean through Oregon, Hatteras, and Ocracoke Inlets.
Inman and Dolan (1989) report shoreline retreat rates along the Outer Banks to be
around 1.58 m/year (5.2 ft/year). Sea level rise has caused significant loss of both
wetlands and uplands at the estuarine water-land interface. Further, wave climate
and longshore transport causes these barrier island inlets to migrate in a southerly
direction. The process involves development of distal bar through deposition and
erosion of the downdrift shore owing to the longshore current (Nichols and
Williams 2009).

The cuspate forelands that comprise the Carolina coast include three major
capes, Cape Hatteras to the north, Cape Lookout, and Cape Fear to the south. The
formation of these capes has been attributed to the Gulf Stream, wave climate, and
longshore currents. The barrier islands along the North Carolina coast are separated
by coastal inlets. Most of the tidal inlets form as a result of severe storms and the
passages remain open owing to the to-and-fro motion of tidal currents. Tidal inlets
have played a major role in the development and maintenance of the Outer Banks.
Along the Banks, three to eleven tidal inlets have cut through the barriers islands
over the historical record (Stick 1958). These tidal inlets provide a connection
between the ocean and bays, lagoons, marshes, and tidal creek systems. Passages
such as Oregon Inlet are very important for species that travel from the ocean to
estuarine areas and back and navigation by vessels from the sounds to the coastal
ocean supports maritime commerce. The North Carolina Department of
Transportation runs a ferry system to cross Currituck and Pamlico Sounds, and also
the Cape Fear, Neuse, and Pamlico Rivers. When bridges are damaged due to
storms such as Hurricanes Irene and Sandy, the ferry system provides a crucial
transportation link between the barrier islands and the mainland.

Coastal inlets provide a migration path for fish larvae spawned on the continental
shelf that need to return to nursery areas in the coastal lagoons. Wind drift currents
facilitate the shoreward transport of fish larvae to the littoral zone, where longshore
currents and associated breaking waves should facilitate their movement toward the
inlets. Fry then aggregate near the inlet plume front as a result of stimuli such as
olfactory cues and high turbidity until they are transported inland on flood tides.
Subtidal frequency flood currents are known to jet oceanic water laden with young
fish into the Pamlico Sound estuary via Oregon Inlet in related pulses. These
exaggerated flood currents are caused by the set-up of water on the ocean side of the
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barrier islands, which also helps to retain the fry in the sounds. The hydraulic
currents resulting from these seaward pressure heads that form during periods of
favorable longshore winds drives water from the ocean to the sounds.

Inlets are also regions of mixing for freshwater from land drainage and salty
ocean waters. Inlets that close in response to sediment transport may reduce the salt
content for organisms living in the back bay. Estuarine organisms have different
tolerances and responses to salinity changes. While species such as Eastern Oysters,
Bay Scallops (Argopecten irradians concentricus) and Blue Crabs (Callinectes
sapidus), can tolerate some change in salinity, decreased salinities beyond an
acceptable range will negatively affect their growth and reproduction, and ulti-
mately, their survival. Further, sea level rise has caused significant loss of wetland
and upland habitats at the estuarine water-land interface.

Fishermen from Manteo and Wanchese, two towns on Roanoke Island, navigate
through Oregon Inlet to reach fishing grounds on Diamond Shoals, also known as
the Graveyard of the Atlantic. The Herbert C. Bonner Bridge, which spans Oregon
Inlet, was built in 1963 and is being replaced with a new bridge to better withstand
environmental loads (wind, waves, currents) and provide improved options for
navigation under the bridge. For many years, watermen and local government
officials lobbied for construction of twin jetties that would theoretically stabilize the
inlet by blocking sand traveling along the shoreline from entering the inlet. In 1970,
Congress approved a $108 million jetty project, but failed to provide construction
funds. However, the Departments of the Interior and Commerce both maintained
that the twin jetty project should be rejected in favor of dredging alternatives owing
to environmental impacts. For example, the National Marine Fisheries Service
opposed the jetties because of unresolved issues regarding the blocking of migra-
tion routes for marine fish larvae that are carried by natural currents through the
inlet to estuarine nursery areas. In 2002, the White House Council on
Environmental Quality announced that the jetty project was not warranted. Instead,
the federal government promised Dare County and North Carolina that maintenance
dredging would be accomplished to maintain a navigable tidal inlet. Navigation
through Oregon Inlet, North Carolina is only recommended during good weather
and calm seas.

Wave climate contributes to the southward migration of inlets found in North
Carolina’s Outer Banks, which is a process vital to the health of the barrier islands.
Breaching of barriers by tidal inlets allows for the buildup of flood shoals on the bay
side of a barrier island that increases the width of the island and provides a platform
for further increase in the elevation of the barrier island superstructure and source
for sand dune generation. When left to nature, tidal inlets open, migrate, add
sediment to the barrier system, and then eventually close as new inlets open at other
locations and capture the tidal drainage. When inlets are stabilized, as in the case of
Rudee Inlet, Virginia, unintended consequences may occur, including prolonged
interruption of littoral sediment supply and erosion of downdrift beaches. Rudee
Inlet is located about 122 km (76 miles) to the north of Oregon Inlet.
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15.8 With an Eye Toward Marine Policy

The rising population in the coastal zone is a modern phenomenon, which requires
the reduction of coastal risks. Today there are many more hotels, restaurants, and
shopping centers located along the shoreline than during the 1950s. This devel-
opment has not always considered the impact of sea level rise and recurring storm
events, which may cause major damage. Without doubt, the first step must be for
the scientific community to raise awareness of coastal vulnerabilities and the value
of science in understanding it. Also important is developing a broad appreciation of
the notion of resilience to improve development patterns and principles.
Organizations such as the Southeastern Universities Research Association (SURA)
have promoted a coastal resilience workshop series to focus on essential elements
such as a quantitative understanding of local erosion rates, predictions of shoreline
positions for various sea-level rise scenarios, costs to maintain the shoreline in a
fixed position, and increased vulnerability of beaches to storms with a rising sea
level (Wright et al. 2016). Further, SURA has been instrumental in managing the
development of the Coastal and Ocean Modeling Testbed (Luettich et al. 2013).
This testbed has been developed to assess state-of-the-art numerical models of
storm surge, wave, and coastal flooding which are needed to provide hindcasting of
past hurricanes, provide real-time forecasting of current hurricanes and assess future
flood risks. One recent advance in numerical modeling that has been demonstrated
by this testbed is the coupling of wave models such as Simulating WAves
Nearshore or SWAN that computes random, short-crested wind-generated waves
with traditional models used by NOAA, such as the Sea, Lake and Overland Surges
from Hurricanes (SLOSH) model that was developed by the National Weather
Service to estimate storm surge heights resulting from historical, hypothetical, or
predicted hurricanes. Luettich et al. (2017) demonstrated that an ensemble mean of
multiple models has a higher skill predicting hypoxia than any individual model in
the Chesapeake Bay. Since there are numerous numerical models with different
model physics and numerics, a testbed helps organizations such as NOAA identify
the best approach to ensuring a weather-ready nation.

Dynamic coastal environments can change dramatically across a range of tem-
poral and spatial scales in response to natural processes and human modifications.
Rebuilding expensive structures and homes in vulnerable areas such as flood plains
located along the MAB is not sustainable. Current flood insurance policies are not
in synchronization with environmental factors such as current and projected sea
level rise (Dennis 2017). Today’s policy makers have competing interests as they
work to recover from coastal inundation, and hyperbolic and partisan rhetoric has
done little to foster free public discussion of the issues without rancor and finger
pointing. Short term economic gains are a critical factor in decisions as to whether a
community should restore and rebuild what has been damaged by shoreline retreat
rates rather than to cede to the erosion that even faces historic landmarks such as the
Sankaty Head and Cape Hatteras lighthouses. However, in the case of these
lighthouses, recurring nor’easters and hurricanes put these structures in imminent
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jeopardy of being beyond the municipality’s fiscal and engineering capabilities to
save. As climate change causes more intense storms, surges, and higher sea levels
in areas such as the Chesapeake Bay (Boesch et al. 2013), coastal communities can
respond by (1) mapping floodplains and identifying land areas less than 1.5 m (5 ft)
above mean sea level, (2) identifying impacts on structures occurring during spring
tides (e.g., how high the water, waves and debris reach), (3) controlling storm-water
runoff to prevent erosion (e.g., plant native plants to reduce erosion and flash
floods), and (4) ensuring a resilient shoreline that acts as a buffer from storm surge
and waves (e.g., living shorelines that include tidal wetland vegetation).
Tomorrow’s coast will require new flood insurance policies with provisions to buy
and destroy or move properties that are associated with repetitive claims.
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Chapter 16
The Alaskan Arctic Coast

Lynn Donelson Wright

There are two kinds of Arctic problems, the imaginary and the
real. Of the two, the imaginary are the most real.

—Vilhjalmur Stefansson, The Arctic in Fact and Fable

16.1 Melting Ice, Vanishing Ecosystem

In 1845, Captain Sir John Franklin and his crew of 129 sailed westward from
England on two ships, the HMS Erebus and the HMS Terror, in search of a
Northwest Passage from Europe to Asia over the top of North America. Franklin
and his ships were last seen in Baffin Bay. Some time shortly thereafter, they
became icebound and perished near King William Island in the Canadian Arctic.
Today, an ice-free Northwest Passage is becoming a reality as the area of summer
open water in the Beaufort and Chukchi Seas (Fig. 16.1) continues to grow. As
discussed in Chap. 2, Sect. 2.9, the IPCC predicts that for the “worst case”
warming scenario, the Arctic Ocean could be entirely ice free in September 2050
(IPCC 2013) or possibly as early as 2030 (AMAP 2017). While this may be good
from the perspective of navigation, it is bad from the perspectives of the unique
Arctic ecosystem and Native Alaskan subsistence, health and culture. These assets
are tightly bound to, and dependent on, a frozen ocean and frozen permafrost on
land. The media tends to emphasize the impact of ice melting on Polar bears. The
bears are certainly threatened; but the total environmental and human impacts are of
equal concern. A comprehensive assessment of the impacts of climate change on all
environmental and human aspects of the Arctic realm is offered by ACIA (2005)
and most recently by the Arctic Monitoring and Assessment Program (AMAP
2017) in their latest report on Snow, Water, Ice and Permafrost in the Arctic
(SWIPA). The SWIPA report presents a clear and compelling explanation of the
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complex feedbacks, triggered by global warming, that are causing rapid and dra-
matic shifts, not only in the Arctic climate, but in all facets of the Arctic envi-
ronment including human aspects.

16.2 The Most Rapid Rate of Warming Is in the Arctic

The polar regions of the earth are distinguished from the lower latitudes by two
things: (1) the most prominent temporal variations in solar radiation (daylight) are
annual rather than diurnal (as in the tropics); and (2) extreme annual temperature
variations with very cold winters. The first thing has not, and will not change
because it has nothing to do with climate change. The second factor is changing
dramatically. Recent studies indicate that near-surface air temperatures in the Arctic
are rising 2–3 times faster than are temperatures elsewhere on the earth’s surface;
this anomalous rate of warming is referred to as the Arctic amplification (Wendisch
et al. 2017). Sainato and Skojec (2017) conclude in a recent synthesis of results
from numerous scientists that the Arctic has been warming twice as fast as the rest
of the planet for the past 50 years. Figure 16.2 illustrates the recorded temperature

Fig. 16.1 The Alaskan Arctic (red border) as delineated by the Arctic Research and Policy Act
(ARPA). Source U.S. Arctic research commission
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anomaly since 1960 by year and latitude. Pronounced increases in temperature
since the year 2000 at latitudes above 60°N are particularly evident. The corre-
sponding anomalies in the Antarctic are much less dramatic.

The reasons for the Arctic Amplification are understood to be fairly straight-
forward involving one strong and multiple weaker positive (self reinforcing)
feedback loops (Fig. 16.3). The strongest feedback mechanism is triggered by
global warming but is accelerated by decreasing albedo (reflection of solar radia-
tion), which in turn causes further melting of snow and ice leading to an even
greater decrease in albedo. This processes initiates other feedbacks including
increased marine biologic activity, which further increases absorption of solar
radiation in ice-free regions of the Arctic Ocean. The impacts of this accelerated
warming are profound and are rapidly transforming the Arctic ecosystem and the
socioeconomic underpinnings of Native American communities.

16.3 Reduced Sea Ice Area and Thickness

Sea ice does much more than restrict navigation. It provides a “highway” for native
peoples and the wildlife that they rely on for subsistence, pack ice limits the fetch
over which winds can generate destructive waves and shore-fast ice protects the
delicate Arctic shores from erosion. The pronounced melting of Arctic sea ice in the
Northern Hemisphere summer (Fig. 16.4) is among the more dramatic manifesta-
tions of global warming. Model predictions by the U.S. Geological Survey suggest
that by late this century, the Chukchi Sea will be ice free from July through October

Fig. 16.2 Time series of near surface temperature anomalies as functions of year and latitude. The
“Arctic Amplification”, which has been growing since the early 1990s is evident in the upper right.
From Wendisch et al. (2017)
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and the ice-free period in the lower latitude Bering Sea will increase from today’s
5.5 months to 8.5 months (Douglas 2010). In addition to decreases in ice-covered
area, the thickness of the ice is also decreasing, as is the age of the ice as described
in Chap. 2 (Fig. 2.8). It is worth noting that even though IPCC models are pre-
dicting significant reductions in sea ice throughout this century, ongoing observa-
tions suggest that the models may be under predicting ice melt (Fig. 2.9).
Figure 16.5 shows the extent of summer sea ice in September 2016 in comparison
with the September median extent over the period 1981–2010. The significant
increase in open water area separating the edge of the ice pack from the Beaufort
and Chukchi Sea coasts is apparent.

NOAA, in the U.S. Climate Resilience Toolkit on Alaska and the Arctic, states
the following: “Arctic change is important to global society not only because of its
impacts within the Arctic, but also because of the role of the Arctic in the climate of
the entire Earth. The climate and the ocean circulation in all parts of the globe are
affected by the temperature and pressure gradients between the poles and the
equator. These temperature and pressure gradients are becoming weaker because
the Arctic is warming faster than lower latitudes. The resulting changes in climate
and weather will affect people everywhere.” Locally, within the Arctic region of
Alaska, the consequences are immediate, profound and accelerating. Harmful
impacts include rapid erosion of shores, ecosystem degradation, wildlife declines,
fisheries declines and detrimental effects on the livelihoods and societal traditions of
the native Alaskans who must now find new ways to adapt to declining opportu-
nities for subsistence.

Fig. 16.3 Positive feedback loops that contribute to the Arctic amplification. Reduced albedo and
consequent ocean warming leading to snow and ice melting is the most prominent feed back loop.
From Wendisch et al. (2017)
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Fig. 16.4 Melting sea ice in the Arctic summer. Image Credit U.S. Bureau of Ocean Energy
Management. Public domain

Fig. 16.5 Extent of sea ice in the Arctic Ocean in September 2016 From NOAA Climate.Gov.
Source URL (modified on 2016-09-15 13:45): https://www.climate.gov/news-features/event-
tracker/arctic-seaice—Author Michon Scott National Snow and Ice Data Center Link https://www.
climate.gov/news-features/category/climate-change-global-warming
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16.4 Physical Process Regime

The Arctic Ocean covers an area of about 14 million km2 (5.46 million mi2) and a
little more than half of this area is occupied by the continental shelf, a much greater
fraction than in any other of the world’s oceans (Huntington and Weller 2005). This
ocean is surrounded by the landmasses of Eurasia and North America and is almost
isolated from the other oceans. Most of the water within the Arctic Ocean enters
from the North Atlantic and is relatively warm (Loeng et al. 2005). The prevailing
exchange between the North Atlantic and the Arctic Ocean is a crucial element of
the thermohaline (i.e. related to density differences caused by temperature and
salinity) circulation. Weller et al. (2005) point out that salinity reductions caused by
IPCC projections of increased runoff of freshwater could, in the future, decrease or
even shut down, the North Atlantic-Arctic Ocean thermohaline exchange. This
could actually lead to cooling certain regions of the Arctic Ocean, partially off-
setting projected temperature increases. General circulation in the central, polar
portion of the Arctic Ocean is characterized by a large-scale, clockwise, gyre, the
Beaufort Gyre. A west-to-east flowing counter current dominates the regional
transport over the shelf off the Chukchi and Beaufort Sea coast. Tides are negli-
gible: the spring tide range at Utqiaġvik (Pt. Barrow) Alaska is only 15 cm
(*6 in.).

Ice cover prevents storms and high winds from generating waves and storm
surges and has protected the sensitive shores of the Arctic coast for millennia.
Although strong winds can cause a short wind chop by blowing over a small open
water distance, relatively large distances of open water are required for the gen-
eration of large waves. The distance over which the wind blows is called “fetch”
and increasing fetch allows the winds to generate larger waves. Wind speed is the
other factor that controls the height of the waves. Overeem et al. (2011) show that
between 1979 and 2009, the duration of the open water period more than doubled
from 45 to 95 days per year. Although the fetch distance also increased, the model
results of Overeem et al. (2011) suggested that wave heights are more strongly
dependent on wind speeds than on fetch. The critical wave-generating wind speeds
were considered by Overeem et al. (2011) to be those greater than 5 m s−1

(11.2 mi/h). The strongest winds occur in the fall.
Although the locally generated wind waves are only around 0.5–0.6 m (1.6–

2.0 ft) high and surges are of similar height, these waves are very destructive in
attacking the easily eroded permafrost shores which are susceptible to thermal
erosion when waves “slosh” water at temperatures above freezing against them.
Rising sea levels exacerbate the thermal erosion problem. Figure 16.6 shows the
recent expansion of the open water period since 2001. The red band indicates
summer expansion (earlier ice break up) and the blue band indicates autumn
expansion (later ice freeze up). Note that the autumn expansion exceeds the summer
expansion. The red curve shows the temporal variation in solar radiation from
spring to autumn and the black curve shows the corresponding variation in sea
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surface temperature. The summer expansion allows shores to be exposed to warmer
water and the fall expansion allows greater exposure to high winds. Both increase
thermal erosion.

16.5 The Marine Ecosystem

Three very prominent characteristics distinguish the marine ecosystems of the
Arctic Ocean from those of other seas: (1) variations in solar radiation are seasonal
rather than diurnal; (2) relatively shallow water shelf environments are strongly
dominant; and (3) surface waters are very cold and are ice covered for much of the
year. In the case of the first factor, solar radiation shuts down entirely during winter
and prevails for 24 h in the summer. Consequently, primary productivity is
light-limited especially during winter and during times of pack ice cover and thus
varies seasonally. Increases in the ice-free period are considered likely to increase
primary productivity (Loeng et al. 2005). Freshwater runoff from several rivers that
flow northward from their catchments in the Brooks Range of Alaska during the
thaw seasons of spring and summer provide nutrients, sediments and lower the
salinities of shelf waters. As the ice recedes in summer, the edge of the ice pack
becomes a zone of high plankton productivity and is particularly important in
supporting seabirds, of which there are over 60 species (Huntington and Weller
2005).

Because of the seasonal limitation in solar radiation, winter ice cover and low
primary productivity, biodiversity is low and thus the ecosystem is fairly simple in
comparison with other marine ecosystems. Marine mammals are the dominant
predators and are long lived. Included are several species of whales, seals, walruses
and polar bears. These mammals are critical to the traditional subsistence economy
and diet of native Alaskans. With the exception of whales, these mammals spend

Fig. 16.6 Envelopes of the mean open water seasons in the Arctic Ocean for 1979–2001 and
2000–2009. From Overeem et al. (2011)
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most of their lives on sea ice and are being adversely impacted by the retreat and
thinning of the ice. More polar bears are coming ashore during summer and this is
reducing their access to food and increasing their mortality (Atwood et al. 2016).
Cox et al. (2017) report a dramatic increase in sightings of polar bears on Cooper
Island on the Beaufort Sea coast in recent years.

Although the sub-polar Bering and Barents Seas are home to some of the world’s
most productive fisheries, the Beaufort and Chukchi Seas are much less important
for their fisheries. Nevertheless, the Arctic Ocean has 150 species of fish (Murray
1998) of which capelin and polar cod are abundant in the Beaufort and Chukchi
Seas.

16.6 The Changing Environment of the Alaskan North
Slope

The Alaskan North Slope (Figs. 16.7 and 16.8) extends northwards from the
Brooks Mountain Range to the Arctic Ocean and embraces the extensive tundra
coastal plain which includes the National Petroleum Reserve-Alaska (NPRA)
(centered on Pt. Barrow) and the Arctic National Wildlife Refuge to the east and
adjacent to the Canadian Border. North of the Brooks range, the North Slope
coastal plain is tundra comprised mostly of small berry plants and a relatively thin
active ground layer of lichens and mosses that thaws in the summer and refreezes in
winter. The tundra surface is underlain by permafrost, or permanently frozen
ground. Today, the permafrost is undergoing summer melting at increasing rates
and this is a source of greenhouse gases including carbon dioxide and methane.
Numerous rivers, that arise from the Brooks Range, traverse this tundra coastal
plain and leave behind river beds of relatively coarse, gravelly deposits and build

Fig. 16.7 Map of the Alaska North Slope showing the northern limit of the Brooks Range (dotted
blue line) and the locations of the National Petroleum Reserve-Alaska (NPRA) and the Arctic
National Wildlife Refuge (ANWR). Source USGS—http://energy.usgs.gov/images/alaska/NPRA_
F1lg.gif
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protruding deltas at the coast. Among the largest and most prominent of these rivers
is the Colville River, which flows into the Beaufort Sea. The Colville is a rich
wildlife habitat and supports large caribou herds, brown bears and polar bears, as
well as large concentrations of many birds including peregrine falcons and golden
eagles.

The North Slope is currently experiencing numerous rapid and significant chan-
ges. As described in Chap. 9, the shores bordering the Chukchi and Beaufort Seas are
rapidly receding as a result of thermal erosion of the permafrost that has traditionally
“cemented” the low coastal cliffs. Shore recession is only part of the overall degra-
dation of tundra that is resulting from rising temperatures and may lead to the
complete destruction of tundra in the decades ahead (Lawrence et al. 2008; Sherwonit
2010). This would represent a severe habitat loss for many species including caribou.
Just as the lengthening duration of the ice free period in the Arctic Ocean is altering
the marine ecosystem, lengthening of the snow-free period of the land surface is

Fig. 16.8 False color satellite image of the Alaskan North Slope prior to summer breakup of ice.
The pack ice is seen at the top of the image. The tundra surface is shown in green, the Brooks
Range foothills are indicated by the reddish colors and mountain glaciers appear in light blue.
Numerous rivers are also evident. Image from USGS Public domain. Source attribution NASA-
http://earthobservatory.NASA.gov/newsroom
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altering the tundra ecology, hydrology and biogeochemistry. Cox et al. (2017)
explain how earlier snowmelt and later snowpack onset in autumn are affecting
regional phenology, soil temperatures and fluxes of gases from the tundra in addition
to the reduced albedo which is contributing to the Arctic Amplification. Underwood
(2017) describes howmelting glaciers are increasing the flows of Arctic rivers and the
delivery of fresh water to the coast. Another important change in Arctic river
hydrology and ecosystem dynamics involves rapid declines in river icings (Pavelsky
and Zanetske 2017). River icings are relatively large and thick ice deposits caused by
liquid (unfrozen) ground water flowing into rivers during winter. They cause con-
siderable widening of riverbeds, which are important habitats for many species.
Traditionally these features often survived the summer thaw but now they are dis-
appearing in early summer causing serious loss of wildlife habitat.

16.7 Socioeconomic Impacts of Arctic Changes

As pointed out by NOAA (2017) in its Climate Resilience Toolkit, oil and gas
production provides 80% of Alaska’s state revenue and thousands of jobs. This
industry may stand to benefit from increased ice-free area and duration, which will
allow increased offshore operations. The second and third largest Alaskan industries
are respectively mining and fisheries and tourism is close behind. The potential
impacts of future changes on mining and tourism are unclear but the impact on
fisheries is likely to be negative.

The most serious and damaging socioeconomic impacts of the unfolding
changes will be felt by indigenous Alaskan people. Native Inuit, Athabaskan,
Métis, and other indigenous inhabitants of Arctic Alaska have long understood that
they have a delicate and complex symbiotic relationship with their natural realm
and have depended on this relationship for their subsistence livelihood (Stepien
et al. 2014). Weller et al. (2005) and NOAA (2017) describe some of the immediate
impacts on native peoples who continue to rely heavily on hunting, fishing, trap-
ping, reindeer herding and gathering for sustenance even though some are now also
employed by the oil and gas and tourist industries. Reductions in the extent and
thickness of the pack ice are making all of these activities more difficult and
thinning ice is also making excursions on the ice more hazardous. Decreases in fish
stocks and marine mammals are limiting the availability of traditional food sources.

There are also numerous other, but less conspicuous impacts. Among these are
direct impacts on housing and village infrastructure. Melting permafrost causes loss
of support for structures built on the tundra surface and shore retreat because of
thermal erosion and increased wave energy is displacing villages. Some engineering
solutions to permafrost thawing utilizing steel pilings are being explored (Poppick
2017) but these methods will probably remain unaffordable for most indigenous
people for the near future. Disappearance of protective barrier islands is causing
loss of critical wildlife habitat. As pointed out by NOAA (2017) most rural Arctic
Alaskan communities have no access to roads or electric grids so limitations on
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traditional means of transport by boat, sled or overland traffic are quite conse-
quential. Ice cellars traditionally used for storing food are thawing allowing food to
spoil and thawing permafrost is contaminating ponds that are sources of drinking
water. Climate change is also causing the spread of some diseases not previously
present in the Arctic (NOAA 2017). Although resilience has long been a virtue
shared by Native Alaskans, the accelerating degradation of their Arctic habitat is
forcing many to explore costly relocation (ACIA 2005; Harball 2013). In the recent
comprehensive report on the numerous changes taking place in the Arctic, AMAP
(2017) stresses the urgency of finding new adaptation strategies supported by new
and non-traditional government policies.

16.8 “Unraveling” a Complex Coastal System

In a recent commentary in Nature on the AMAP (2017) SWIPA report, Tollefson
(2017) suggests that the report, to which over 90 scientists contributed, leads one to
conclude that the Arctic is “unraveling”. This is because of the complex interplay of
numerous factors all of which are changing and bringing about mutual changes in
the other interconnected factors through positive feedbacks. A few of the more
prominent feedbacks as described in Sect. 16.2 of this chapter account for the rapid
temperature rise related to the Arctic Amplification. There are numerous other
feedbacks, however, and all are outcomes, directly or indirectly, of global warming.
Some of the key findings of the SWIPA report are summarized as follows:

1. The Arctic Climate is shifting to a new state in which the Arctic Ocean could be
entirely free of sea ice in summer by the 2030s and this could affect weather in
the mid latitudes.

2. Arctic temperatures are rising faster than anywhere else on earth; the area and
duration of snow cover is decreasing; permafrost is warming; and ecosystems
are changing.

3. Changes will continue at least to mid century regardless of efforts to reduce
greenhouse gases, Arctic temperatures will rise above late 20th century levels by
4–5 °C; and ecosystems will face serious stress and disruptions.

4. Substantial cuts in greenhouse gas emissions can stabilize further impacts after
the middle of the century but not in the short term. Compliance with the Paris
Agreement will stabilize snow and ice losses but there will still be significant
reductions.

5. Effective adaptation policies at regional and local levels can reduce vulnera-
bilities of Arctic communities.

6. Effective mitigation and adaptation policies will require understanding and
acceptance of the scientific realties by government entities and officials at many
levels and these understandings will need to be supported by observations and
models.
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According to Morten Skovgård Olsen, who coordinated the 2017 SWIPA
assessment and leads the Danish Ministry of Energy, Utilities and Climate’s Arctic
Programme: “The Arctic that you will have by mid-century will be very different
from the Arctic that we see today”.
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Part IV
Collaboration to Enhance
Future Coastal Resilience



Chapter 17
Next Generation Numerical Models
to Address a Complex Future

Donald T. Resio and C. Reid Nichols

It is far better to foresee even without certainty than not to
foresee at all.

—Henri Poincaré, 1913, The Foundations of Science

17.1 Numerical Models Are Crucial to Our Future

If we are to adapt to accelerating coastal change and remain resilient despite
impermanence, we must be able to anticipate what the future may hold with ever
increasing accuracy and decreasing uncertainty. We must improve our ability to
predict and prepare for future circumstances on global, regional and local spatial
scales and on decadal, annual and short-term time scales. The enabling predictive
models should be interdisciplinary and must deal with the interdependence and
coupling of physical, ecologic, hydrologic and human factors. Models of
global-scale change serve as forcing inputs to regional scale models which, in turn
drive more local models of critical processes as illustrated in Fig. 17.1. Examples of
global scale models include the NCAR Community Climate Model (CCM3) and
large-scale ocean circulation models as described in Chap. 1. The CCM3 model and
its more advanced successors will probably provide the long term forcing condi-
tions for predictions of future regional and local scale processes. Regional scale
models include the meso-scale atmospheric community models and regional scale
ocean circulation models described in Chap. 1. Most of the local scale models
currently in use (Chap. 1) are discipline-specific process models. Such models have
been used for decades by many professionals, including military planners, engi-
neers, weather forecasters, and natural resource managers. What we now need,
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however, is for these models to evolve well beyond being discipline-specific and
involve coupling across multiple disciplines including physical oceanography,
weather, hydrology, ice, ecosystems, health and socioeconomics. This is now
technically possible with rapidly evolving high-performance computing capabilities
and the internet of things, which connects an ever-growing number of smart devices
for up-to-the-minute monitoring and tracking of many physical events. Researchers
have deployed thousands of small, low-cost floats to form distributed sensor net-
works that provide maritime situational awareness over large ocean areas. However,
we still need the enabling shared platforms and a new culture of altruistic
collaboration.

Models provide representations of reality so that the users can better understand
complex processes, causes, and effects to aid in predictions. Prognostic models
highlight the evolution of phenomena over time and such models are essential to
anticipating a changed future. Researchers test model output with data from ocean
observing systems such as the Gulf of Mexico Coastal Ocean Observing System
that archive independent data of the actual system being studied. This process is
critical to ensure reliable results that meet application requirements. Models are
essential to assess management strategies to increase engineering, ecological, and
community resilience. Developing authoritative models requires improved under-
standing of the physical, chemical and ecological processes that occur in large
systems, and the impact humans have on natural resources condition and landscape

Fig. 17.1 Effective prediction of local conditions at a specific coastal site requires a hierarchy of
coupled models from global to local and involving multi-disciplinary models. Figure from
Wendisch et al. (2017)
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processes. Current and future research is needed to predict fundamental processes
affecting the persistence and distribution of plants and animals and people across
the land and seascape.

17.2 Status and Future of Physical Oceanographic Models

Numerical modelers construct mathematical models to better understand all relevant
physical processes in order to solve physical problems. These models may take the
form of differential or algebraic equations or parametric approximations to known
natural behavior at scales smaller than that resolved in a model. When designing a
model, consideration must be given to the availability of data to drive it. Usually
these data are incomplete, duplicative, and often conflicting. In the face of these
facts, using a model to obtain a solution requires making specific assumptions. In
most real-world applications, the equations in the models do not have exact or
“analytical” solutions and must be solved by numerically calculating an approxi-
mate solution. Since numerical methods involve discretized, incremental approxi-
mations to derive a numerical solution, their accuracy depends critically on careful
calibration and validation against pre-existing data to adjust various empirical
coefficients within the model. Once a model is implemented, the results which may
be displayed as graphics, charts, tables, or other convenient forms, must effectively
support users.

Innovations in computational technology have greatly increased the number and
types of numerical models and software programs. Numerical modeling has been
used extensively in industries for both forward problems such as predicting currents
and inverse problems such as wave hindcasting. The numerical models are based on
well-developed theoretical frameworks and widely accepted numerical methods.
The science of modeling requires that all of the variables that affect important
phenomena are identified, reasonable assumptions and approximations are made,
and the interdependence of these variables is understood. The art in modeling
involves achieving the appropriate level of simplification, distinguishing important
phenomena from those that are unimportant, and using acceptable scientific judg-
ment. Successful modeling efforts are able to predict the course of an event such as
a current and aspects of the current mathematically such as the speed and direction
without actually deploying a mooring with current meters from a research vessel.
The samples presented in Table 17.1 provide an abbreviated list of some models
that have been shown to provide reasonably accurate results to meaningful practical
problems such as wave heights, inundation, and circulation. The use of physical
models for understanding the impact of waves, tides, and currents can also provide
valuable information for the design of marine structures and potential damages in
coastal areas due to natural causes as well as human intervention. However, the
preparation of such models requires an adequate knowledge of the natural phe-
nomena and relevant laws, as well as sound judgment. For these reasons,
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fully-integrated observatories such as the NOAA U.S. Integrated Ocean Observing
System have contributed and continue to contribute significantly to modeling
advances.

Today’s computational and networking capabilities provide scientists and
engineers with increasing capabilities to study complex processes that are tempo-
rally and spatially variable. One example is the Defense Advanced Research
Projects Agency’s Ocean of Things program, which is demonstrating persistent
maritime situational awareness through deployments of thousands of smart floats to
collect ocean temperature, sea state, and location data using a cloud network for
storage and real-time data analytics. Another example is the Advanced Scientific
Computing Research program which operates high‐performance computing
(HPC) centers and related facilities, and maintains a high-speed network infras-
tructure at Lawrence Berkeley National Laboratory (LBNL) to support computa-
tional science research activities. The HPC facilities include the Oak Ridge
Leadership Computing Facility at Oak Ridge National Laboratory, the Argonne
Leadership Computing Facility at Argonne National Laboratory, and the National
Energy Research Scientific Computing Center at LBNL.

Oceanographic research is advancing through improved instrumentation for
measuring properties of the ocean coupled with models that provide a continuous
picture of its ever-evolving state. A grand challenge is the operation of coupled
ocean and atmospheric models aboard a ship at sea as a means to provide real-time
information on environmental phenomena while improving navigation and other

Table 17.1 Alphabetical list of model acronyms, full names and references to primary developers
or users

Model name Description Reference

ADCIRC Advanced Circulation Luettich and Westerink
(1991)

COAMPS Coupled Ocean/Atmosphere Mesoscale
Prediction System

Chen et al. (2003)

Delft3D Hydrodynamic model, Structured grid Deltares (2014)

Delft3D FM Hydrodynamic model, Unstructured grid Deltares (2015)

HYCOM Hybrid Coordinate Ocean Model Chassignet and Verron
(2006)

MIKE 21 FM Hydrodynamic model, Unstructured grid DHI (2014)

NCOM Navy Coastal Ocean Model Martin (2000)

ROMS Regional Ocean Model System Shchepetkin and
McWilliams (2005)

SLOSH Sea, Lake, and Overland Surges from
Hurricanes

Glahn et al. (2009)

SWAN Simulating WAves Nearshore Huang et al. (2013)
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maritime operations. Already, researchers have used suites of instrumented
autonomous vehicles that relay information to shore-based data-assimilating
numerical models to improve the performance of the model’s representation of
the environment and its predictions.

17.3 Status and Future of Wave and Surf Models

Wind waves impact human activities and have great geophysical significance. The
design and installation of coastal structures would benefit from a clear under-
standing of wave-tide interactions and their impacts on coastal landforms, in par-
ticular their effects on bottom friction and sediment transport. In order to help
protect property and save lives, most countries run a third-generation wave model
that integrates the basic transport equation describing the evolution of a
two-dimensional ocean wave spectrum in time and space to provide the products
listed in Table 17.2. These models parameterize physical processes explicitly, with
minimal parametric constraints on spectral shape or energy levels. Several open
source examples include WAve Model (WAM), WAVEWATCH III®, and
Simulating WAves Nearshore (SWAN) (see The WISE Group et al. 2007).
Comparable commercial models include Oceanweather’s third generation wave
model (OWI3G) and the spectral wave model developed by DHI known as MIKE
21 SW. Data from wave buoys are critical for off-line model development and
quality assessment of operational models (e.g., Allard et al. 2014). A potential
extension of these capabilities can be found in Smit et al. (2017), who describe the
use of data from 18 lowcost, compact, solar-powered directional wave buoys to
drive a regional wave model and produce a data constrained nowcast of the regional
wave conditions near Point Sal, California.

The deep-water models WAM and WAVEWATCH III have been used to
forecast waves around the globe. Modeling deep water waves accurately is essential
to serve as coupled boundary conditions to coastal models where the wave physics
becomes more complicated. In shallow water, one has to account for wave shoaling,
refraction, diffraction, reflection, and the complexity of wave breaking transitioning
into a depth-limited form as surf. For this reason, SWAN, which can be readily
nested in WAM and WAVEWATCH III, uses local water depth (bathymetry) and
simulates the transformation of off-shore wave conditions into shallow water. It can
incorporate winds to simulate wave growth or decay and includes the effects of
currents and tides. In the United States, NOAA employs a Global WAVEWATCH

Table 17.2 Wave model
output is derived from the
spectral description of the
wavefield at each grid point

Significant wave height Peak wave period

Wind sea wave height Wind sea period

Primary swell wave height Primary swell period

Secondary swell wave height Secondary swell period
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III model and adaptations such as the Alaskan Waters, Western North Atlantic, and
the Eastern North Pacific regional wave models. All regional models obtain hourly
boundary data from global models. These models are typically run on the 00z, 06z,
12z and 18z model cycles, and start with 6-h hindcasts to assure continuity of swell.
All models provide 120-h forecasts.

Although today’s models have made substantial progress toward improving the
accuracy of integrated wave parameters (e.g. significant wave height, mean wave
period, mean direction, etc.), little progress has been made in model performance
related to spectral shape, especially as related to directional characteristics of wave
spectra (Resio et al. 2017). Since the coast acts as a directional antenna with respect
to incoming waves, this remains a serious problem for nearshore wave models.
Although promising progress has been made in wave modeling toward evolving to
a fourth generation modeling framework, the inherent inertia in large modeling
systems makes it difficult to shift to this new class of model. It is likely that such
improved models will be essential to the wave physics necessary to address
problems such as the inability of nearshore geomorphic models to capture any of
the natural recovery of shorelines between storms. Thus, it is inevitable that future
models will eventually supplant today’s 3G models. As pointed out by Cavaleri
(2006), wave model results from the last decade show an unexplained scatter.
Future efforts will need to improve the basic modeling bases for extreme events
such as the Halloween Storm (Cardone et al. 1996), rogue waves (Onorato et al.
2013), and shallow water effects which are key to understanding the long-term
evolution of coasts during the expected sea level rise occurring over the next several
decades. Researchers such as Baschek and Imai (2011) and Cousins and Sapsis
(2016) have described some progress in understanding and forecasting extreme
events such as rogue waves, and many theories exist for each of the problem areas
noted here; however, a modeling consensus is far from being agreed upon in these
areas.

Given the importance of waves to many other ocean processes, for example:
transport processes and mixing, nearshore inundation, oceanic interaction with the
atmosphere, and ocean acoustic, it remains important that researchers do not fall
into the trap of accepting a model that performs reasonable in terms of simple wave
parameters as the final answer for most purposes, but does not perform adequately
in certain critical situations. Thus, an important aspect of future models must be to
insist on scenario-based testing, rather than measures of performance adjudicated on
a global averaged basis. In this context, measurements are more important than
ever, since they are needed to identify problems and quantify the need for
improvement in, often rare but important, situations. An important part of this work
must improve our understanding and modeling capabilities for wave breaking. The
distribution of wave breaking on the water surface is complex and discontinuous.
Increased understanding of ocean wave breaking will improve our understanding in
other modeling efforts that account for the exchange of momentum, mass and heat
with the atmosphere and ocean and provide extremely valuable information for
applications in remote sensing, engineering, and navigation.
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17.4 Status and Future of Ecosystem Models

The construction and analysis of mathematical models of ecological processes,
including both purely biological and combined biophysical models is often called,
ecosystem modeling. Such models need to adequately characterize the ecological
relationships between system components (individual species or functional groups)
and how these components co-vary under different ecosystem drivers and pressures
(e.g. harvesting, climate, and management interventions). Models can be analytic or
simulation-based and are used to understand complex ecological processes and
predict how real ecosystems might change. Analytical models consist of a set of
mathematical equations whose behavior is well-known. Simulation models solve
problems for which analytic solutions are impractical or impossible. Temporal and
spatial considerations are similarly playing an increasingly important role in the
development of ecosystem modelling approaches. For this reason, many ecosystem
models are coupled to a model which describes physical process, e.g., a one or
three-dimensional hydrodynamic model (Werner et al. 2007).

There is a global increase in efforts to develop ecosystem models. This ranges
from increasing one’s understanding of the ecosystem as a whole or to a subset
only, recognizing that both these aims are important in different contexts.
Numerous researchers (e.g., Baskett et al. 2007; Fulton et al. 2003, 2004a, b;
Hollowed et al. 2000) are extending single-species assessment models to include
additional important prey or predator species, and ecosystem models to evaluate
policy options for management. The goal involves predicting emergent ecosystem
properties such as total system productivity and the mean trophic level of the
community, which are frequently proposed as indicators of ecosystem status.

When ecosystem models are used as tools to support decision-making, deter-
mining model accuracy or “skill” is essential for decision-makers to consider when
weighing forecasts and the possible outcomes of alternative actions.

There is a growing realization that substantial progress towards implementing
reliable ecosystem models is still some way off given the need in most regions for
considerable data collection and complex analysis. On the other hand, progress in
this field has likely developed faster than anticipated given research successes
(Fulton et al. 2005), strategies described in NOAA’s Ecological Roadmap, and the
availability of funding for ecosystem research and development on topics such as
hypoxia. Table 17.3 provides a list of ecosystem models and selected references
related to ecosystem investigations and models.
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17.5 Status and Future of Hydrology Models for Coastal
Applications

Water movement through the biosphere is forced by winds and ocean currents, the
flow of rivers, precipitation, the movement of glaciers, evaporation, and transpi-
ration through the porous outer barrier of certain organisms. Hydrology models are
important tools since they simulate these movements, distributions, and the quality
of water through rivers, soils, and aquifers. Devia et al. (2015) discuss hydrology
model characteristics for large complex basins and inputs used by different models
such as rainfall, air temperature, soil characteristics, topography, vegetation,
hydrogeology, etc. The development of hydrological models is challenged by a lack
of data due to short historical observations and spatially insufficient observations.
Owing to severe flooding from heavy downpours, which has been increasing over
the last three to five decades, there is movement to enhance meteorological and
hydrological station networks. These infrastructure advances will improve the
model development process and validation efforts. Hydrology models will

Table 17.3 Alphabetical list of model acronyms, full names and references to primary developers
or users

Model name Description Reference

ATLANTIS ATLANTIS—considers all parts of marine
ecosystems—biophysical, economic and social

Fulton et al. (2004a, b,
2005) and Link et al.
(2010)

Ecopath Mass balance fluxes; linear trophic interactions Christensen and Pauly
(1992) and Pauly et al.
(2000)

ECOSIM Time dynamic simulation Heymans et al. (2016)

ECOSPACE Spatial and temporal dynamics Walters et al. (1999)

EPOC Ecosystem Productivity Ocean Climate Model Constable (2005, 2006)

ERGOM Ecological ReGional Ocean Model Neumann (2000) and
Neumann et al. (2002)

ERSEM European Regional Seas Ecosystem Model Baretta et al. (1995)

GADGET Globally Applicable Area Disaggregated
General Ecosystem Toolbox

Begley and Howell (2004)

GEEM General Equilibrium Ecosystem Model Tschirhart (2000)

IGBEM Integrated Generic Bay Ecosystem Model Fulton et al. (2004a, b)

InVitro Agent-based ecosystem-level management
strategy evaluation modelling framework

McDonald et al. (2006)

OSMOSE Object-Oriented Simulator of Marine
Ecosystem Exploitation

Shin and Cury (2001,
2004)

SEASTAR Stock Estimation with Adjustable Survey
Observation Model and TAg-Return Data

Tjelmeland and Ulf
Lindstrøm (2005)

SSEM Shallow Sea Ecosystem Model Sekine et al. (1991)
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increasingly be used for predictions, or as inputs to other models. Modeling
research efforts will focus on hydrological modeling in un-gaged regions. Key
advances will evaluate changing water resources based on distributed hydrological
simulations under future climatic situations.

17.6 Status and Future of Sea Ice Models

National ice services or governmental organizations responsible for operational ice
services of their countries rely on sea ice models in order to provide forecasts which
are extremely important to local communities and industries. Sea ice is an important
component of the climate system because it regulates the transfer of heat and
momentum between the atmosphere and the ocean. While melting sea ice has no
impact on sea level rise, it does contribute to climate change. The runoff from
melting glaciers will eventually run into the ocean, which does contribute to sea
level rise. Information about sea ice processes can come from sensors installed at
field camps (e.g., the 2011 Applied Physics Laboratory Ice Station, on Arctic ice
north of Prudhoe Bay, Alaska and the central Transantarctic Mountains field camp,
which is periodically set up by U.S. National Science Foundation), or aircraft and
satellites. These limited data sources have been instrumental in the development of
sea ice models, which provide valuable information on how sea ice evolves and
how it will be affected by changing climate. The equations in a sea ice model
describe the relevant dynamics (e.g., winds, waves, and currents) and thermody-
namics (e.g., air temperatures, ocean temperatures, and albedo) that influence the
evolution of sea ice. Short-term operational forecasts (one to five days) by orga-
nizations such as the Arctic and Antarctic Research Institute in Russia, Canadian
Ice Service, National Ice Center (NIC) in the United States, and Norwegian Ice
Service are important aids to navigation for ocean vessels in sea ice-covered
regions, as well as seasonal forecasts (one to three months) to aid in planning. At
the NIC, the U.S. Navy runs an operational sea ice model, the Arctic Cap Nowcast
Forecast System (ACNFS), to provide short-term forecasts of Arctic sea ice.
The ACNFS replaced the Polar Ice Prediction System during 2012.

Sea ice models are limited internally by the model physics, and externally by the
boundary conditions, or forcing. Models carry assumptions, and forecasts from the
models have inherent uncertainties. Further, many sea ice models are coupled to
ocean and atmospheric models. The output describes several dynamic and ther-
modynamic properties such as concentration, extent, thickness, temperature, and
velocity. Model skill is evaluated using sea ice observations from satellites, aircraft,
and buoys.
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17.7 Coupling Oceanographic and Hydrology Models:
Progress and Prognosis

As discussed in Chap. 7, compound coastal flooding, involving the superimposition
of storm surge along with fluvial and pluvial flooding, as was exemplified by
Hurricane Harvey in Houston during 2017, is likely to become more frequent during
the years ahead. Mutual interactions between hydrometeorological and ocean
models must be advanced in the near future. Those models operate on different
scales and simulations represent different sets of interdependent processes. The
coupling of hydrology models to coastal ocean models is an area of active research
and considered by some agencies as a Grand Challenge. Research questions relate to
the determination of necessary resolutions, frequency and spatial locations for the
hydrology-ocean model coupling. Objectives include improved forecasts of
freshwater-driven events in the coastal ocean environment, especially inundation
caused by extreme precipitation events. van der Wiel et al. (2017), describe the
historic freshwater flooding that occurred in southern Louisiana during August 2016.
Meteorological phenomena such as downpours are small in scale and are simulated
using very high-resolution models. These types of events need to be considered as
coastal ocean models are pushed into the land-sea margin. Simulations need to
account for hydrometeorological, oceanographic, and human-related factors. Major
weather factors include heavy or prolonged precipitation, snowmelt, thunderstorms,
storm surges from hurricanes, and ice or debris jams. Human factors include
structural failures of dams and levees, altered drainage, and land-cover alterations
(such as pavement). Strategies may include “offline” coupling, where output from a
hydrology model is passed to the ocean model for computation of a variable such as
water level. The preference is “online” coupling, where the feedbacks are allowed to
pass between the two models. This research is especially important to help determine
how climate change affects coastal flooding through sea level rise and storm surge,
and increases in heavy rainfall.

17.8 Coupling Ecosystem and Physical Process Models:
Progress and Prognosis

Coupled ecosystem and physical models may be applied to better examine the role
of physical processes on the ecosystem. The simulated physical processes include
meteorological factors such as winds, hydrological factors such as river discharge,
and hydrodynamic factors such as water level fluctuations. In the coastal zone, the
potential sources of nitrogen to an estuary such as Corpus Christi Bay are through
river inputs and wet deposition flux. An ecosystem model might separate the
detritus compartment into pelagic and benthic components, based on cohesive
sediment processes. The physical model might be tested against observed tidal
amplitude and phase, as well as tidal currents from an observational network such
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as the Texas Coastal Ocean Observation Network. The biological model would be
tested to ensure reasonable spatial and temporal patterns in lower trophic level
characteristics of the ecosystem in some areas of the Corpus Christi Bay. Model
results might also show that the physical processes associated with evaporation
produce an intensification of hurricanes owing to surface moisture availability.
Hurricanes derive their energy from water vapor which is evaporated from the
ocean surface. The water vapor releases latent heat when it condenses to form
clouds and rain, warming the surrounding air. Inclusion of physical oceanographic
processes such as sea surface temperatures and evaporation is important for a
hurricane model to properly forecast the storm’s intensity.

17.9 Complex Trans Disciplinary Community Models
of the Future

In order to model tomorrow’s coasts, scientists from natural and social sciences will
need to collaborate to solve important integrated research questions, especially to
simulate measures that will ensure sustainability. This type of collaboration will
require trans-disciplinary and integrated modeling efforts. The U.S. Army Corps of
engineers is already developing an integrated approach to reducing coastal risks and
increasing human and ecosystem community resilience through a combination of
natural, nature-based, nonstructural and structural measures that have been studied
at locations such as Jamaica Bay in New York and Mobile Bay in Alabama (e.g.,
Rosati et al. 2015; Fox-Lent et al. 2015). The Army has defined resilience in terms
of “prepare,” “resist,” “recover,” and “adapt” and metrics associated with engi-
neering, ecological, and community processes. Models in the future will be from
different disciplines and will facilitate joint work to create new conceptual, theo-
retical, methodological, and translational innovations that integrate and move
beyond discipline-specific approaches to address a coastal change. The next gen-
eration of complex systems models is likely to employ hybrid approaches such as
those recently discussed by Vincenot et al. (2016). According to those authors
(p. 6): “The non-linear, self-organized dynamics of complex systems, including
environmental ones, makes their behavioral trends extremely difficult to predict.
Hybrid models, which typically represent the dynamics of a system over a wide
parameter space, can be used to explore the envelope of possible, probable and
plausible system trajectories”. Future efforts can be co-designed with output that
meets information requirements for trans-disciplinary users. Modeling systems and
analytics will be developed to evaluate impacts of climatic change. They will
assume that the coast is complex and impermanent rather than a static infrastructure,
economy or demography. Trans-disciplinary community models will enable
socio-economic systems to react and to adapt to climatic changes. They will inte-
grate engineering, ecological, and community factors.
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17.10 A Cyber Network to Support a Virtual Modeling
Community

The pillars of modern science are often considered to be theory, experimentation,
and computational science. Despite the great potential of modeling to increase
understanding of a variety of important scientific and engineering challenges, High
Performance Computing (HPC) has been underutilized to date. Applied computa-
tional scientists are developing new mathematical algorithms, tools, and libraries to
model complex physical and biological systems. Supercomputing programs are
playing increasingly important roles in the scientific discovery process by allowing
scientists to create more accurate models of complex systems and simulate prob-
lems once thought to be impossible while analyzing an increasing amount of data
generated by modeling experiments.

High-performance Computing is moving toward scalable systems software and
programming models, that enable computational scientists to effectively utilize
petascale computers to advance science in areas important to society. Scalable
systems are capable of improving under an increased load when resources such as
hardware are added. In computing, petascale refers to a computer system capable of
reaching performance in excess of one petaflops, i.e. one quadrillion floating point
operations per second. Petascale computing could make the development of a
fully-coupled Earth system model feasible, one that provides the most accurate
environmental information, including uncertainty and probabilities, to the right
people at the right time, and in the right form for optimal understanding and
decision-making.

A distributed network environment will involve integrated software tools and
advanced network services to enable large‐scale scientific collaboration and make
effective use of distributed computing and science facilities to support large science.
Examples include ocean observatories that provide distributed data and model
products for environmental monitoring.

The science potential of emerging computing systems and other novel computing
architectures will require numerous significant modifications to today’s tools and
techniques. Collaborative programs have achieved breakthroughs in scientific
advances and many modeling technologies are impossible to complete without these
kinds of interdisciplinary efforts. Future modeling will increasingly adopt HPC.
Extreme-scale computing will enable the solution of vastly more accurate predictive
models and the analysis of massive quantities of data, producing quantum advances
in areas of science and technology that are essential to understanding climate
changes such as sea level rise, drought and flooding, and severe weather patterns.
Researchers are moving from petascale to exascale, which represents a
thousand-fold increase over the first petascale computer that came into operation in
2008. Exascale computing refers to computing systems capable of at least one
exaFLOPS, or a billion calculations per second. The expertise required to install,
utilize and run these assets poses a significant barrier to many organizations due to
the levels of complexity built into them to facilitate scientific discovery and research.
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Modeling with HPC will be key to dealing with coastal resilience and other
complex phenomena that show intricate time evolutionary behavior, mostly on
multiple dimensions. Some dynamically complex issues such as inundation are
relatively well-know and largely predictable, but have not been forecasted due to
the fact that local occurrences are hard to understand. Other phenomena–especially
potential future issues such as increasing storm events and grand challenges such as
the coupling of hydrological and ocean models—are still largely matters of basic
research. Modeling develops and applies computational methods to study these
complex issues such as sea level rise and associated problems in engineering,
ecology, and urban planning. In fact, as people continue to develop coastal zones,
future planners will need to integrate engineering, environmental, and community
resilience.

Other exciting technologies that complement modeling include techniques from
data science and artificial intelligence. Data analytics will apply cloud-based soft-
ware and analysis techniques to process the ever growing amounts of in situ
observations to improve oceanographic and meteorological models. While some of
these technologies are already available, collaboration will require a lot of exper-
imentation and will lead to some promising innovations. In the past century design
prototypes for manufacturing were scale models and today, we now develop them
using CAD software, and produce a replica in minutes using a 3D printer or a CDC
router. Developers are designing intelligent sensors to house a passive sensor suite
that can survive in harsh maritime environments. Expendable sensors may report
information from its surroundings for at least one year before safely scuttling itself
in the deep ocean. Data from animal-borne sensors, including marine mammal tags,
can help scientists produce analyses and forecasts of ocean temperature and salinity.
We can already simulate the interaction of a simulated object with an authoritative
ocean environment.

Though every effort is made to insure accuracy in modeling, errors are inevi-
table. It is essential that models be tested to establish their accuracy and appro-
priateness to address problems such as sea level rise. The ensuing skill assessments
are also known as verification, validation, and accreditation. Most modelers assess
their model results against observations. Verification, validation, and accreditation
is the process where an objective third party determines whether or not the software
product is an accurate implementation of the conceptual model, the extent to which
model results provide an accurate representation of the real world, and official
determination that output is acceptable to users. No model should be expected to
provide universal solutions to all problems in a domain. The value in a model will
always be based entirely upon the degree to which it solves a user’s real world
problem.
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Chapter 18
Future Societal Vulnerability, Risk
and Adaptability

Lynn Donelson Wright

How high’s the water Mama? Five feet high and risin’.

—Johnny Cash

18.1 The Most Vulnerable People Must Have Priority

It is imperative for humanity to anticipate and plan better for the future impacts of
climate change and coastal flooding on low-income, elderly and infirm communities
living in flood-prone areas. The tragedy that unfolded in 2005 when Hurricane
Katrina made landfall along the Louisiana and Mississippi Gulf Coast, was most
acute in the flooded low lying and low-income neighborhoods of New Orleans,
particularly the Ninth Ward. Nearly 2000 people died and hundreds of thousands
were displaced. The most severely affected African-American population has still
not fully recovered more than a decade later. Elliott and Pais (2006) have articulated
the tragedy of the inadequate concerns for the African American community in
relief efforts following Hurricane Katrina. At the time of this writing, many Puerto
Ricans still lack electricity and adequate drinking water, food and medicine in the
aftermath of Hurricane Maria, which hit the island territory in September 2017.

As sea levels rise, low-lying vulnerable urban areas throughout the world will be
more frequently flooded by storms. Wealthy populations will migrate to higher
ground and the value of these higher elevation properties will escalate. Low-income
families will be forced to move into higher density areas or to low-lying,
flood-prone areas. Frequent street flooding of low-lying neighborhoods can para-
lyze traffic, sewers can be flooded, drinking water may be contaminated and
water-borne pathogens may be spread throughout neighborhoods. And, as was the
case in New Orleans in the days following Katrina, in Texas after Hurricane Harvey
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in 2017 and in Puerto Rico after Hurricane Maria in 2017, extensive inundation of
neighborhoods can impede rescue operations, distribution of food, water and
medicine and the restoration of power following disasters.

18.2 Indexing Vulnerability and Risk

The past few years have seen significant advances in understanding and modeling
societal factors and changes that can impact community resilience (e.g. Gunderson
and Holling 2002). Van Zandt et al. (2012) consider neighborhood resilience in
relation to social vulnerability and housing. Norris et al. (2008) offer a treatise on
the psychology of community resilience as it impacts disaster readiness. More
recently, Cutter et al. (2010, 2014) have evolved the concept of Baseline Resilience
Indicators for Communities (BRIC) as empirical metrics for gaging the resilience of
communities to disasters. Berkes et al. (2003) offer in depth analyses of
social-ecological complexity in assessing community resilience.
Guillard-Gonçalves et al. (2014) have developed a “Social Vulnerability Index”
(SoVI) which can be readily applied to most regionally specific communities.
Balica et al. (2012) developed a multi-term SoVI for coastal cities specifically
focused on flooding related to climate change. Flanagan et al. (2011) have devel-
oped a social vulnerability index (SVI) for specific application to disaster man-
agement. This index considers 15 different factors obtained from census data, most
notably income and socioeconomic status, age and disability, minority status and
language, type and quality of housing and access to transportation. Figure 18.1,
from Flanagan et al. (2011) shows the distribution of drowning deaths caused by
Katrina in New Orleans in relation to the Social Vulnerability of elderly residents.

In their analysis, Flanagan et al. (2011) consider risk to depend on the proba-
bility of occurrence of hazards (such as flooding), social vulnerability and the
availability of mitigating resources to counter vulnerability. Risk increases with
both hazard and vulnerability but vulnerability decreases with increasing resources,
such as emergency management facilities and flood protection infrastructure. Yan
et al. (2016) devised an index to evaluate the social vulnerability of the city of
Shanghai to rising sea level and storm surge in terms of per capita income and
flooding risk, assuming continuation of the existing flood protection infrastructure.
They concluded that vulnerability will be minimal until around 2030 but that 23.9%
of the population will be highly vulnerable by 2050. As described in Part 3,
Chap. 12, Yang et al. (2014) proposed indices of relative exposure, sensitivity,
adaptive capacity and total vulnerability of sub regions in the Pearl River Delta.
Their results are summarized in Chap. 12, Fig. 12.6. From all of these analyses the
take away message is simply this: the vulnerability of coastal populations, now and
in the future, depends not only on the environmental threat and the fragility of the
people, but also on the investments that local, state and federal governments are
willing and able to make in order to protect the most vulnerable.
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18.3 Linked Ecosystem, Resource and Socioeconomic
Vulnerability

Human vulnerability to rising seas, flood events and climate change is not limited to
loss of life and health but also includes more complex and non-fatal manifestations
involving impacted livelihood and quality of life. Some of the regionally specific
impacts were discussed in the case studies presented in Part 3 of this book. To
varying degrees, the socioeconomic circumstances of coastal communities are
linked to coastal ecosystems. Degradation of those ecosystems has negative con-
sequences for the ability of communities to flourish and adapt. To address such
interconnections, Salgado et al. (2013) developed a model that attempts to couple
ecosystem vulnerability and socioeconomic vulnerability with applications to
Norway, Turkey and Chile. This international project was carried out on behalf of
the Belgian organization Ocean-Certain. The model focuses on the
inter-relationships of climate change, marine ecosystems and coastal communities.
The coupled system approach of Delgado-Serrano et al. (2014) and
Delgado-Serrano and Ramos (2015) considered the connectivity between ecosys-
tem vulnerability and socioeconomic vulnerability to involve environmental

Fig. 18.1 Social vulnerability index for the elderly in New Orleans and locations of drowning
deaths caused by Hurricane Katrina in 2005. From Flanagan et al. (2011)
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exposure, socioeconomic sensitivity, socioeconomic entitlements and public policy
and private responses. Figure 18.2 summarizes the general connectivities identified
in the model of Salgado et al. (2013).

In developed, more affluent nations, vulnerability assessments tend to place
somewhat greater emphasis on the effects of damaged or destroyed resources and
infrastructure since immediate threats to human life are considerably less severe but
impacts on livelihood are the primary concerns. Smith et al. (2016) examined
socioeconomic vulnerability in the Australian state of Queensland with emphasis on
the impacts of climate change and disasters on natural resources and particularly on
agriculture. They concluded that the most vulnerable sub regions in their study were
ones that were heavily dependent on horticulture. In general terms, they offer a
conceptual model for conducting rapid, regionally specific vulnerability assess-
ments. From a general survey of the literature on vulnerability of wealthier nations,
there would appear to be somewhat more emphasis on loss of tangible “things”
(which are fairly easy to quantify) than on intangibles like human health and
wellbeing. However, it is encouraging to note that researchers are increasingly
aware of this and are searching for new methodologies to treat the “intangibles” in
more rigorous ways.

Fig. 18.2 Connected ecosystem and socioeconomic factors affecting socioeconomic vulnerabil-
ity. From Salgado et al. (2013)
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18.4 Vulnerability and Adaptation of Northern European
Coasts

The coastal realms of most European nations bordering the North Sea face the
hazards of being low lying, in some cases below sea level or at least below the level
of high tide. However, the vulnerabilities of the coastal communities that live there
are low by global standards, in part because of the relative affluence of the people
and in part because of the investments by the governments in elaborate flood
mitigation strategies and protective engineering works. Figure 18.3 shows the
relative elevations of these North Sea countries. The Netherlands is, of course, the
best known for its extensive flood control system without which the nation would
be highly vulnerable to flooding by rising seas and rivers (Dronkers and Stojanovic
2016). The protective system of dykes, sluices, pumps and floodgates is centuries
old but now faces numerous increasing challenges including the loss of natural
wetlands, salinization of polders during times of low river flow and the insufficient
capacity of pumping stations and sluices to accommodate heavy rainfall events
(Dronkers and Stojanovic 2016). Other countries such as Belgium, have adopted
somewhat “softer” approaches including the nurturing of natural ecosystem ser-
vices. The UK has fairly advanced adaptation strategies that include managed
retreat (De la Vega-Leinert and Nicholls 2008).

Future uncertainties lie ahead that could well overwhelm the adaptive strategies
currently in effect for European countries. The occurrence of tropical cyclones in

Fig. 18.3 Elevations of the coastal regions of North Sea nations. Note that blue colors indicate
elevations below sea level. From Dronkers and Stojanovic (2016)
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the northeast Atlantic has been very rare in the past but when former Hurricane
Ophelia battered Ireland in October 2017, the potential for future such events was
highlighted. As noted by Dronkers and Stojanovic (2016) extreme events that have
a low probability of occurrence can have the largest climate-change related impacts
on Northern European coasts but uncertainty is one of the biggest obstacles to
raising public and political awareness of future threats. Rigid, “blueprint” strategies
based on past experience are inadequate. Uncertainties require adaptive approaches
that can be changed or reversed as circumstances dictate.

18.5 Bangladesh: Vulnerable to Epic Tragedy

In terms of vulnerability to human tragedy, Bangladesh and India are probably at
the opposite extreme from Northern Europe because of the poverty of the people
and the general lack of infrastructure and resources. As Fig. 4.6 in Chap. 4 shows,
much of Bangladesh is near or only slightly above sea level. Added to this is the
fact that summer monsoons bring both torrential rains that cause floods of the
Ganges and Brahmaputra Rivers as well as tropical cyclones that generate storm
surges. Two hundred million poor people live in this high-risk realm. Brouwer et al.
(2007) examined the relationships among environmental risk, poverty, and vul-
nerability in flood prone regions of Bangladesh. In their study they interviewed 700
floodplain residents and found that residents with the lowest incomes had the
highest level of exposure to floods. They also concluded that these most vulnerable
low-income residents had the lowest access to flood preparation and post-flood
recovery community assets. However, the Brouwer et al. (2007) study did not
include projections of future vulnerabilities that might be expected as a consequence
of climate change. In recent years, climate change has also brought about other
changes in vulnerability. Among these, increases in soil salinity of agricultural
lands in the Ganges Brahmaputra Delta are seriously reducing rice production
(Goodell 2017).

During the 2007 summer monsoon season, floods in Bangladesh killed 500
people and adversely impacted 20 million more people (Dewan 2015). These floods
typically involved heavy rainfall, increased river discharge, and storm surge
superimposed on rising sea levels. Accelerated retreat of glaciers is adding to flood
waters. According to Dewan (2015) the major impacts of Bangladesh floods are
death by drowning, water borne disease, severe diarrhea and snakebites; 75% of
Bangladesh flood victims drown. This seemingly contrasts sharply with flood and
storm impacts on northern European coasts, which are largely economic and only
occasionally involve loss of life. Non-fatal impacts in Bangladesh include complete
destruction of housing, loss of income, loss of livestock and grain and general loss
of food supply. As noted by Dewan (2015) and others, climate change is already
bringing more intense rainfall and higher storm surges and things are predicted to
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get worse over the coming decades. Effective adaptation to these growing threats is
a serious challenge. Although the floods are generally worse than in the past, they
are nothing new and the indigenous populations have developed fluid and unique
ways of rebounding after devastating events. Fortunately, the Bangladesh
Government is taking this as a serious opportunity and incorporating traditional
protocols into modern strategies that include a range of engineering approaches.

18.6 Vulnerability of U.S. Atlantic and Gulf of Mexico
Coastal Communities

Socioeconomic vulnerabilities of U.S. coastal communities are very much lower
than those of Bangladesh, India or most of South and South East Asia but are
typically greater than those of northern Europe. The coastal landscapes of the U.S.
Atlantic and Gulf of Mexico are generally more vulnerable to sea level rise and
storm surge than are the Pacific coastal systems because of the low elevations and
low continental shelf gradients for reasons explained in Part 2. The U.S. Geological
Survey (Pendleton et al. 2010) has assessed vulnerability of the Gulf of Mexico
coast to erosion and land loss as being high. Their analyses took account of geo-
morphology, recorded rates of coastal recession, significant wave height, tide range
and regional coastal slopes but did not involve any socioeconomic indices. When
socioeconomic factors such as age, income, education, quality of housing and
ethnicity are included, a much higher degree of spatial variability emerges. This is
largely the outcome of high socioeconomic diversity and, as described in several of
the case studies presented in Part 3, highly vulnerable communities may exist in
close proximity to low vulnerability and affluent communities.

The US Army Corps of Engineers (USACE), Engineer Research and
Development Center (ERDC) is developing a tiered set of coastal resilience metrics
that integrate engineering, environmental and community resilience (Rosati et al.
2015). The USACE’s approach considers preparation, resistance, recovery, and
adaptation depending on factors such as need, time, space, and available funding.
Analyses of U.S. coastal socioeconomic vulnerability now benefit from some fairly
elaborate and sophisticated cyber tools and websites that support decision-making
and emergency response at local and regional levels. The U.S. Climate Resilience
Toolkit (https://toolkit.climate.gov/-tools), an online resource supported by the
National Oceanic and Atmospheric Administration (NOAA) outlines the criteria
used in regional assessments and provides links to some interactive tools for
exploring community vulnerability to different storm and sea level rise scenarios.
The local or regionally-specific approach advocated in the toolkit involves:
(1) identifying the local climate related threats; (2) assessing risks and
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vulnerabilities; (3) exploring options; and (4) prioritizing actions with considera-
tions to available resources. The online toolkits for addressing vulnerabilities
include the following interactive sites:

• Climate Change Vulnerability Assessment Tool for Coastal Habitats
(CCVATCH)

• Coastal County Snapshots
• Coastal Flood Exposure Mapper
• Coastal Change Hazards Portal
• FEMA Flood Map Service Center
• Sea Level Rise and Coastal Flooding Impacts Viewer
• Surging Seas—Sea Level Rise Analysis by Climate Central.

The “Surging Seas” tool is particularly useful for estimating the expected levels
of flooding and socioeconomic vulnerability that may prevail in the event of any
given height of sea level rise or storm surge inundation. An application to Florida’s
Nature Coast was presented in Chap. 14, Fig. 14.13. An example of a social vul-
nerability map of New York City and nearby New Jersey Cities is shown in
Fig. 18.4.

Fig. 18.4 Predicted social vulnerability of communities centered around New York City and
Newark, New Jersey to a 10 foot storm surge or sea level rise. From “Surging Seas” risk zone
maps produced by Climate Central. Orange = medium vulnerability; red = high vulnerability.
Note the high level of vulnerability of several New Jersey communities
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18.7 Imperiled Urbanites

In his recent book Extreme Cities, scholar Ashley Dawson (2017) discusses in great
detail the growing vulnerability of impoverished people living in coastal cities,
particularly coastal megacities, to the impacts of climate change. Dawson points out
that nearly 2 billion people currently live in densely populated, flood prone urban
environments that are increasingly subject to storm surges and floods. In addition to
the direct threat of drowning, these populations are subject to water-borne infec-
tious diseases such as those described in Chap. 10. The intersections of increases in
sea level, tropical storm severity and the growing populations of dreadful urban
slums are setting the stage for unprecedented future tragedy.

18.8 Mitigation Strategies to Reduce Vulnerability
and Enhance Adaptability

Education and awareness are probably the most effective tragedy preventers, at least
in communities that are fortunate enough to have options and a reasonable degree of
mobility. Understanding what can happen, or what is about to happen, and having a
good idea of what to do about it can save many lives. According to the report of the
NOAA-sponsored Coastal No Adverse Impact Handbook (CNAI 2007, p. 67)
“Perhaps the most effective means of mitigating coastal hazards and protecting
sensitive coastal environments is education through outreach”. Making coastal
residents aware of threats over the long term and helping them to understand what
these threats mean in non-technical and simple terms is necessary to prepare these
people to respond appropriately in the event of emergencies. For communities
where literacy or language is an issue verbal communication via town hall training
sessions is required in addition to multi-language brochures. Web-based tools can
also be effective as can exploitation of social media to communicate warnings.
A few U.S. universities already offer programs focused on helping communities
become more disaster resilient through practical education. A prominent example is
the Center for Hazards Assessment, Response and Technology (CHART), an
applied social science hazards center at the University of New Orleans (http://
scholarworks.uno.edu/chart). Among other activities CHART staff provide risk
literacy as a component of more general adult literacy programs. Some coastal
counties and a few churches offer similar programs. In order for the general public,
particularly in low income or undereducated communities, to trust and believe
“academic” messengers, it is often necessary to first reach out in partnership with
local community or church leaders, well-known athletes or musicians or trusted
organizations such as the NAACP in the U.S. Collaboration across the broadest
possible spectrum of the community is required. “Lecturing” by scientists or
authorities rarely works and may provoke distrust and resistance in some
communities.
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Beyond education, the CNAI (2007) Handbook outlines several general strate-
gies for mitigating coastal vulnerabilities. Among these are regionally specific
adaptive management policies; these are the subjects of the next Chap. 19 of this
book and some have been reviewed in the case studies presented in Part 3. Where
feasible, the “preferred” mitigation strategy for residents of low-lying, flood-prone
coastal areas is relocation. However, it is understood that this strategy is unrealistic
in the majority of cases for various reasons and is in fact impossible for residents of
low elevation island nations such as the Maldives. For those people, “relocation”
means becoming an environmental refugee. In cases like Bangladesh, the area of
inundation threat is vast as is the number of vulnerable residents. Even where
feasible relocation options exist or are offered by government entities, they may be
resisted for cultural or ideological reasons (e.g. Smith Island, MD in the
Chesapeake Bay; Chap. 15).

In the past, attempts to depend on a variety of coastal protection structures such
as seawalls, revetments, breakwaters etc. have been found to exacerbate erosion and
impede post-storm drainage and are now regarded as the strategies of last resort
(CNAI 2007). Preferred approaches involve creating natural buffers, encouraging
land reclamation or simply retreating from the shore. The use of natural infras-
tructure to mitigate land loss and inundation is discussed in Chap. 11. In most
cases, there is no single strategy or solution to mitigate vulnerability. Instead, a suite
of approaches will be needed as has long been the case for the Netherlands. As
described for example in Chap. 12, Du et al. (2013) outline at least four methods
that must be employed in concert to make the Pearl River Delta more resilient.
These include improved monitoring and forecasting, new and innovative engi-
neering structures, restoration of degraded ecosystems and management of a
sophisticated network of reservoirs for impounding and releasing floodwaters.

Other new mitigation and emergency management strategies for the future are
likely to take increasing advantage of “big data” and social media to identify and
respond to localities in greatest jeopardy in real time. This is the subject of Chap. 20
. Data intensity combined with social media and widespread access to smart phones
can enable organic and self-organizing responses to natural disasters (Edwards et al.
2015; Keim and Noji 2011). Collective actions by informed citizens can enhance
rapid response and resilience (Colander and Kupers 2014). Community-based
response during natural disasters such as hurricanes, tsunamis, or earthquakes are
increasingly exploiting social media and are likely to become important aspects of
disaster response and community resilience (Landwehr and Carley 2014). Of
course, the “Achilles Heel” continues to exist in the form of disabled cell phone
service as was prominent after Hurricane Maria made landfall in Puerto Rico.
Enterprises such as Uber can also play valuable roles during emergency situations.
An adaptive example is the recent Indian based “Uber-like” service Ola that
responded to the flooding in Bangladesh by deploying boats to evacuate people
during flooding.
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Chapter 19
Future Adaptive Coastal Management

Bruce G. Thom

Scientists may depict the problems that will affect the
environment based on available evidence, but their solution is
not the responsibility of scientists but of society as a whole.

—Mario Molina—Nobel Laureate

19.1 The Case for Coastal Adaptation Action

In this book there is a clear articulation of coastal systems and how they evolve over
time. The forces of climate change are only part of a suite of forces both of natural
and human origin that produce changes in coastal conditions. Pressures arise from
communities to undertake actions that will address what they see as adverse impacts
leading to various scales and types of local, regional or national intervention. The
question is whether such intervention can fulfill the needs of both present and future
generations given the expanding knowledge base involving different coastal envi-
ronments and the global array of social-economic-political-legal circumstances.
And, as we explain in the final chapter, a key determinant of how effective the
intervention is will be critically dependent on the extent to which the planners and
policy makers understand and accept the science that must underpin mitigating
strategies.

It must be expected that climate change with or without the presence of other
contributing forces, will alter coastal conditions around many parts of the world.
For most low-lying coastal settlements a significant level of change is unavoidable,
regardless of any future reductions in greenhouse gas emissions. So for these areas
and societies it is inevitable that steps must be taken to plan to adapt to these
changes and as a result set in train actions to invest in reducing adverse impacts.
Timing is critical. In some areas there is little time to lose; perhaps already it is too
late to save communities from being devastated by erosive storms or long-term
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inundation. But for others the need is less urgent with the greater impacts being
expected in the later half of the century. Meanwhile, current climate variability as
seen in the historical record of extreme events will require even these communities
to act as population in coastal areas continue to grow.

An emphasis in coastal management is the reduction of risk where risk is defined
as the product of likelihood and consequences. Adaptive strategies are fundamental
in reducing risk. This will involve a clear understanding of two components to future
adaptive coastal management: the first is the recognition of impediments to
long-term planning at different scales across different nation states; and the second is
the requirement of nation states, and other governments (such as constituted states in
a federation), to apply a legal system that fully supports the introduction of climate
change adaptation policies based on science that will address those barriers and in so
doing provide the appropriate legal means to implement and enforce it. Without such
legal powers embedded in legislation, any commitments made in the short term can
easily be overlooked or discarded with political change. The nature of coastal change
is such that the future must not be sacrificed to the whims of the present.

19.2 Impediments to Adaptive Coastal Management

In most settled coastal areas of the world there are differences in opinions as to what
are the most appropriate forms of land use. Conflicts often exist between and within
the land holder class and government authorities. Pressures to capitalize on property
values, investment opportunities, alienation of public land, and construction of
major works are some of the outcomes local communities face over the use of land
adjoining waterways and the sea. This is why we term coastal lands “contested
spaces” subject “to death by a thousand cuts”! Thompson (2007) has eloquently
described the various forms of coastal conflict in the U.S.A.

Different interest groups at work in developed lands will continue to operate for
their vested benefits and work to thwart longer-term strategic efforts of those who
seek to use scientific understanding of coastal change to reduce exposure of future
generations to risks. It is vital to know up front who and why those involved in
different coastal land uses would want to place barriers in the face of strategic
planning. This knowledge would help combat those with vested interests using
political and even legal means to allow for developments to occur in places that are
or will be in harm’s way. The aim should be to prevent or reduce legacies that will
require compensation given that such developments create adverse effects to the
environment or other land uses.

Six barriers can be recognized that make it difficult to develop adaptive strategies
in coastal management:

• It is often very difficult for a community or a government to reach agreement on
a long-term vision for the future of any given coastal area. This difficulty is
compounded by political opportunism leading to changes in power structures
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with government officials being forced to change directions at the behest of new
leaders. This is manifest in changing priorities for investment or changes in the
support for certain stakeholders at the expense of others. All this could and does
change after elections as the power base shifts.

• Officials in government agencies are more inclined to follow land use planning
procedures, engineering design and management practices that are based on
historical evidence, and avoid what may appear to be alarmist predictions from
climate science. This innate conservatism can be easily justified to political
masters who may otherwise be nervous about incorporating uncertain projec-
tions in planning when they know that this will more than likely add to
development costs and be readily challenged in courts. Thus short-term thinking
is quite common and future risks associated with climate change are seen as
beyond decision-making horizons, such as next 4 year budget cycle.

• Many decision-makers are prepared to allow the future to take care of itself; here
lies the moral hazard in coastal management. Those with property at risk may be
content to accept that future governments or even the insurance industry will
support them after a disaster so that there is a disincentive to prepare for future
risk of the scale and type forecast under climate change. This results in little
local pressure to invest in protective works or other adaptive measures.

• Existing use rights and the pressure on governments to pay market prices for
compensating those at risk to relocate often serves to discourage the introduction
of policies that stop or force changes to development activity in areas that are
and will soon be in harm’s way. Long-term benefits are put to one side as land
owners can appeal for retention of certain property rights under just terms or
similar regulation to continue their existence and then demand help when
inevitable disasters occur.

• Across institutions of government there are often jurisdictions with different
legislative and budget responsibilities for coastal management. It is the so-called
silo effect; agencies or entities within an agency may work to an agenda defined
historically or by the political/managerial authority of the day. As noted by
Mumford and Harvey (2014) in their discussion of parliamentary inquiries in
Australia, a major impediment to achieving integrated coastal zone management
(ICZM) is “disintegrated decision making that occurs between local, state, and
the commonwealth government”. Even at the level of leadership, the role of
short-term performance criteria in assessing outcomes within an entity can
dominate decision-making so that integrating or coordinating planning for an
adaptive future within government takes lower priority, or at worst is treated
with disdain. This inhibits the mainstreaming of cost-effective, long-term
adaptation approaches.

• In many countries, including the USA, the downsizing of governments within a
neo-liberal context has resulted in reduced technical capacity across all levels of
government. In many places this has resulted in outsourcing advice and prac-
tices to consultants operating within constrained budgets and poorly designed
briefs. Lack of qualified staff within government agencies to interpret and
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implement actions has also restricted capacity of officials to develop adaptive
strategies for the future by being able to assess and reduce climate risk through
frank, fearless, and well-informed advice based on best available science.

19.3 A Legal Framework Is Essential for Future Adaptive
Coastal Management

In order for societies to assess and reduce future risks associated with impacts of
coastal forces on settlements in coastal regions, it will be necessary to embed the
potential for harm by those forces in law. James Thornton (in Thornton and
Goodman 2017, p. 57) has outlined what he terms “The lifecycle of the law” which
provides a 5 phase legally-based framework for governments to approach the
management of future risks with a certain level of confidence. From a coastal
perspective, the key to this framework is vested in the first step to ensure the legal
framework is based on scientific understanding of coastal change. There are several
facets to include in the framework and these are discussed in the following
subsections.

19.4 Scientific Input

For science to be relevant to decision makers, now and into the future, it must be
seen as both credible and relevant. It should be self-evident for coastal scientists to
be engaged in the outreach of their findings and understandings of coastal change to
the body politic and more broadly into community debates (Oreskes 2017).
Scientists must demonstrate that they respect the decision makers and they must
strive to communicate with decision makers in non-technical terms and without
jargon. They must take care not to be perceived as “talking down”. To hide within
the confines of the academic or research institutional world deprives society of
benefits of their discoveries and intellect. It is apparent that not all scientists are
willing or even skilled at communicating their work, but it is important that there
are mechanisms to achieve translation of their knowledge into policy and man-
agement practices. This book is one such endeavor.

In order to be seen as credible advocates for the science and have the respect of
community leaders, public officials, politicians and other professionals, coastal
experts should be able to show they have experience in the real world of field
studies. To be confronted by science skeptics without being able to demonstrate a
background in field observations and experiments quickly allows those on the
radical fringe to create doubt. Here is where modeling can be a curse as well as a
benefit in articulating the way coastal conditions will change in the future.
Modeling tools as discussed in this book are extremely powerful ways to show
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particular pathways of change. But all too frequently the assumptions on which they
are built, or the complexity of processes they are trying to simulate, are ignored and
the model output becomes the end and not a means to achieving cost-effective
management outcomes for particular areas. Furthermore, communities can be easily
stirred to conflict when confronted with cheap, simple models depicting lines on a
map of shoreline recession which do not consider geological inheritance, sediment
budgets or history of shoreline change, let alone morphodynamic concepts
including feedbacks and thresholds (Wright and Thom 1977).

In the development of a legal framework, which incorporates scientific under-
standing of coastal processes and evolution, it is essential to balance the generic
with the specific. Each coastal area has its own unique attributes both in time and
space. No policy or legislation can possibly accommodate all the complexities and
variables that confront managers and communities in any given jurisdiction. But
there are some basic principles and practices involving coastal science that can help
decision-makers. An example is the need for states to apply strategies on a regional
basis rather than at a local jurisdictional level, for instance how natural processes
such as sediment exchanges operate and have impact across administrative
boundaries (Psuty and Ofiara 2002; Thom et al. 2018).

Fundamental to the incorporation of biophysical science into policy and law is
the need to provide a convincing narrative of history. Communities and law-makers
will be more easily convinced to incorporate provisions that reflect the potential
impacts of changing climate or the new climate era if what they are being asked to
do reflect the history. Here is where we must build on the base of natural variability
and how that variability created vulnerability. To divorce climate change from the
realities of past is to expose science to criticism. That variability in the future and
long term-changes in coastal conditions will in all probability for many coasts fall
outside the historical record is accepted, but to press for legal or policy change on
those grounds alone will create political and community resistance. There are too
many other vested interests of immediate concern to counter such projections. The
way forward is to demonstrate that risk is exacerbated by climate change impacts
such as warmer seas, higher sea levels and enhanced frequency of inundation from
both the sea and land. Social sciences have a key role in this enhanced under-
standing such as through developing new economic tools to assess risk and
determine priorities for action. In addition, there is a need to capture past experi-
ences of living in vulnerable areas and to learn from those experiences.

19.5 Policy Development

One key role of scientists is to inform governments of where there are or will be
policy failure. A good example is in the area of fisheries policy. Collapse of many
global fisheries was foreseen by fish biologists. But that didn’t immediately lead to
economic restructuring; too late for some devastated communities. Lessons learnt
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have resulted in policy change in North America and Europe (Thornton and
Goodman 2017).

Climate change is now compelling enough for legislatures to contemplate how
best to shift from ignoring potential harmful impacts to a more proactive position.
Here is where coastal scientists have been able to engage in policy debates at
various administrative and political levels. Some of us who have been embedded
within a bureaucracy, or served in some advisory capacity as external experts, have
had some successes. However, there are now more and more cases in different
countries where coastal and climate scientists in public office have been made
redundant or shifted into other positions as political events contrary to climate
change advocacy have taken hold. This can be very frustrating and quite upsetting.
Yet experience in different jurisdictions does offer some hope as the winds of
political change switch direction allowing scope once again for policy development
that incorporates climate science in general and coastal science in particular (e.g.
New South Wales Coastal Management Act 2016, see below).

A key to science–based policy development/revision is the ability of scientists to
speak “truth to power”. This phrase encapsulates the value of respected, credible
scientists serving as public good advocates. Two points here: first, they should not
rely on others to advocate their science; lawyers can be very competent and
effective, but they usually serve their paymaster; in the field of public good
advocacy the science must speak for itself with passion and substance based on
procedures that have been the subject of appropriate review. And second, they can
demonstrate how emerging policy can best relate to their personal observations,
experiments and models as well as the historical/geological record in ways that is
hard if not impossible to contest let alone for non-scientists to convey.

In coastal management two of the major stakeholders who wield power are
private property owners and property/commercial developers. Wherever coastal
land is attractive for housing, resorts, marinas, canal sub-divisions or port expan-
sion, there are pressures on governments to agree to such investments. They are
especially attractive to private sector investment interests, but in places develop-
ments will occur in partnership with governments seeking to demonstrate their
capacity to generate jobs and local taxes. These private land owners or investors can
achieve levels of political access and influence for short-term gains far beyond the
capacity of others in the broader community that do not share those interests
(Thompson 2007). In some cases it leads to a sense of permanent entitlement to
secure government support to protect property interests and values even at the
expense of natural coastal values. Armoring of the coast by using tax payer funds is
one example; in the USA the rules surrounding the role of the US Army Corps of
Engineers has been cited as another way to help private beneficiaries at the expense
of the public (Pilkey and Dixon 1996).

Science can play a major role in the formulation of public good policy, including
coastal flood insurance policy, and in influencing public expectations (McGuire
2015). This can range from a clear articulation of enhanced risk to communities
from storm surges and erosion during hurricane events, to the value of ecosystem
change as the sea invades coastal wetlands, to how best maintain the physical and
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biological integrity of coastal dunes. In such cases the public benefit of having
natural features, or understanding adverse impacts of human structures, should be
explained to policy makers now exposed to climate change forces. This must
include those involved in coastal flood and erosion insurance policies. Application
of the public trust doctrine has been shown to be effective in this context (Titus
1998), although inconsistent legal interpretation has created problems (Thom
2012).

19.6 Legislative Change

It is not the role of scientists to draft legislation. That is for legal experts working
within a given constitutional framework. However, there should be scope for these
experts in conjunction with committees of legislatures to receive and debate advice
from scientists. This is surely a must in matters as contentious and significant as
climate change.

There is now a vast amount of legislation that attempts to integrate environ-
mental and coastal issues within the broader context of coastal management.
The US led the way in the early 70s with a range of laws to ensure better protection
of environmental values. Many countries have followed and enacted legislation to
overcome the rampant acts of land and water degradation that accompanied
industrial development. These laws were extended to coastal areas where the spread
of urban settlement into areas subject to periodic extreme storm events added to the
already set of pressures that were seen by communities as destroying or exposing
natural and built assets to increased risk. An example at a national level was the US
Coastal Zone Management Act 1972 which helped pave the way for state laws such
at the Californian Coastal Act 1976. But other countries already had legislation,
still extant, that pre-dated such initiatives although primarily designed for purposes
of coastal protection of coastal land from loss to the sea (e.g. UK Coastal Protection
Act 1949). But the problem with most of this legislation is their failure to incor-
porate elements which encompass the uncertainties of climate change.

Opportunities should exist for coastal scientists to engage with legislators or
parliamentarians at all stages of the process of drafting or amending legislation. One
compelling reason for this is because all politics is local and coastal residents and
businesses have every right to push for their vested interest to be considered if not
protected. Similarly in a democratic system it is critical that the knowledge base and
credibility of science of coastal change is also exposed to the rigours of political
debate. When it is time to draft new bills it is not unusual for the lobbying process
to be open enough for the voice of science to be included. Many legislatures will
involve the use of committees to hear the case for change. Clear explanation of
reasons for incorporating new knowledge, or expanding concepts embraced by the
bill to include provisions that otherwise would advantage private over public good,
can be made at committee stage. It is often frustrating to a scientist if long term
cumulative impacts are not included in the legislation. However, in the brave new
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world of communicating the long term impacts of climate change impacts that
should not be seen as a defeat, just a temporary setback. The consequences of
inaction or business as usual by legislatures will soon be viewed as short-sighted
and engagement by scientists should not cease.

Experience in drafting the new Coastal Management Act in New South Wales,
Australia, in 2016 demonstrates the value of using coastal science and engineering
at all stages in the drafting process. Critical to this engagement was the acceptance
of the latest scientific concepts such as those arising from uncertainties with climate
change. Members of an Expert Panel were used to explain these concepts to
members of NSW Parliament. The concepts included the need to understand sed-
iment compartments and coastal processes that operate across jurisdictional
boundaries similar to that advocated by Psuty and Ofiara in New Jersey in 2002.
Compartments were spatially defined in a schedule to the Act. The new legislation
embraced the need to map a range of different coastal hazards by local govern-
ments. Legal experts responsible for drafting the new Bill were able to consult with
members of the Expert Panel to ensure the legal and science interpretations were
acceptable. All this was time consuming but the process was worth the effort even if
not all we set out to achieve proved politically acceptable.

19.7 Implementation Gap

Implementation of policy and law mostly rests with government officials operating
within constraints of technical guidelines and budgets approved through the
political process. Managers within agencies must assign tasks to ensure the budgets
are spent appropriately and can be accounted for according to audit rules. All this
seems straightforward except there is often little input from science into technical
measures required to ensure adaptation to climate change over long time frames.

Implementation involves many facets presumably with some element of con-
sultation with communities and various vested interests. Different officials work in
areas such as asset management, land use planning, protection of environmental
values and emergency management. Bringing all this together is often difficult to
achieve (that is disintegrated CZM), especially where there is conflict between
stakeholders. This leaves governments open to criticism that implementation is not
meeting the aspirations of public policy or addressing community values and pri-
orities. Here we have the implementation gap. The gap only gets wider when longer
term considerations such as planning for climate change requires consideration and
action.

Coastal science with its links to coastal engineering provides opportunities to
make officials continuously aware of any deficiencies in the implementation process
as it relates to the implications of climate change. Science is in a position to engage
in the review of guidelines or manuals that underpin decision-making and actions
that individual jurisdictions are obliged in law to follow. In particular, coastal
science provides a way to communicate uncertainties in dynamics of change
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(including “tipping points”) above and beyond what can be expected under natural,
historical variability.

One problem that science faces at the implementation stage is that of image. It is
so easy to convey gloom and doom. So much of what can be projected with sea
level rise or with heightened surge levels and more intense cyclones will require
consideration of matters such as new building codes, or more protection works, or
even relocation of population. These are highly contentious politically and costly as
we saw in the debates following Hurricane Sandy in New Jersey. It becomes a
matter of great international significance when nations under threat in the Pacific or
Indian oceans or in the Caribbean require massive international aid to survive.
Lands currently occupied to feed millions or to house growing populations that may
have to migrate will be subject to scrutiny from various perspectives and scientists
will be expected to provide expert advice on future change. Here is where more
positive outcomes need to be explored as challenges facing jurisdictions at various
scales continue to arise.

Science is in a position to contribute to the implementation phase in three ways.
First, science plays a major role in the provision of advice on coastal processes and
the nature of coastal change under current and future conditions. The advice must
aim to reduce contestability of debates around options to mitigate hazard impacts.
As noted above, it should not simply be a matter of applying models where
assumptions can be disputed. The nature of historical geomorphic change and
sediment flows can also provide a basis for extrapolation into the future. In this way
the sensitivity of shorelines to change can be identified over different space and
time scales. This will assist in the identification of “tipping points” or thresholds
that define the need for intervention using a pathways approach to action. It is
important to note that some shorelines or estuary basins/entrances may continue to
accrete as sea levels rise and these need to be identified as part of an evaluation of
the behaviour of discrete sediment compartments (Thom et al. 2018).

Second, guidelines or manuals for coastal managers need not only to be revised
according to improvements in our understanding of coastal processes and impacts,
but also to be formally incorporated in a coastal adaptation management cycle that
aims to deliver a Coastal Management Plan. Usually this cycle involves 5 stages:
scoping, area study, assess options, implement preferred option, and then monitor
outcomes. A respected coastal scientist or engineer should be a member of a
committee that is responsible for advising decision-makers on the development and
delivery of a plan. As is the case in the UK, such plans cross jurisdictional
boundaries where they are linked to sediment cells. Current practices in England
and Wales using Shoreline Management Plans (SMPs) designate each stretch of
coast according to one of four defense options: hold the line; retreat the line
(managed retreat); advance the line; do nothing (Cooper and McKenna 2008).
However, there are cases where advice must be revised as more knowledge defines
weaknesses in initial understanding of processes and the designation of an option.

Third, it must be continually put that while there are many uncertainties in our
understanding of how coasts will evolve in the future, this should never be an
excuse for ignoring or discounting coastal research. While that point is self-evident
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to those involved in coastal science and engineering, it is not necessarily the case
where vested interests can argue for business as usual. We include here public
officials who see little value in long-term investment in monitoring or experiments
that are deemed valuable to the application of, for instance, the pathways approach
to coastal management. Experience in Holland and in the Thames estuary in the UK
highlights the importance of understanding past natural disasters and how they will
be exacerbated in future under climate change. If we are to move towards imple-
menting policies that embrace “sustainable hazard mitigation” (Mileti 1999; Psuty
and Ofiara 2002), then more knowledge is required and this knowledge must be
shared to help decision-makers reduce social, economic and environmental costs
associated with coastal hazards.

19.8 Enforcement

The fifth phase in Thornton’s lifecycle of environmental law is enforcement. This
phase may be quite challenging to scientists when confronted with two decisions;
the first whether to advocate for a legal case against an entity that is apparently in
breach of the law; and the second is taking the time and effort to help prosecute the
case through the complexities and costs of the legal system.

There are those in government or in NGOs with the responsibility to ensure
public policies are enforced. Environment Protection Agencies exist in many
countries at both national and state levels (e.g. Coastal Commission in California)
to perform this task. In addition, public and private funded NGOs such as
ClientEarth are very effective in bringing cases for judicial review.

While most of the hard yards in enforcement must be the province of lawyers,
there is certainly scope for coastal scientists to play a role. The courts often rely on
expert witnesses to reach a decision. In an adversarial legal system the court must
be in a position to hear from experts representing different sides. Unless a mediated
solution is reached then the court has to “weigh up” the evidence. This can be a
very uncertain business depending on how the evidence is presented and considered
in the context of all the legal requirements that are before the court. In many cases
this involves interpretations of words and clauses in legislation that may not be
consistent with a scientific understanding. Thus it can be frustrating to the expert
scientist to hear a ruling that is at odds with science or even best engineering and
land use planning practice.

There are many coastal law cases that define the legal framework under which
decisions must be taken especially in common law countries. Prior to any con-
sideration of climate change, legal disputes on coastal “rights” reach back centuries
flowing from Roman law and the Magna Carta. Questions of rights of access,
protection of environmental values, and property “takings” have all been subject to
litigation including in places where the public trust doctrine prevails (see summary
in Titus 1998).
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Challenges continue to laws that purport to protect public rights such as the
“rolling public beach easement”. A recent example was in Texas where the Open
Beaches Act 1959 came under review in the Severance lawsuit before the Texas
Supreme Court (Young 2012). This case has huge implications in ruling that no
rolling easement can result from “avulsive events” thus potentially limiting public
beach use. Another case with a different result involved a landowner in England
seeking to regain lost land to the sea. Along the coast of East Anglia there is a long
history of cliff recession and attempts to hold back the advancing sea. At Easton
Bavents near Southwold, a Mr Boggis created a giant rampart a kilometer long,
25 m wide, and 5 m high with rocks at the base at his own expense with no
permission. Several agencies took exception and a massive fight occurred all the
way to the European Court. He lost on two counts: the courts finally ruled against
him as the cliffs had been deemed a site of special scientific interest by Natural
England; and the sea ate away his rampart (Barkham 2015). Both these cases
highlight how coastal management can be affected by enforcement decisions in the
context of a dynamic coastal environment.

The issue is how science may influence future enforcement processes with or
without lawsuits. Sorell Negro (2013) is one lawyer who has addressed this
question. She looked at recent changes in laws that require consideration of sea
level rise in planning and development and that tend to favor “living shorelines over
armoring” (e.g. Connecticut). These changes may have implications on enforce-
ment of protective works and may affect takings claims. We note already that older
UK law (Coastal Protection Act 1949) provides discretionary powers to carry out
works by local authorities “as may appear to them to be necessary or expedient for
protection of land”. This has allowed governments in the UK to avoid costly
compensation claims and seems fit for the purpose of implementing at minimum
public expense. But as seen in the Severance case in Texas, under that state’s law,
the retreat of the beach as a result of an extreme or avulsion event could constitute a
taking if public rights to access a beach are to prevail. This type of judgment in the
view of some legal academics requires a more flexible approach to interpretations of
coastal law so that public and environmental interests are not compromised under
climate change conditions (see Negro 2013 for discussion). Clearly scientific input
into the nature of coastal change in the future needs to be embedded in law so that
enforcement processes can be clarified. We believe we are heading in this direction
with the new Coastal Management Act 2016 in NSW, Australia.

19.9 Future Resilience Depends on Effective Adaptive
Management

Future adaptive coastal management cannot be seen as a one-size-fits-all. Changing
coastal conditions will lead to circumstances where decision-makers will be forced
to balance different values. Lawyers, public officials and politicians have to
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examine priorities and options in addressing both short and long-term issues. Here
coastal science has a role to play and should be seen to be active at all phases in the
decision process.

There are matters that are very much scale dependent. Regional and local plans
must embrace an understanding of coastal evolution, processes and sediment
budgets in order to help determine what management strategies will work best in a
climate change world. In the U.S., regional and local programs are proving to be
more effective than federal programs. It is important to go beyond just biophysical
assessment and include social science assessments of demographic, economic and
cultural factors that are important to land use planners. In the absence of such
engagement, it is too easy for simplified models, or even worse assessments that are
designed by those with strong vested interests that will permit developments to
grow in increasingly hazardous areas.

Effective adaptive coastal management will require scientists to move beyond
the comfort zone of their disciplinary confines. There is a clear need for science
input in debates on sustainable use of the coast where risk to built and natural assets
is to be minimized, or in the application of all five phases in the lifecycle of
environmental law as described above. This can be personally painful and frus-
trating, but also rewarding. Even when just some of the sound science principles
and specifics are incorporated in policy and law and then get implemented and
enforced, there are grounds to be satisfied. But this is no justification to stop
engaging. There can be no hiding in a climate changing coastal world.
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Chapter 20
Data-Intensive Alternatives for Human
Adaptation to Coastal Change

Arthur G. Cosby, Gina Rico Mendez and Hasna Khandekar

The measure of intelligence is the ability to change.
—Albert Einstein

20.1 The Nature of Human Utilization of Resources

The history of mankind has demonstrated an incredible capacity of humans to adapt
to a variety of physical conditions through the formation of effective social orga-
nizations, which have been the most powerful instrument of environmental trans-
formation. For better or worse, the phenomena that encompass the great
acceleration (Steffen et al. 2015) are greatly the result of human organizations in
action. Crutzen (2002) suggests that during the Anthropocene or human-dominated
geological era, the environment has transformed radically as a result of the “rapid
expansion of mankind in number and per capita exploitation of Earth’s resources”
(p. 23). However, human existence is only possible because of the availability of
natural resources; that is, the paradox of sustainable exploitation frames the rela-
tionship between human and earth systems.

Now, considering this connection between humans and the environment, what
are the reasons humans use when they decide where to locate and how to transform
that place? Due to the need to sustain populations and consolidate power, ancient
Asian and middle eastern civilizations succeeded by establishing sedentary societies
in geographical places that offered favorable environmental conditions for the
development of agricultural systems (e.g., river deltas); this, combined with the
creation of institutions capable of implementing technological change (e.g., irri-
gation and plow systems) became one of the most remarkable advances of human
organizations which significantly impacted the Earth (Davis 1955; Jones 1981;
Wittfogel 1957). The phenomenon of agriculture brought the emergence of urban
areas, by increasing the capacity to feed populations who do not produce their own
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food and allowing a system of specialization and trade (Davis 1955). The devel-
opment of agricultural systems leveraged an urban-rural divide that radically
transformed the foundations of the human-ecological interactions (Rico Méndez
2016) and later boosted what is known as the ‘Great Acceleration’ (Steffen et al.
2015).

The example of agriculture is important to illustrate human utilization of natural
resources. Maslow’s hierarchy of needs can be used to explain the foundation of
human exploitation of Earth given the requirement of satisfying basic needs
(Maslow 1943). According to Maslow, physiological needs are those related to the
physical survival of the body; if those are considered basic human needs, it can be
argued that humans would locate where those can be satisfied. That is, in the case of
utilization of natural resources, humans have historically taken risks based on
expected pay-offs that, in this case, relate to the satisfaction of physiological and
security needs. As limited as this perspective is, it is a useful concept to explain
human utilization of natural resources. If that is the case, individual decision to
locate in one place or another, is the result of these expected pay-offs.

To make the needs argument more complex, we must add some caveats to the
discussion: natural resources are limited, population has grown exponentially in the
past century, and incentives move humans to places where they can potentially
satisfy needs at some cost (i.e., risk). Let’s start by discussing the issue of incen-
tives; in game theoretical approaches, there is an assumption that actors are ra-
tional. “Rational behavior means choosing the best means to gain a predetermined
set of ends” (Morrow 1994, p. 17). Formally speaking, the problem of decision
includes: (1) a set of acts; (2) a set of states in the world; (3) a set of outcomes; and
(4) a preference ordering over the outcomes. Based on available information,
decisions can be made under certain conditions: certainty, risk, and uncertainty.
Generally speaking, location decisions occur under conditions of risk or uncer-
tainty, but it is the expected utility which incentivizes the decision, “[u]tility
functions capture the risks of less preferred outcomes than an actor will accept to
gain more preferred outcomes” (Morrow 1994, p. 29).

The issue of utility and risk can be explained with an example. John decides to
move to a coastal area expecting nice weather, amenities, and, in general, a good
quality of life (Rappaport 2007); however, John assumes the risk of bad weather
too. Certainly, John can do nothing about the occurrence of bad weather, but he can
rely on standard harm reduction measures such as building codes, insurance, and
emergency management plans, all those built upon availability of information.
Institutional economics suggest that availability of and access to information
reduces transaction costs (North 1990). Nowadays John can potentially access
millions of bits of information that can help him to reduce vulnerability despite
living in an area with potentially high risk. The existence of Big Data has the
potential to enhance the decision-making of individuals and communities, by
combining human and physical data into models that can inform decisions to
improve the outcomes of weather-related hazards and the growing uncertainty
resulting from climate change. This chapter aims to provide some insights about the
emergence of big data and its potential to enhance adaptation efforts given rapid
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environmental changes, specifically those occurring in coastal areas. This chapter is
divided into four sections: (1) coastal areas: arising conditions for disasters;
(2) another great acceleration: big data, challenges and opportunities; (3) the power
of combing human and physical data; and (4) big data for human adaptation:
alternatives to long-term transformations resulting from Climate Change.

20.2 Coastal Areas: Arising Conditions for Disasters?

Disasters are neither natural or a divine punishment, suggests Wilches Chaux
(Paredes 2011), a risk management expert, who claims that disasters are the result
of poor planning which has created conditions for natural events to become dis-
asters. According to this perspective, a natural event is not a disaster in and of itself,
it is the effect on humans, which we interpret to be disastrous. Disasters become
disasters because humans are present and loses can be calculated in terms of lives
and assets. However, it is not our purpose to disregard the literature that suggests
the existence of natural and man-made disasters. Instead, we would like to suggest
that the capacity to improve adaptation comes from recognizing that the entangled
relationship between human and Earth systems makes us subjects of physical forces
and agents of change in the environment. By thinking of disasters as a human
condition, we consider the challenges and possibilities that result from the
human-environment relationship, given the increasing climate vulnerability. The
intensity of climate change effects is even greater in coastal areas due to high
population densities and exposure to natural hazards (e.g. hurricanes, tsunamis,
seawater rise). When exploring the possibilities of human-Earth connection, this
article will suggest that the utilization of big data provides important alternatives for
modeling and improving decision-making.

Given the human aspect of disasters, societal challenges from weather-related
disasters are continuously increasing. Formally, natural hazards are defined as
atmospheric, geologic, hydrologic, seismic, and biologic phenomenon that could
lead to an emergency and pose a threat to life, health, property, or the environment
(Steinberg 2000). Each year, the world faces a multitude of disasters triggered by
natural phenomena that cause thousands of deaths and cost billions of dollars.
Worldwide, between 2003 and 2013 the total cost of damage resulting from
weather-related disasters was $1.5 trillion, affecting two billion people and killing
over a million people (FAO cited by Luxton 2015). In the United States, according
to the Center for American Progress, between 2011 and 2013, federal government
efforts on disaster relief accounted for more than $136 billion (Weiss and Weidman
2013). This numeric calculation to measure the “cost” of disasters is relevant and
accounts for the losses in terms of assets and lives. Importantly, population increase
and density make the cost of weather-related disasters even more challenging.

Two of the most relevant socio-economic trends of the great acceleration are
world population increase and urban growth. It is well established that the global
population is rapidly increasing with population growth estimated to be 8.5 billion
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by 2030 (United Nations 2014). Significantly, the rapid population increase is not
evenly distributed across the landscape. Along with this demographic expansion,
there is also an important increase of population density. Population estimates for
2017 indicate that the largest 20 urban areas worldwide have over 15 million people
(Cox 2017). Importantly “70% of the world’s $90 trillion infrastructure bill cen-
tered on urban areas” (Bloomberg and Pope 2017, p. 256). These powerful
demographic processes are shaping the future of the coast. In many locations
around the globe, coastal regions are experiencing faster population growth. In the
United States for example, the coastal population of the Gulf of Mexico region
grew more than twice as fast as the total population between 1960 and 2008. This
growth is even more pronounced in the number of residential housing structures. In
1960, the U.S. census reported about 1.8 million housing units in the Gulf Coastal
region; by 2008, this number has grown to over 4.5 million (Wilson and Fischetti
2010). The attraction of lifestyle commodities associated with coastal living has
fueled not only growth in the permanent coastal population, but also the growth of
vacation homes of residents whose permanent home is located in non-coastal
regions. These temporary vacation residents are not typically accounted for in
census population growth estimates. The U.S. census also tells us that the con-
centration of human populations in coastal regions are frequently denser than other
areas. In fact, it is not uncommon for the density to increase as one approaches the
coastline (Rappaport 2007). In general terms, this demographic process depicts the
rapid grow of coastal areas in terms of population, housing and infrastructure
resulting from coastal lifestyle commodities, producing relatively dense populated
areas often concentrated close to the shoreline.

The population growth along the coast of the U.S. is clearly transforming coastal
environment. Even such dramatic weather events such as hurricanes do not reverse
population expansion in most U.S. coastal locations. In 2010, the U.S. Census
released a study of coastline population trends that included an analysis of those
counties that were frequently hit by intense hurricanes. The ten most intense hur-
ricanes that hit the U.S. coast between 1960 and 2008 impacted nearly 51 million
people (Wilson and Fischetti 2010). Because of population growth, if these ten
hurricanes hit the same location in 2008, the number of impacted people would
increase to 70 million. The growth pattern for the most populous county in Florida,
Miami-Dade County, clearly portrays how population growth occurs along the
coast in spite of frequent exposure to hurricanes. In a Census study, Miami-Dade
County was ranked as one of the most frequently impacted counties in the U.S.,
with eleven hurricanes occurring between 1960 and 2008 (Wilson and Fischetti
2010). Nevertheless, during this period, there was dramatic population growth;
Miami-Dade County’s population grew from nearly one million to about 2.5 mil-
lion (U.S. Census 2016). The expected utility of coastal living in Southern Florida
currently exceeds the concern for risk associated with major weather events.

The great acceleration in populations is occurring at the same time as popula-
tions are transitioning from rural to urban settings. Initially, the urbanization pro-
cess along U.S. coasts started by concentrations of population along the coasts
leaving sparsely populated areas between them. However, during the last few
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decades the trend has been for the population to spread through these previous
sparsely populated areas. They are now being connected to existing cities and towns
creating new metropolitan areas. Currently, about 96% of the coastal population in
the U.S. is classified as metropolitan. Later in the chapter we will discuss how the
experience of urban expansion is not only a challenge but also an opportunity for
adapting to intense climate variability (Wilson and Fischetti 2010).

One must ask what expected utility, beyond the satisfaction of basic needs,
drives people to coastal areas. According to Rappaport (2007) there has been an
important population shift towards areas with “nice weather”. The author suggests
that nice weather areas are now seen as a consumption amenity due to rising per
capita income, but also to the availability of air conditioning. The draws to scenic
coasts, mountains, lakes and national parks are consumptive amenities as are low
pollution, low traffic, high quality education and healthcare. Rappaport’s work
suggests that these might be the key to future local economic development. Coastal
areas in the US seem to meet some of those criteria. On the other hand, Chen and
Rosenthal (2008) suggest that some cities and regions are likely to thrive in coming
years because of their capacity to either create jobs or facilitate consumer amenities.
Their research findings indicate that households prefer non-metropolitan areas in
warm coastal locations, whereas firms would locate in large growing cities where
they have the capacity to attract highly skilled human capital. In contrast, cities with
improving consumer amenities would drive retiree populations (Chen and
Rosenthal 2008). Coastal areas in Florida for instance, meet the criteria of economic
development that has become one of the major recipients of Latin-American
migration in the U.S., and has also promoted migration from aging populations who
can afford living in places with elevated housing prices (Florida Legislature—Office
of Economic and Demographic Research 2012). These demographic and economic
trends indicate that there is a great deal of investment and potentially vulnerable
populations exposed to natural hazards in coastal Florida. The coastal regions of the
world are areas characterized by large and growing concentrations of population,
this important population shift has demonstrated to be both beneficial for economic
and social development but also increased exposure to natural events to become
hazards.

20.3 Another Great Acceleration: Big Data, Challenges
and Opportunities

This section will explore another great acceleration: the explosion of data, its
implications, challenges, and possibilities given the demographic and economic
trends in coastal areas, as detailed in the last section. For the purpose of this chapter,
we will refer to the series of societal transformation associated with digital data
collection, storage and analytics featured by high volume, complexity, and speed as
the data-intensive society or big data. With all new technologies operating, big data
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provides the potential for a new mode of human adaptation. Its use is a powerful
source of scientific and technological innovation. It can be the key to transform the
challenges of climate change into opportunities to reduce vulnerabilities resulting
from climate variability and provide unparalleled opportunities for significant
societal change and advancement. Adapting to the challenges imposed by climate
change will require innovations that include the utilization of big data-driven
research and applications at the intersection of social-behavioral and
natural-physical sciences.

Digital data is exploding at an exponential rate. Many attribute its power to the
size, however, beyond volume it is important to take into account its complexity
and multi-dimensionality. First, digital data is of many different types: traditional
governmental and business data-sets, social media, data from sensors, commerce
data, GIS data, satellite imagery, utility data, smart transportation systems, genetic
sequencing, monitoring of environmental conditions, mobile data, individually
collected images and other sources. Two comprehensive categories of data emerge
from these sources: humanly produced and physical data. This is important because
it enables the capacity to combine human-behavioral data with environmental
information to predict patterns of individual and collective behavior. Due to that
possibility of merging human and environmental data, it can create a path for
informing decision-making. Second, data-intensity is also driving the development
of technologies which collect, store, and process information. The rapid growth of
high-performance computing, especially cloud computing, the advent of wearables,
the internet of us (IoUs) and the internet of things (IoT) are all examples of tech-
nologies and devices that result in the growth of data. Third, we are now able to
access and utilize data in real or near-real time, and the demand and utility of
real-time data greatly expands our capacity for utilizing data to improve outcomes
during and post-disasters.

Bello-Orgaz et al (2016) consider the 5Vs of big data (volume, variety, velocity,
value, and veracity) analyzing social media big data sets. They go into detail about
how big data can be utilized for social-based applications. Applications of social
media data include marketing, crime analysis, epidemic intelligence, and user
experience based visualization. However, the authors alert about the challenges
imposed by privacy issues, data fusion, data visualization, streaming, and online
algorithms (Bello-Orgaz et al. 2016). From the energy sector perspective, Zhou
et al. (2016) indicate that big data has started an evolution in our modern era. An
evolution that comes with important challenges. The authors suggest that the main
challenges of energy big data are in four areas: (1) data collection, storage and
management; (2) data mining and analytics; (3) data utilization; and (4) data pro-
tection and risk prevention. Their approach suggests a combined modeling
approach that merges the 4Vs of big data (Volume, Velocity, Variety, and Value),1

with the 3Es (Energy, Exchange, and Empathy) of energy models (Zhou et al.
2016).

1Not 5 V’s in the case of the cited work.
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From the research standpoint, big data imposes serious challenges to the tradi-
tional scientific method. In academia, many aspects of big data approaches are
disruptive and represent paradigmatic challenges to existing disciplinary practices
and customs. Kitchin (2014) assesses how big data correlates with the scientific
paradigm and suggests that big data reveals relationships and patterns that were
unrecognizable before its existence. However, unlike science, big data can only be
evaluated through a particular lens, which influences how it is interpreted. In this
way, big data provides the opportunity to develop more sophisticated, wider-scale
but finer grained models of human life. Nevertheless, applying big data to analyze
human life poses a risk because people do not act in rational, pre-determined ways,
instead they live lives full of contradictions, paradoxes, and unpredictable occur-
rences (Kitchin 2014). However, many big data advocates find the value of big data
to be just its capacity to predict individual and collective behavior. The capacity to
store and identify patterns within large unstructured data provides insightful
information about human behavior (Stephens-Davidowitz 2017). An important
issue is highlighted by Tinati et al. (2014), that is data-driven research must be clear
that data are not naturally occurring or unmediated, instead data are
socio-technically constructed, produced, and represented in the user interface
platforms.

Big data represents not only a technical challenge, but it has also become a
societal phenomenon that is radically transforming the social fabric of the con-
temporary world. Boyd and Crawford (2011) bring about “six provocations for big
data”: Automating research changes the definition of knowledge, claims to objec-
tivity and accuracy are misleading, bigger data are not always better data, not all
data are equivalent, just because it is accessible does not make it ethical, and limited
access to big data creates new digital divide (Boyd and Crawford 2011). According
to the authors, big data encourages “apophenia” or seeing patterns where none
actually exist, due to the sheer volume of incoming data. This issue is relevant
because it points out the need to consider what are the analytic assumptions, the
methodological frameworks and underlying biases embedded in big data. Although
big data allows for the production, sharing, organization, and interaction across
fields of study, it is also governed by forces of market, law, social norms, and code.
Without disregarding the relevance of big data, it is important to have these issues
in mind when conducting big data research.

Nowadays, almost every societal institution is being influenced and changed
through the utilization of big data applications. The great acceleration in data about
humans and their environment presents ever growing possibilities for data driven
approaches to community resilience of environmental threats (McNeill and Engelke
2016). The wealth of data spans almost every aspect of human existence. We now
can know patterns of human consumption in great detail from data being collected
and analyzed by online retailers such as Amazon, Walmart, etc. (Benkler 2006). We
know the type of knowledge that individuals are seeking at any point in time from
their utilization of sources such as Google searches (Preis et al. 2013). We are
rapidly expanding access to images through sources such as Youtube, GoogleStreet
View, and an endless amount of individual photographs with metadata being spread
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across the internet. Twitter has provided a platform where anyone can publish and
share their perspectives globally. Facebook has provided a mechanism that enables
the establishment, maintenance, and growth of networks of individuals that share
information of topics of interest. Uber and Lyft are essentially data companies that
are utilizing the existing stock of privately own vehicles to create a robust, private
transportation platform (French et al. 2015). eHarmony and Match.com are among
the numerous dating sites that are reshaping the way many individuals meet and
form families (Minelli et al. 2012). Of course, these are just a few of the growing
number of data driven companies that are reshaping society. All of these are
potential ways of tracing human behavior along the coast, and all of these are
potential sources of new approaches to improve coastal resilience. Question of
course, is how do you access and utilize this information in a modeling framework,
and how do you harness the power of these enterprises to improve resilience?

One way to observe the power of big data is by considering networks and
information diffusion. A critical aspect of certain types of human-generated big data
(i.e. social media), is its relational nature. Indeed, the networked structure of social
media makes it possible to think of it as a mechanism to improve dissemination of
information in the context of disaster and emergency response (Jones and Faas
2017; Magsino 2009). Social Network Analysis (SNA) has become widely used
given the expansion of internet-based social networks. Nowadays, increased
computational capacity for data collection and analysis of semi-structured data
allows us to obtain useful information from large-size relational data. From the
SNA perspective and considering specific social media outlets, research suggests
that Twitter is more powerful than Facebook because information can be shared
between individuals that have fewer mutual contacts, thus providing more diverse
access to information (Bakshy et al. 2012). Schölkopf (2013) details the use of an
algorithm created to assess time-varying in network inference, and findings from
this work indicate that there is an early relevant increase of information transfer
among blogs than among mainstream media for new involving general population
and social unrest. Another such way includes, Windhager et al. (2011) who com-
pare visualization paradigms, the process, and network visualization. According to
the authors, network analysis could help exploring and controlling actual devel-
opments of information diffusion over time. Further findings proved the need to
visually unlock specific combinations of structural measures for ongoing organi-
zational self-assessments (Windhager et al. 2011).

As we have detailed, research has used big data experiences to investigate the
challenges and possibilities of using it in the field of disaster management and
resilience. It is important to understand the role of digital communications in
community development. In the work “Applications of Social Network Analysis for
Building Community Disaster Resilience. Workshop Summary”, the author points
out the importance of understanding the dynamic nature of communities as essential
for emergency planning and resilience. Communities that had increased their
capacity to effectively communicate through social networks are more likely to be
more resilient (Magsino 2009). The scenario of effective communication through
social networks is critical to resilience efforts. According to the author, in order to
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create efficient communication within communities, it is critical to delve into the
communities to grasp and understand issues of access, feasibility, and reliability of
technological resources. The increasing access to technology has allowed for
emergency managers to shift focus on what needs to be done for the community to
what can be done. Communication is essential for situational awareness because
organizational charts cannot explain the importance of relationships and transac-
tions that take place between individuals and within and between organizations
(Magsino 2009). The work conducted by Vieweg et al. (2010) analyzes microblog
posts generated during two critical concurrent emergency events via Twitter.
Findings from this work indicate that it is possible to expand quests for help to
communities and/or a region beyond the physical location of the event. The ability
to invoke help during emergency situations can be critical for emergency
management.

Another important aspect detected in research regarding social media big data
use in disaster management is credibility of messages during disasters. Castillo et al.
(2011) state that there are signals available in the social media environment that
enable users to assess information credibility. Credibility factors include the reac-
tions that certain topics generate and the emotion conveyed by users discussing the
topic, the level of certainty of users propagating the information, the external
sources cited, and characteristic of the users that propagate the information. A good
measure of credibility in Twitter can be the number of “retweets”, the more retweets
a tweet has the more credible it is considered (Castillo et al. 2011). Experts suggest
that social media expands insights to feed into early warning systems. Now, that
implies that there is a need to prepare next steps for extracting useful information
during emergencies using computational models for information extraction tech-
niques. Gupta and Kumaraguru (2012) state that not all information is trustworthy
and/or useful during an event. Using data collected during Hurricane Irene, authors
found that only 17% of the content was credible. Computer programs were
developed to filter out spam of tweets collected. Data collected illustrated that
content and network structure act as prominent features for effective credibility.
One program analyzed credibility by whether a tweet contains a URL, the length of
tweet, and authority of user. Tweets containing swear words were considered as
opinions. Low number of happy emoticons and high number of sad emoticons, as
well as number of followers were considered strong predictors of credibility2

(Gupta and Kumaraguru 2012). As we have discussed in this section, there are
many aspects of big data that challenge both research and practice; in the next
section we will go hand-on to discover more concrete examples of how big-data can
become a useful tool for adaptation.

2Keep in mind that this is 2012 study.
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20.4 The Power of Combining Human and Physical Data

The phenomenon of digital connectivity is increasingly transforming the way
humans interact and deal with problems of collective action. As discussed in the last
section, such a paradigmatic change is expanding the frontiers of research in terms
of theories, methods and analysis. But overall, big data applications are drivers of
paradigmatic change, radically transforming human interaction and its relationship
with the Earth system. Here, we will discuss the issues of how to connect
human-generated big data with physical big data. Nowadays human activity leaves
a digital path. If some argue that digital data are framed by the devices and plat-
forms designed for online interaction, it is also true that these types of interactions
are potentially changing individual behavior and collective action. The existence of
personal digital devices like computers and cellphones allows for the collection,
storage, mining and analysis of human activity. We are aware of the ethical con-
cerns that come with human-generated data (Buchanan and Zimmer 2012; Zimmer
2010), but understanding the profound ethical consequences of utilizing these type
of data for identifying individual and collective patterns of behavior is the first
necessary step towards understanding the limits between public and private spheres
in the context of the data intensive society.

Despite the risks, big data also represents an enormous potential to inform and
enhance decision-making in a scenario of intense climate variability, and short-term
weather related disasters. Existing literature identifies social capital and human
connectivity as critical factors in addressing the challenges of natural disasters. The
rise of social media and other digital platforms are game changers in the way
humans can now organize themselves and respond to vulnerabilities coming from
the current climate conditions. Much attention has been drawn to how efficiently
NGOs and sometimes governments respond to crises when some sort of big data is
available. In today’s world, many victims rely on social media to reply their
messages/status to friends and family members. Though the use of social media can
be a reliable source of information, many flaws come with the use of crowd-
sourcing. For instance, multiple organizations might respond to an individual
request which may lead to a waste of resources. The information provided may also
not be accurate, or may not have the geographic location available. With the use of
text mining and social computing technologies crowdsourcing may be modified to
employ better strategies of obtaining data such as: geo-tag determination, report
verification, automated report summarization, spatial-temporal mining for social
behavior prediction, and scalability and safety (Gao et al. 2011).

There is growing evidence that data driven technologies are being utilized in
creative ways to address human problems that occur in disaster situations. During
the 2016 summer floods in Varanasi and Allahabad, India, Ola, India’s popular
“Uber-like” transportation system developed a near real-time response. They
quickly adapted their software to utilize boats as well as cars to assist people in
evacuations and other transportation needs in flooded areas. Their online platform
was also expanded to include a feature for collecting donations and other material
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assistance to flood victims. In a similar vein, residents of Louisiana self-organized
into a group of boat owners now known as the “Cajun Navy”. They originally came
together to respond victims’ requests for help in the aftermath of Hurricane Katrina
and the flooding in New Orleans. More recently they used their boats to rescue
victims of the 2016 Louisiana flood in the Baton Rouge area. In organizing their
rescue efforts, they relied on such online sources as Facebook and Glympse to
identify, locate, and rescue victims. The “Cajun Navy” is organized to promote
community resilience as reflected in their stated purpose, “We the people of
Louisiana refuse to stand by and wait for help in the wake of disasters in our State.
We rise up and unite and rescue our neighbors!” They do this in part with the aid of
data driven platforms. Their voluntary disaster responses are not limited to their
home state of Louisiana. A year later when Hurricane Harvey created record
flooding in Southeast Texas, many members of the “Cajun Navy” brought their
personal boats to Texas to aid in the rescue and evacuation efforts (“‘Cajun Navy’
answers call in Harvey flood zone,” 2017). Both of these examples reflect how
resilience to disasters has increased through the data assisted creative use of private
citizens of non-governmental resources.

In an examination of the Twitterverse that occurred before, during, and after
Hurricane Sandy in the New York area, researchers at the Social Science Research
Center at Mississippi State University collected 4.7 million geo-located tweets with
thousands of posted photographs of the storm’s impact (Edwards et al. 2015). From
this social media data, researchers were able to identify several patterns of indi-
viduals and groups using Twitter to cope with and to assist individuals impacted by
the storm. There were tweets that were asking for help, tweets offering aid, and
tweets organizing groups to assist others. Since many individuals will tweet when
their electrical power fails, it was possible to utilize geo-located tweets to map
power outages in real time. Captured images of flooding and structural damages
were also powerful sources of information about the severity of the storm.
Furthermore, analysis of the networks of communication in Twitter revealed three
clusters of users: (1) individuals providing support; (2) media outlets; and
(3) government agencies with weather-related functions. In analyzing other disas-
ters, these researchers found similar patterns of Twitter usage. Collectively, it
appears that internet-based communications during disasters provide additional
information that can be used by both the government and private citizens, and also
enables a variety of self-organizing behavior that improves disaster resilience.
Fortunately, social media and other forms of big data applications that can be
utilized during disasters are likely to rapidly increase.

The marketplace is also quite useful providing innovative adaptation efforts for
disaster management. From the business perspective Fosso Wamba et al. 2015
found that creating and capturing business value from big data can allow real-time
access and sharing of information across local and national government agencies
for improved decision making to enhance emergency service response. It allows for
improvements of intra and inter transparency within organizations. The study
highlights the importance of organizational leadership capable of introducing IT
innovations (Fosso Wamba et al. 2015). Disasters create many business
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opportunities for companies that can provide the needed goods and services to
disaster victims in a timely manner. Walmart, Amazon, Lowes, and Home Depot
are examples of companies that engage in highly organized disaster entrepreneur-
ship sometimes before, during, and in the recovery phase of disasters. They have a
capacity to move massive amounts of essential materials, food, and other supplies
to disaster areas on an ongoing basis that dwarfs the capabilities of governments.
Typically, these companies have developed highly capable and robust supple chains
that utilize numerous big data sources and big data analytics to meet the demands of
disaster customers. In this respect, the increasing reliance on big data in commerce
is contributing to the resilience by developing systems that can transport goods and
services to impacted areas in ways that would not be otherwise. Also, the data that
is driving the supply chains for these large companies is also potentially data that
could be used to model human consumption patterns in both every-day and disaster
conditions, and relate these to the dynamics of natural systems. This is precisely the
type of science that the National Science Foundation anticipates in its program of
“The Dynamics of Coupled Natural and Human Systems”. Accessing this data,
however, is a major obstacle in moving such modeling efforts forward. Big data is
said to be “the new oil”, and the big data underlying the operation of these large
influential companies is both very valuable and closely held.

Government agencies with responsibility for coastal environments are beginning
to utilize novel data science approaches to addressing coastal challenges. For
example, the U.S. Geological Survey (USGS) in 2014 initiated the iCoast program
that is based on crowdsourcing. It utilizes volunteers to visually compare time
sequence aerial photos of the coast to determine changes in erosion and damage
(Greenemeier 2014; USGS 2017). Another valuable example is provided by the
National Oceanic and Atmospheric Administration (NOAA) Digital Coast initia-
tive. “This online tool provides managers and citizens with easy-to-understand
charts and graphs that describe complex coastal data” (NOAA 2017b). The Coastal
Flood Exposure Mapper tool provides users critical socio-economic and

Fig. 20.1 Population density in the United States Gulf and Atlantic coastal areas (NOAA 2017a,
August 22)
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environmental information. This is later combined and used to make planning
decisions and coordinate efforts in case of potential emergency situations. These
types of initiatives aim at putting together a community of scholars, practitioners,
and communities committed to improve access to big data sources through practical
applications that allow sharing information, that in turn can be used for decision
making in case of disasters or long-term transformations resulting from intense
climate variability. One important option, is the availability of socio-economic
mapping for coastal areas that details aspects such as population density (Fig. 20.1),
poverty rates (Fig. 20.2), employment (Fig. 20.3), and aging population
(Fig. 20.4). This socio-economic data can be combined with flooding hazard data
(Fig. 20.5) to identify the overlap of highly dense geographic areas with high risk
of flooding. Examples of short-term (e.g., preparation for hurricane season in

Fig. 20.2 Percentage of population living below poverty line in the United States Gulf and
Atlantic coastal areas (NOAA 2017a, August 22)

Fig. 20.3 Range in the number of employees for U.S. Census block groups (or geographies) that
work in or near coastal flood-prone areas in the United States Gulf and Atlantic coastal areas
(NOAA 2017a, August 22)
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coastal areas) and long-term (e.g., adapting to sea level rise in Miami-Dade County,
Florida or Enhancing Resilience to Coastal Hazards in Connecticut) adaptations
using big data are highlighted in the NOAA portal (NOAA 2017a).

20.5 Big Data for Human Adaptation: Alternatives
to Long-Term Transformations Resulting
from Climate Change

Throughout this chapter, we have been discussing issues related to the interactions
between human and Earth systems, the capacity of humans to transform their
environment, and the contributions of big data to enhance risk and vulnerability

Fig. 20.4 Percent of population age 65 and older in the United States Gulf and Atlantic coastal
areas (NOAA 2017a, August 22)

Fig. 20.5 FEMA flood zones in the United States Gulf and Atlantic coastal areas (NOAA 2017a,
August 22)
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management given transformations posed by extreme weather events. In this sec-
tion we will discuss alternatives for positive change derived from the capacity of
humans to self-organize and the ability to innovate which can occur in urban areas.

At the Mississippi State University-Social Science Research Center social media
big data research has investigated networks of civic engagement, government
accountability, self-organizing for help, and fundraising as examples of social
media driven responses occurring in natural disasters such as Hurricane Sandy.
These examples most likely are only scratching the surface of the possibilities for
community adaptation utilizing data-intensive technologies. From this perspective,
the data-intensive society is creating an ever expanding set of technologies that are
(or may become) important factors affecting governance. Lessons from this work
illustrate the capacity of humans to self-organize and carry out collective action
efforts that are almost impossible without the existence of internet-based
communications.

Theory has suggested avenues to manage natural resources in a sustainable
manner. Gills (2015) studies how under the “World Systems perspective” we have
observed large-scale patterns of production and exchange and accumulation of
wealth and power resulting in the overuse of natural resources which turns into a
global threat unique to this era. Responding to these trends emerge the concept of
Sustainable Global Development, defined as “meeting the current needs of our
generation without harming future needs”. The idea of sustainable development
should follow principles of cooperation rather than competition. Contrary to the
ideas suggested in the “Tragedy of the Commons” (Hardin 1968)3 in which a
shared resource will be depleted by individuals responding to their self-interest
combined in a collective action, Ostrom (1990) suggests that governing common
pool resources effectively comes from an ability to identify future utility and in
further conservation efforts. That is, cooperation is build upon not in the desire to
cooperate but in the set of incentives available to cooperate. Analysis of SES
depends on resource systems, resource units, governance systems, and users.
Sustainability depends on monitoring and enforcement as well as not being over-
ruled by larger governmental policies (Schweitzer et al. 2009).

This perspective about common property regimes suggest that self-organized
governance systems are more likely to produce better outcomes for communities
and the long-term stock of resources. As a result of the analysis of hundreds of
cases from all over the world, Elinor Ostrom and colleagues came to the conclusion
that there is a set of design principles of stable local common-pool resource
management: (1) Clearly defined boundaries; (2) congruence between appropria-
tion, provision rules and local conditions; (3) collective-choice arrangements
allowing for the participation of most of the appropriators in the decision making
process; (4) Effective monitoring by individuals who are part of or accountable to

3“Each man is locked into a system that compels him to increase his herd without limit—in a world
that is limited. Ruin is the destination towards which all men rush, each pursuing his own best
interest in a society that believes in freedom of the commons” (Hardin 1968, p. 1244).
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the appropriators; (5) Graduated sanctions for appropriators who do not respect
community rules; (6) Conflict-resolution mechanisms which are cheap and easy to
access; (7) Minimal recognition of rights to organize (e.g., by the government); and
(8) In case of larger Common Property Regimes (CPR): Organization in the form of
multiple layers of nested enterprises, with small, local CPRs at their bases (Ostrom
1990). At the core of understanding Social-Ecological Systems (SES) and their
sustainability is identifying and analyzing relationships through the various levels
of these systems on different spatial and temporal scales.

Arguably, the most challenging governing structure that we know of is the city.
Cities are nowadays the place where several of the socio-economic trends of the
great acceleration are occurring. Understanding large metropolitan areas and their
successes, require an examination of the global economy and how those cities are
participating in the global network of urban areas (Sassen 2005). The significant
demographic shift from rural agrarian settings to large urban/metropolitan regions,
has expanded the power of urban areas. This power derived from population size,
creativity and potential economic development can be a double-edged sword, but if
used appropriately, this power can be harnessed to address costal challenges such as
seawater rise, flooding, temperature change, erosion, and increasing power capa-
bility. Cities are important because many are located along the coast and their
geography often clusters around coastal environmental ecosystems (e.g., Miami
ecosystem).

In their 2017 book Climate of Hope, Michael Bloomberg, U.S. businessman and
former mayor of New York City, and Carl Pope, former head of the Sierra Club,
recently teamed to explore “how cities, businesses, and citizens can save the pla-
net”. Underlying their insightful work is the reality that the population of the globe
is rapidly becoming concentrated in very large and growing urban areas and that the
key to adaptations to climate change will reside in the creativity and capabilities of
the cities (Bloomberg and Pope 2017). Since U.S. coastal regions are now
metropolitan, the coastal cities may become major players in developing the
strategies and approaches that can adapt to the myriad of issues brought about by
climate change as it intersects with the demographic shift to the coast. There is
reason for optimism in the growth of the city. Throughout history, cities have been
centers of creativity and innovation. It is apparent that cities are now the location for
the rapid expansion of the data intensive society. In fact, there is the concept of “the
smart city” that promotes the utilization of data and related technologies to organize
and develop a new form of cities (Cocchia 2014). Alex Pentland at MIT’s Human
Dynamics Laboratory speaks of City Science and Data-Driven Societies that in the
context of this discussion present an interesting blueprint of how cities will increase
their capacity and become even more effective as centers of innovation in a data
intensive world (Pentland 2014). It can be anticipated that innovative activity in
coastal cities will be directed towards data driven solutions for coastal challenges
brought about by climate change.

Increasing the transparency of climate related risks to the coasts is tied closely to
the development of a more capable data-intensive society. The underlying
assumption is that better informed individuals, businesses, and government will be
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better equipped to make decisions and choices that are more adaptable to challenges
(Bloomberg and Pope 2017). The explosion of big data, including the development
of new techniques such as predictive algorithms, visualization of complex phe-
nomenon, artificial intelligence, and ever-growing number of problem-solving
applications, creates a data rich environment that can improve coastal adaptation.
For example, data can lead to an improved understanding of risks associated with
coastal living and new coastal development. Unsubsidized insurance rates for
coastal properties would be a highly useful, short-hand index of the financial risk
associated with properties on the coast.

Typically, however, the situation is much more complex and such straight for-
ward risk assessments may not be available. Some recent history of property
insurance in Florida illustrates the complexity that currently exist, and the difficulty
of having a reliable transparent index of risk. First, critical risk information con-
cerning sea water rise, storm surge, and storm probabilities. In a period of climate
change is most likely dynamic and challenging to predict and somewhere rapidly
developing like the Florida coast is a region where this information is an essential
risk assessment factor (Nyce and Maroney 2011). Second, many private insurers
have found Florida to be a high-risk area that is difficult to insure; many have
sustained major losses from hurricane-related damages, several companies declared
bankruptcy, and others have decided to withdraw from the Florida market. Third,
state government supported insurance has been developed to meet this void and
now is an important part of property insurance for Florida; the state created the
Citizens Property Insurance Corporation that now holds several hundred billion
dollars in property risks, including many high-risk properties (Florida Legislature—
Office of Economic and Demographic Research 2012). Fourth, the federal gov-
ernment provides insurance for flooding through FEMA that also insures many
Florida properties for this risk (“Flood Insurance Reform—Rates and Refunds”
2017). Finally, property value varies over time and may increase dramatically in
highly desirable coastal areas which could mean that not only does the property
owners’ financial risk increase, but also the financial exposure of those who sub-
sidized property insurance. Thus, from the property owner’s perspective, the risk
associated with ownership is probably underestimated since the true cost of
insurance is being subsidized by both the federal and state government. From the
perspective of the state, there is a huge potential risk that is difficult to understand
since it depends in part on the frequency, severity, and the geographic location of
future disasters, possible increases/decreases in the property value and political
forces that encourage risk exposure that may not be financially sound. When the
aforementioned are taken into account, it is not surprising that taxpayers have a
poor basis for understanding the collective risk they are sharing since the combined
cost of subsidized insurance is not widely known. While risk knowledge on owning
coastal property is complex, big data approaches provide solutions that can more
accurately assess, depict and present information both on individual and collective
risks that are occurring with coastal property. Since risks for coastal living is often
shared broadly, it is essential to have analytical approaches that can estimate the
current risks, project future risks, and aggregate the risks at the national, state, city,
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and property owner levels. This subsidized insurance, while creating value and
development through raising property values and incentivizing investment, put
people in harm’s way by concentrating populations in hazardous locations.

20.6 Disaster Science and Adaptation by a Data-Intensive
Society

Elsevier recently released the report, “A Global Outlook on Disaster Science,” that
illustrates how novel Big Data driven approaches are shaping how science can
address global issues. Based on more than 27 thousand disaster-related publications
released in the past five years, Elsevier data scientists used complex analytics to
generate new insights about the state of disaster science. We now have a better
understanding of where the science is being conducted, the impact it is having, and
the science’s implications for society. Since disaster science has strong implications
for the future of the world’s coasts, the Global Outlook study is important for our
discussions. Because of the Elsevier study, we now know: countries with high death
tolls from natural disasters tend to have low disaster scholarly output; while
countries with the highest levels of economic loss due to natural disasters, tend to
have the largest scholarly output. During the last five years, Elsevier estimates that
0.22% of the world’s scholarly output is devoted to disaster studies, and that China
and the United States are major contributors to disaster research. Elsevier observes
that the focus of disaster science in a country also seems to be driven by the type
and occurrence of local disasters. This tendency for a local relevance can lead to a
global disconnect between underdeveloped countries with substantial disaster
burdens and developed countries with higher levels of disaster science that focuses
on their country specific disaster topics (Elsevier 2017). The Elsevier work based on
scientific papers and big data analytics creates an information framework for
globally accessing, organizing, and planning for disaster science in a manner that
would have been impossible prior to the acceleration of data and the emergence of
data science analytic techniques. This important report illustrates how we can now
rapidly synthesize massive amounts of information that captures the collective
knowledge of global science. Such approaches should also have profound impli-
cations for linking the Anthropocene to its very broad and complex consequences.

In summary, underlying the perspective of the Anthropocene is the rapid
acceleration of human-created influences such as population growth, water usage,
fertilizer use, etc. is changing the very physical nature of the globe. However, there
is one rapidly accelerating aspect of human behavior, that is not generally recog-
nized as part of the Anthropocene process. The emergence of a data-intensive
society, often referred to as Big Data is an important part of the acceleration
process. In our mind, this is a profoundly important accelerating influence that
could have minimal negative consequences for the environment and possibly
provide an approach that would help humans adapt to the challenges and dangers
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resulted from the Anthropocene. Our optimism for the promise of Big Data should
of course be taken with caution. The great acceleration of data is very recent and
our enthusiasm for data science solutions might change with more experience. Big
Data has great power, and like all things with great power, there is the possibility
for great good and great harm. In this respect, it is human intelligence, and perhaps
artificial intelligence, that will determine how well we utilize this new powerful
resource to address the challenges that occur along the coasts of the world.
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Chapter 21
Promoting Resilience of Tomorrow’s
Impermanent Coasts

Lynn Donelson Wright and Bruce G. Thom

Get the Black Beauty Kato. Those clowns are in trouble.
—The Green Hornet- c. 1950

21.1 Anticipating and Preparing for the Future

There are three categories of actions that humans need to take in order to minimize
the detrimental impacts of global change on tomorrow’s coastal systems. The first,
of course, is to cause less harm by reducing our carbon footprint and ceasing to do
destructive things like polluting, dredging, severing sediment supply, withdrawing
groundwater, overdeveloping etc. Much has been written and spoken about this
even though we have said relatively little about it in this book. The second category
of actions, which has received minimal attention from the popular media but has
been the motivating theme of this book, involves promoting deep enough under-
standing of the myriad complex interconnections of coastal processes to allow
long-term predictions of what may lie ahead. Such predictions are essential to
evolving effective strategies for adapting and remaining resilient. The third action is
to ensure that to the extent possible we embed coastal science, including matters
related to future impacts of climate change, into state and federal policies and law.
The aim must be to ensure that regional coastal strategies are based on the best
available science to reduce risk to built and natural assets from the adverse effects of
short-term practices driven by local vested interests.

Regardless of how diligently we may undertake actions of the first category,
changes are underway and accelerating so actions of the second and third categories
are crucial to our future. However, unless the first category actions are deliberate
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and effective, the challenges of adaptation may be overwhelming in many parts of
the world. For example, the likely range of future rates of warming and sea level
rise as described in Chaps. 2 and 3 depend strongly on the degrees to which
greenhouse gas emissions are reduced beginning in the near future. Regrettably the
withdrawal in 2017 of the USA from the Paris Climate Accord significantly dims
the likelihood of the “best case” climate change scenario prevailing. This increases
the urgency of developing robust adaptive strategies based on reliable numerical
models supported by improved observations and monitoring. Hopefully, aggressive
and widespread “grassroots” efforts by individuals, cities, businesses, counties and
states to reduce carbon emissions as advocated most recently by Bloomberg and
Pope (2017) will make a significant difference. But, whether extreme or modest,
future changes as described in Parts 1, 2 and 3 of this book are inevitable and we
must plan accordingly to ensure the resilience of tomorrow’s coasts. In this final
chapter, we offer opening perspectives on some of the things that the global
community might undertake in a collaborative spirit in order to enhance the resi-
lience of tomorrow’s coasts. This chapter builds on the contributions of authors to
this book, and on the outcomes of two workshops on this subject that the
Southeastern Universities Research Association (SURA) led in 2014 and 2015
(SURA 2015; Wright et al. 2016a, b). We intend for future workshops to assist
broad based communities of scholars, managers, politicians and stakeholders to
further evolve and refine regional strategies for adapting to changing but uncertain
futures. While we expect improvements to our understanding and predictive
capabilities to take advantage of the global brain trust, resilience must be imple-
mented locally and regionally and the solutions must be fluid and adaptable.

21.2 Summary of Some Future Challenges

In Chap. 1 of this book, we noted that effective solutions to the complex challenges
faced by tomorrow’s coasts and coastal communities will require not only improved
and coupled predictive models along with more accurate, frequent and spatially
comprehensive observational data but also, and probably more importantly, finding
ways to overcome a range of cultural challenges. Included among these challenges
are (1) obstacles to a trans-institutional collaborative environment; (2) attitudes and
beliefs of local regulators and policy makers; (3) the extent to which educators
understand and communicate environmental science; (4) economic pressures, legal
systems and political ideologies; (5) conflicting pressures from environmental and
business advocacy groups; and (6) the awareness of the general public. Finding
effective approaches to all of these factors represents a suite of serious challenges
for the immediate future. Meeting these challenges can only be accomplished by
collaborative partnerships that include the general public, educators, planners and
managers, politicians and decision makers and the global scientific community.
Successes will undoubtedly be incremental and will depend on communication and
adaptability. In a complex world, models, and even understandings are possibly as
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impermanent as the coasts themselves. In other words, we still have much to learn
from each other and our future resilience will require collective mindfulness.
Trans-disciplinary strategies for facilitating collaborations in support of enhanced
coastal resilience were outlined by Wright et al. 2016a, b). Collaborations at grass
roots levels involving the public and numerous non-governmental organizations
have been established by The Nature Conservancy (TNC).

21.3 Resilience as It Relates to Coastal Systems

In the introduction to this book, we stated that: A high priority vision for future
coastal science should be to enhance resilience of coastal communities by
anticipating and mitigating hazards to human health, safety and welfare and
reducing economic harm to coastal industries such as tourism, fisheries and
shipping. As pointed out in Chap. 1, resilience is the capacity to change and adapt
continually yet remain viable. Humans and nature are interdependent and, through
collaboration, natural and social scientists, and stakeholders can improve coastal
resilience. According to the Stockholm Resilience Centre, “Resilience thinking
embraces learning, diversity and above all the belief that humans and nature are
strongly coupled to the point that they should be conceived as one social-ecological
system.” Low risk is not necessarily requisite for high resilience but risk and
resilience should both be considered in planning future mitigation strategies.
Coastal risk assessment is considered in detail in a recent NRC report (National
Research Council 2014). Considering the complex interdependence of many factors
described in the foregoing chapters, community resilience and ecosystem resilience
must be considered together, not as separate problems. Furthermore, since the built
infrastructure and related services are integral components of communities,
infrastructure resilience must be considered in relation to both communities and
ecosystems (National Institute of Standards and Technology 2015).

For natural ecosystems, such as wetlands, biodiversity is a source of enhanced
resilience. Similarly, economic diversity probably results in increased community
diversity. One well-known vulnerability index considers vulnerability to environ-
mental hazards (Cutter 1996). Arkema et al. (2013) discuss the roles that natural
habitats can play in enhancing natural resilience of communities. As noted by the
National Research Council (2006), the loss of coastal wetlands over the decades
preceding Hurricane Katrina, substantially enhanced the vulnerability of New
Orleans to that event. The Louisiana Coastal Protection and Restoration Authority
(2007) is attempting to address this problem (Chap. 13).

The US Army Corps of Engineers (USACE), Engineer Research and
Development Center (ERDC) is developing a tiered set of coastal resilience metrics
that integrate engineering, environmental and community resilience (Rosati et al.
2015). Rosati et al. (2015) describe expert elicitation, data driven, and tiered
methods to quantify resilience. Expert elicitation is somewhat subjective while the
data-driven methods rely on a combination of historical data and numerical
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modeling. The USACE’s approach considers preparation, resistance, recovery, and
adaptation depending on factors such as need, time, space, and available funding.
The three-tiered approach includes expert elicitation, field data and simple models,
and rigorous assessment based on probabilistic analyses (Schultz et al. 2012). An
important aspect of any viable long-range resilience program is that it must enable
continually evolving adaptive management strategies underpinned by advanced
numerical modeling. The USACE has provided extensive guidance for engineering
responses to sea level rise including regionally specific estimates of change (US
Army Corps of Engineers 2014).

21.4 Global Scientific Collaboration Is Essential
and Feasible

According to Marinez-Moyano (2006) “Collaboration is a function of the recursive
interaction of knowledge, engagement, results, perceptions of trust, and accumu-
lation of activity over time.” If the collaborations we envision are to be successful
and persist over a long enough timeframe to make a difference, the collaboration
strategies and methodologies that we build must be as rigorous as the models and
understanding they are designed to facilitate. The intent is not only to facilitate
collaborations within the academic community but, most importantly, among uni-
versities and federal, state and local governmental agencies, non-governmental
organizations (NGOs) and stakeholder organizations. To accomplish this we must
ensure that rigorous and broadly embraced protocols are established and followed.
Collaboration involves much more than simply talking to and helping each other.
To be effective it must involve mutual acceptance of a common set of goals, critical
assessments of diverse approaches, iterative updates and incremental improvements
to understanding and predicting, promotion of new paradigms and effective com-
munication with a hierarchy of operational end users. In a true collaborative team or
consortium, each member must enable and support, not compete with, the other
members. A fairly comprehensive collection of essays on collaboration can be
found in a book edited by Schuman (2006). Since 2007, The Nature Conservancy
has led the development of Coastal Resilience, an approach and online decision
support tool to help address the effects of climate change and natural disasters on
specific coastal regions around the world (Coastal Resilience.org). For the climate
science community, fairly mature global collaborative networks, such as the World
Climate Research Programme (WCRP; https://www.wcrp-climate.org/) have played
crucial roles in advancing improved climate prediction models for many years
(Merryfield et al. 2017; see Chap. 2 for other examples). Coastal sciences can
benefit measurably from the creation of comparable global networks of consortia.

Rigorous and generally accepted standards are crucial to collaborative modeling.
To date, coastal modeling testbed programs have adopted the standards of the Open
Geospatial Consortium (OGC; http://www.OpenGeospatial.org) and, until a more
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robust successor emerges, this approach should be followed for the near future.
The OGC is an established consensus standards organization and an international
consortium of 371 companies, government agencies (including NOAA), and uni-
versities that develop publicly available interface standards. These services make
complex spatial information and data services accessible, interoperable and useful
to multiple applications. An ongoing OGC testbed activity is focused on Urban
Climate Resilience. Recent collaborative research projects conducted by investi-
gators from different disciplines in the natural sciences have successfully created
new conceptual, theoretical, methodological, and translational innovations that
address complex coastal problems by integration. With funding from NOAA’s U.S.
Integrated Ocean Observing System Program (IOOS®), SURA has facilitated
strategic collaborations to build and guide the Coastal and Ocean Modeling Testbed
or COMT (Luettich et al. 2013, 2017). The COMT has demonstrated considerable
success in orchestrating collaboration among more than 20 universities along with
agency representation from NOAA, Navy, EPA and the U.S. Army Corp of
Engineers. The resulting COMT is now one of 11 official NOAA testbeds with the
goal of accelerating the transfer of research results to improve operational modeling
skill. Among other things, this has involved maintaining a web site, a data archive,
providing high-performance computing resources, and custom code to perform
tasks such as skill assessment and format conversions.

Unfortunately, many universities are not yet up to the task of true interdisci-
plinary research. Part of the problem relates to the accreditation system and its
discipline-specific standards. This impedes interdisciplinary work at many tradi-
tional universities. Multi-discipline papers with many authors are not really valued
and young untenured faculty who engage in too much interdisciplinary work may
be denied tenure. The discipline-based distribution of faculty on campuses is also a
discouraging factor: social scientists and natural scientists may be based on
opposite sides of large campuses or even on different campuses of multi campus
state universities. Another part of the problem involves simple competition among
universities, which tends to stifle multi-institutional altruism. The world is likely to
be very different in 2050, as will the missions of universities that remain relevant.
Centers and institutes are one way to promote collaboration among disciplines and
are not as constrained as traditional university departments. “Enterprise” entities
that promote interdisciplinary synergies but also are designed to evolve as science
and needs change may be better models. One model is that of a Center for
Research, Education and Innovation to facilitate the inclusion of industry and
governmental entities along with academics. In Australia, the Wentworth Group of
Concerned Scientists performs such a role through the engagement of experienced
scientists in public policy (www.wentworthgroup.org.au). An example of the work
of this group can be found in the formulation of a method of environmental
accounts based on natural asset condition measurements involving a range of dif-
ferent disciplines (Wentworth Group 2015). In Australia, this work is now being
incorporated into a national system of environment accounts.

Beyond the confines of individual universities or federal agencies, an indepen-
dent community-shared consortium can help the global community to take a first
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step in addressing questions of risk and resilience by facilitating the creation of an
open-source base of empirical and numerical model data along with a rigorous set
of data standards and an extensible cyber infrastructure for managing, and accessing
the necessary information. This will support a combination of discipline-specific
and cross-disciplinary numerical modeling, coupling the outputs from physical
process models with ecosystem and socioeconomic models, and statistical analyses
of socioeconomic factors that might ultimately determine the resilience of com-
munities to expected stressors. In addition, modeling protocols could be extended to
enable the potential impacts (positive or negative) of engineering approaches or
management decisions to be assessed. Several researchers (e.g., Plag et al. 2015)
have stressed the need for international collaboration and virtual research envi-
ronments to enable knowledge creation in response to societal needs. Cloud
computing technologies facilitate the creation of cyber-supported “playing fields”
where it is easier to work with others. The supporting cyber services should include
successive generations of HPC resources for running and coupling models, plat-
forms for accessing, sharing and archiving data and model outputs as well as for
accessing and sharing open-source model codes, and a catalogue of and access to
analysis routines and visualization tools. Over the course of the next few years, it
should be possible to accommodate most or all of the cyber needs.

21.5 Local and Regional Collaboration Is Essential
to Strategic Planning

From the foregoing chapters in this book, it should be clear that natural coastal
environments as well as coastal communities are highly diverse and there can never
be a “one size fits all” strategy for adapting to future changes. The need for local
“bottom up” solutions is discussed by Colander and Kupers (2014) and is dictated
in part by the pronounced geographical variability of coastal systems and in part by
the simple fact that problems related to coastal flooding, land loss and ecosystem
degradation are more immediately apparent- and seemingly urgent- at local and
regional scales than at national or global scales. In the year 2017, this is especially
true in the U.S.A. where the stated position of the Federal Administration is denial
of climate change, sea level rise and attendant environmental changes. Some state
governors also share these positions (e.g. Florida). On the other hand, the need for
aggressive action is so obvious in threatened localities that some state, county and
municipal governments are making significant investments in, and assigning high
priorities to, planning in advance for resilient futures. At the state level, prominent
examples are Guangdong Province, China (Chap. 12), New South Wales, Australia
(Chap. 19), and Louisiana’s Coastal Protection and Reclamation Authority (CPRA;
Chap. 13). As described in Chap. 14, the coastal problems facing Broward County
Florida have mandated the establishment of the county’s Environmental Planning
and Community Resilience Division. In smaller communities with fewer resources,
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local emergency management officials are taking increasing responsibility for
resilience planning- but they need help and guidance from the academic community
as well as regional planners, operational agencies (NOAA, FEMA, DHS etc.) and
politicians.

Adaptive regional strategies are required to reduce risk of harm to valued coastal
assets and to overcoming the numerous barriers to long-term planning at different
spatial scales as outlined in Chap. 19. In addition, such strategies must be incor-
porated into a well-understood public policy and legal framework that has within it
climate change adaptation policies that recognize the need for action at certain
threshold or trigger points. Communities must understand why there needs to be
action at such points when changes in coastal conditions determine the need for
action. Without clear and accepted policies embedded in law, supported by an
implementation plan and enforcement processes, there will always be the tempta-
tion to accept pressures from vested interests driven by ignorance and greed.

To be effective, local and regional collaborations need to involve the broadest
possible pool of talent and perspectives; they should be community inclusive.
Initially, workshops or a series of “town hall meetings” should assess the concerns,
needs and expectations of local residents and stakeholders (e.g. property owners,
commercial and recreational fishers, emergency managers, tourist industry repre-
sentatives etc.). Before academics offer their thoughts or advice, they need to listen
carefully to the concerns and perceptions of the citizens. As explained in the pre-
vious subsection, true collaboration must involve recursive interaction of knowl-
edge, engagement and perceptions. Community leaders, and, where appropriate,
clergy should be part of the collaborative planning process. All members of col-
laborative teams must be respected as equal partners. In the U.S., representatives of
state Sea Grant programs should participate in and, in many cases, lead discussions.

21.6 Finding Common Ground

Formulating a comprehensive plan for an enduring coastal resilience program can
begin with determining areas where interdisciplinary synergies can be most readily
applied, facilitating the infrastructural advances that are needed to accommodate
future modeling and communication and preparing a research plan for moving
forward as a community. The scientific community at large can initiate and evolve a
network of interdisciplinary scientists and supporting cyber-infrastructure with
emphasis on understanding and modeling complex coastal systems and commu-
nicating the results to operational end users. A key role for the facilitating consortia
will not be to execute models but to provide the virtual environments within which
modelers and non-modeling scholars from different disciplines can interconnect.
Quite simply, coastal systems science must bring together different components of
the system and integrate them.

Some crucial steps in this process summarized by Wright et al. (2016a) include
the following:
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Step 1: Articulating the interconnections of socio-ecological systems and iden-
tifying the societal, legal, biophysical and biogeochemical criteria needed to model
resilience in specific coastal regions.

• Refine understanding and articulation of interconnections of human and natural
coastal processes.

• Advance understanding of the linkages between regional and ocean systems and
scale-dependent inter-connections among societal, biophysical and biogeo-
chemical factors.

• Develop criteria for assessing changes in ecosystem services and the impacts
that these changes may have on rural and urban socioeconomic systems.

• Following the International Geosphere Biosphere Programme example, develop
an analytical framework that is relevant to policy and decision-making at dif-
ferent levels and takes account of legal issues and constraints.

Step 2: Identifying the systems science requirements for future coastal risk and
resilience programs.

• Catalyze interdisciplinary collaborations.
• Prioritize coastal threats (by region).
• Identify well-defined, integrated research questions and the required modeling,

analysis and visualization products to address these questions.
• Identify and prioritize legal factors that may impact community resilience or

vulnerability.
• Assess and refine social resilience indices as they pertain to both urban and rural

coastal communities.
• Develop feasible data management structures for trans-disciplinary integration

and communication.

Step 3: Creating an accessible and extensible cyber infrastructure for cross-dis-
ciplinary communication and collaboration.

• Identify design criteria for a collaborative web portal for cross-disciplinary
communication.

• Identify the search tools needed to effectively access existing data sets and
model outputs.

• Develop a cyber template(s) to enable social and natural scientists, managers
and legal scholars to share information in mutually understandable formats (e.g.,
utilization of NOAA big data for decision making).

• Define the needs for more effective data and model output visualization.

Step 4: Evolving and validating predictive models to reduce uncertainty and
coupling models across disciplines to assess complex interactions among future
physical, ecological and socioeconomic processes.

• Couple hydrologic and ocean models to improve predictions of compound
flooding such as that caused by Hurricane Harvey.
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• Improve decadal time scale models of future coastal environmental and
socioeconomic outcomes of multiple climate change scenarios.

• Improve regionally specific predictions of the potential outcomes of alternative
strategies to mitigate vulnerability of coastal communities.

• Improve the accuracy and accessibility of coastal observation and monitoring
data, especially satellite data and improve techniques for assimilating observa-
tional data into numerical models.

21.7 Outreach to Policy Makers, Politicians and the Public

As Hurricane Katrina bore down on New Orleans in 2005, numerical models, were
predicting high storm surges and waves for Coastal Louisiana (via the now dis-
continued Open IOOS website and NOAA’s NWS; e.g. Bogden et al. 2007). Data
buoys and integrated observing systems such as Wave-Current-Surge Information
System for Coastal Louisiana in the Gulf of Mexico verified wave predictions.
Those predictions were readily accessible in real time on the Internet in the form of
color-coded animations and numerical data, but they were largely ignored by local,
State and Federal leaders as well as by many emergency managers. In 2017,
long-range scientific projections of climate-related phenomena and their impacts
continue to be widely denied by many politicians and decision makers as well as by
the U.S. President and many members of his cabinet. Fortunately, in 2012,
short-term wind, storm surge and wave forecasts were heeded as Super Storm
Sandy moved up the U.S. East Coast and approached New York Bight and this
undoubtedly saved many lives. Similarly, in 2017, predictions of the impending
impacts of Hurricanes Harvey, Irma and Maria were trusted and heeded. But
substantial improvements in communication and trust are still needed.

The scientific community at large must nurture the enlightenment of politicians
and decision makers. This may be the largest challenge of all, but the scientific
community must work diligently to persuade emergency managers, land use
planners and leaders at all governmental levels to trust science-based model pre-
dictions. This will require careful and well-articulated, non-jargonized communi-
cation over a prolonged period combined with clear and repeated demonstrations
that numerical models really work and are not a hoax. So the question is: How do
we do that? On the local level, one obvious way is to get to know the local leaders
and gain their trust through one on one visits, open forums involving bi-directional
exchanges (but not “lectures”) and clear demonstrations of mutual respect among
academics, local, state and federal government officials and politicians. Such
demonstrations must reflect an understanding by credible scientists of past condi-
tions including observations of geomorphic history and impacts of past extreme
events. And, of course, patience and persistence are essential. Consortia and NGOs
should be able to greatly broaden the scope of outreach to officials by developing
accessible and extensible web sites and cyber tool kits that serve clear graphical and
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textual explanations of coastal evolution as well as long-and short-term model
results.

As pointed out in Chap. 18, a critical, and commonly overlooked, facet of
outreach to enhance resilience involves educating the general public, particularly
lower income and undereducated vulnerable communities, about hazards and how
to respond to them. A few U.S. universities already offer programs focused on
helping communities become more disaster resilient through practical education.
A prominent example is the Center for Hazards Assessment, Response and
Technology (CHART), an applied social science hazards center at the University of
New Orleans (http://scholarworks.uno.edu/chart). Among other activities CHART
staff provide risk literacy as a component of more general adult literacy programs.
A network of collaborating university-based coastal resilience researchers and
educators could provide web-accessible resources to other programs that share the
goals of UNO’s CHART.

21.8 Identifying and Engaging Potential Beneficiaries

As of 2017, one of NOAA’s stated goals is that of Resilient Coastal Communities
and Economies. The collaborative consortia that we envision can contribute to this
goal but the effectiveness of the contribution will require a thoughtful, and possibly
lengthy, process involving an uncommonly diverse assemblage of social and nat-
ural scientists, engineers, legal scholars, health scientists, stakeholders and decision
makers. For the ongoing COMT program described in Sect. 21.4, the target ben-
eficiaries have been operational agencies (particularly NOAA) and the main product
has been the transfer of methodologies and models from research to operations. For
future consortia, the potential stakeholders may include the State Sea Grant
Programs, re-insurers, county governments, state governments, health workers,
emergency managers, resource managers, FEMA, NGOs such as Nature
Conservancy and the Sierra Club, educators, the general public- and operational
agencies (particularly NOAA, DHS and USACE). Although the specific needs of
each of these stakeholders differ, the universal nature of the most urgent questions
should enable the facilitating consortium (or consortia) to focus firstly on problems
that are important to a broad range of beneficiaries. In some cases, however, it may
be necessary to concentrate on a subset of stakeholders who have a narrow defi-
nition of “acceptable benefits” that communities actually value. Risk reduction is
one such benefit. County and local government agencies charged with planning for
future threats may be among those most willing to engage with the consortium.
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21.9 Educating Future Generations

Most of the people who will have to adapt to and live with the coasts of tomorrow
have not yet been born and, among those who have, few have so far completed their
formal education. There is still time to transmit the essential understandings that
future generations will need in order to be resilient in a complex and changing
world. The essential education process should begin with preschoolers and continue
through higher education and beyond. Appreciation of natural environments and
humanity’s dependence and impacts on them should be instilled in children at the
earliest possible age and reinforced throughout their lives. For children in their
formative years, it is important for parents and educators not to perpetuate the
dualistic notion that humanity and nature are distinct and that the former must
conquer the latter. Instead, the idea of “intelligent co-operation with nature” should
be promoted as a human virtue. And, of course, if the crucial collaborations that we
envision are to succeed, the “me first” mind set must be discouraged, in fact,
disdained. Armed with this new, holistic and altruistic set of values, the students of
tomorrow should be receptive to a formal education that places greater emphasis on
natural complexity and change in the Anthropocene.

In future classrooms, environmental science, social sciences and geography as
well as arts and humanities need to be elevated to the same priority level as STEM
subjects. Environmental ethics should be part of the middle school and high school
curriculum. Conceptual understandings of processes and connectivities should be
emphasized over facts and data, which are transient. Pragmatists may ask: How do
arts and humanities fit in here? The answer is that students should be taught to
understand that there is more to humanness than money and material things. They
also must learn about and celebrate the diversity of both nature and humanity. They
must get to know their local area, its history, its geology, its beauty. At the
University level, more students should be attracted to rigorous studies of atmo-
spheric, ocean and environmental sciences and especially interdisciplinary studies
that integrate natural and social sciences. For those with technical aptitudes,
numerical modeling and coupling of models across disciplines should be encour-
aged at the graduate level. By whatever educational pathway that works and
regardless of the educational level that is ultimately attained, future communities
should intuitively realize and embrace the axiom with which we opened Chap. 1:
“All things are connected. Whatever befalls the earth befalls the children of the
earth”. (Chief Seattle of the Suquamish Native American people, c. 1835).
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Epilogue

All our science, measured against reality, is primitive and
childlike- and yet it is the most precious thing we have.

—Albert Einstein

Throughout all of the scientific understandings that we have discussed in the
foregoing chapters, uncertainties prevail and surely always will. The scientific
community can never have “all the answers” and no amount of hubris will ever
change that. Our theories, models and words are simple abstractions of an outra-
geously complex nature that involves countless interactions among a vast number
of factors. We have described a few of these factors that we know well but there are
infinitely more. Nevertheless, we understand much more than we did a decade ago
and we can be confident that, unless we consciously regress to another dark age, our
understandings will grow and the uncertainties of scientific predictions will shrink.
But no single scientist, research team or nation can be relied on to provide the
breakthroughs that hopefully lie ahead. The global community must do this together
in a spirit of urgent, and selfless collaboration, with or without governmental
encouragement.

As we progress, we cannot afford to be dismayed by the lack of perfection but
must take serious guidance from the observed trends and model predictions that we
have now; they really are pretty good. We can be confident that the future will be
notably different from today. Whether or not we have the will to respond to the
expected changes is more uncertain than are the predictions. Regrettably, in 2018,
the will of some leaders seems to be driven more by ideology and greed than by
reason. Uncertainties in predictions are used as excuses for outright rejection of
science. We as a people must embrace reason and science over blind ideology.
Thomas Jefferson stated: “If a nation expects to be both ignorant and free in a state
of civilization, it expects what never was and never will be.” The scientific
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community and humanity at large must oppose the assault on reason and nature or
tomorrow may not be very bright for coming generations and the impermanence of
tomorrow’s coasts and coastal communities will be enhanced.

Don Wright
Inglis, Florida
February, 2018
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Appendix
Glossary of Terminology Used
in Tomorrow’s Coasts: Complex
and Impermanent

Scholars, I plead with you, Where are your dictionaries of the
wind, the grasses?

—Norman MacCaig (1910–1996), from Robert
Macfarlane’s Landmarks (Penguin Books, March 2015)

The multidisciplinary nature of climate studies, coastal oceanography, environ-
mental science and social science creates the need for a glossary to make access to
the literature easier by defining some terms that may be unfamiliar to lay readers.
Definitions for these terms and others may be found in primary references such as
the American Meteorological Society Glossary of Meteorology, 2nd Edition,
Encyclopedia of Marine Science, Second Edition (Nichols and Williams 2017),
Tide and Current Glossary (CO-OPS 2000), and the Coastal Engineering Manual
(U.S. Army Corps of Engineers 2002). Some of the following definitions have been
modified from the original for ease of use and understanding by the nonscientist or
engineer, and the reader is urged to consult a text book if greater detail is required.

Accretion: The accumulation of land by natural causes such as wind, waves,
river discharge and longshore currents. There is also an increased potential for
accretion when wave energy impacting a shoreline is reduced. In tidal marshes,
grasses such as smooth cordgrass (Spartina alterniflora) trap sediments and create
peat, they may rise with sea level in a process that may be called “wetland
accretion.” Mariño-Tapia et al. (2014) described accretion or widening of beaches
along large segments of Puerto Morelos located on the Caribbean coast of the
Yucatán Peninsula to reductions in sediment transport and erosion of dune sands.

Adaptation: Action that helps cope with the effects of natural hazards—for
example the use of inundation maps, precipitation projections, and flood models to
determine thresholds for inundation and the assessment of options to mitigate
losses. Strategies may include construction of defensive barriers to protect against
rising sea levels, elevating a building, or moving resources at high risk to secure,
safer locations, etc. The National Trust, which was founded during 1895 in the
United Kingdom, has embraced adaptive approaches in the management of coastal
sites such as Birling Gap in East Sussex by planning to roll back properties in a
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timely manner as erosion of chalk cliffs along the English Channel such as the “The
Seven Sisters” accelerates due to sea level rise.

Adaptive management: An iterative decision making process that accounts for
what is uncertain as well as what is known. Through monitoring, managers not only
predict how coastal systems are likely to respond to interventions, but also identify
what management options are available, what outcomes are desired, how much risk
can be tolerated, and how best to choose among a set of alternative actions. This
approach enables coastal zone managers to reduce uncertainty and thereby improve
management through enhanced understanding of management effects.

Anthropocene: A proposed epoch dating from the commencement of significant
human impact on the Earth’s geology and ecosystems first popularized in 2002
by Nobel laureate Paul J. Crutzen, who regards the influence of human behavior on
Earth’s atmosphere in recent centuries as so significant as to constitute a new ge-
ological epoch (Zalasiewicz et al. 2008). This proposed epoch would follow the
Holocene (11,700 years ago to the present) and begin in the year 1950.

Anthropogenic: Caused or produced by humans as opposed to natural pro-
cesses. Air and water pollution occur when harmful substances including particu-
lates and biological molecules are introduced into Earth’s atmosphere and
hydrosphere. These releases may cause diseases, allergies or death of humans; it
may also cause harm to other living organisms such as animals and food crops, may
damage the natural or built environment, and contribute to climatic changes.

Aquifer: An underground layer of permeable rock (e.g., sand, gravel, and
sandstone) that acts as a reservoir for groundwater. Aquifers fill with water that
drains into the ground. Wells drilled into aquifers provide water for drinking,
agriculture, and industrial uses. Aquifers can be depleted or dry up when people
drain them faster than nature can refill them. When too much water is removed from
the soil, the soil may collapse, compact, and drop contributing to land subsidence.

Atmosphere: The gaseous envelope surrounding the Earth. The atmosphere
consists almost entirely of nitrogen (78.1% volume mixing ratio) and oxygen
(20.9% volume mixing ratio), together with a number of trace gases, such as argon
(0.93% volume mixing ratio), helium, greenhouse gases such as carbon dioxide
(0.035% volume mixing ratio), and ozone. The atmosphere also contains water
vapor, clouds, and aerosols.

Atmospheric pressure: The pressure exerted by the earth’s atmosphere; it
decreases with altitude above sea level. At sea level, the standard atmospheric
pressure is equal to 1013.25 mbar (14.7 psi). Researchers such as Gillett et al.
(2003) have shown that average sea-level air pressure has risen in recent years over
parts of the subtropical North Atlantic Ocean, southern Europe and North Africa
while dropping in locations such as the poles and the North Pacific Ocean. Increases
in sea-level pressure decrease water level while decreases in pressure increase water
level.

Bar: A submerged or emerged embankment of sand, gravel, or other uncon-
solidated material built on the seafloor in shallow water by waves and currents.
Storms tend to carry sand seaward, forming offshore bars and then this sand
migrates landward during calm weather. A bar is also a metric unit of pressure equal
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to the average pressure of the atmosphere at sea level or 106 dyne cm2 (106 barye),
1000 mbar, 29.53 in. of mercury. Within the ocean water column, the pressure
increases by one bar with every 10 m (33 ft) of water depth.

Barrier island: A long, usually thin, sandy stretch of land, oriented parallel to
the mainland coast between two inlets. They face the ocean on one side and a
lagoon on the other side. Barrier islands provide a natural line of defense against
storms that threaten coastal communities by absorbing wind and wave energy.

Beach: The location along a shoreline where the sediment is in motion, being
moved by winds, waves, tides, and currents. Loose unconsolidated sediments such
as sand that are transported to places suitable for deposition will form a beach. They
are dynamic and vary in length, width, composition, and permanence. Sea level rise
will affect beaches, but will not occur uniformly worldwide because of complica-
tions such as isostatic or postglacial rebound where land masses that were once
depressed by ice sheets rise while those that were raised at the edges of the glaciers
are now sinking. Beaches will evolve in responses to forces such as sea level rise
and coastal development.

Beach material: Granular sediments, usually sand or shingle moved by waves
and currents. Dams built for flood control and water catchment along the rivers
leading to the coast inhibit the transport of sediments. The lack of sediment from
rivers accelerates coastal erosion.

Beach nourishment: The restoration of a beach by placing beach material
directly onto the beach. Beach nourishment is expensive and only a temporary
solution to counter sediment starvation along severely eroding coasts. During 2017,
the towns of Duck, Kitty Hawk, Kill Devil Hills, and Southern Shores along the
Outer Banks of North Carolina nourished miles of beach by pumping sand from the
ocean floor onto the beach to build up eroded areas. These efforts are intended to
create a wider beach area to protect and enhance the shoreline.

Benthic habitat: Physically distinct areas of the seafloor associated with suites
of species that consistently occur together. Species of animals and plants that live
on or in the bottom are known as the benthos. The creation of benthic habitat maps
is essential to the management and analysis of these important ecological resources.

Bight: A geographic term describing a bend or curve in the shoreline such as a
large and receding bay. Examples include Bight of Benin, Canterbury Bight,
Flemish Bight, Great Australian Bight, Mid-Atlantic Bight, New York Bight, North
and South Taranaki Bights, and Southern California Bight.

Biomass: Biological materials including organic material (both living and dead)
from above and below, e.g., mangrove trees, marsh grasses, submerged aquatic
vegetation, roots, and animals and animal waste.

Breaker: A wave breaking on the shore. As an ocean swell propagates from
deep water to shallow water, it will undergo transformations through the effects of
refraction, diffraction, and/or shoaling until the wave becomes unstable. Once the
wave reaches a critical height, it will overturn on itself and break. Based on the
dissipation of energy owing to factors such as beach slope, wind conditions, and
nearshore currents, the breaking will result in collapsing, plunging, spilling, and
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surging surf. These breakers and the ensuing longshore currents tend to pick up and
move sand up and down the shoreline, generally offshore during winter storms
and back toward land during the summer’s fair weather.

Cape: A prominent land area jutting seaward from a continent such as Cape
Comorin in Asia or a point on a large island such as Cape Engaño off of Palaui
Island in the Philippines. A cape usually represents a marked change in the trend of
the coastline. Capes can be formed by glaciers, volcanoes, and changes in sea level
and have a relatively short geologic lifespan owing to natural erosion by winds,
waves, tides, and currents. Some other cape examples include Cape Cod in
Massachusetts and Cape Hatteras in North Carolina and Cape of Good Hope in
South Africa.

Carbon dioxide (CO2): A naturally occurring odorless gas formed during res-
piration and by the decomposition of organic substances. CO2 is a needed factor for
photosynthesis and is a by-product of the burning of fossil fuels. CO2 released into
the atmosphere is also absorbed in ocean waters. The amount of CO2 that the ocean
can hold depends on the ocean temperatures. Colder waters can absorb more carbon
than warmer waters. The uptake of CO2 from the atmosphere by the ocean may
contribute to ocean acidification or a decrease in the pH of the Earth’s oceans.

Climate: The prevailing weather conditions for a region. Climatic elements
include temperature, air pressure, humidity, precipitation, sunshine, cloudiness, and
winds, throughout the year, averaged over a series of decades. Climate differs from
weather, in that weather only describes the short-term conditions of these variables
in a given region. Example statistics may include labels such as normals, means,
and extremes. Normals are generally based on the distribution of all observations
over a long-period such as 30 years (e.g., 1981–2010). Means will refer to the
average of the maximum and minimum temperatures over a particular period such
as a day. These means do not provide any information about how the observations
are scattered around the mean, i.e., whether they are tightly grouped or broadly
scattered. The extremes are usually observations lying in the most unusual ten
percent. Climatic changes take hundreds, thousands, even millions of years to
change while the weather can change in just a few hours. Climate change, therefore,
is a change in the typical or average weather of a region or city. Earth’s climate is
always changing as evidenced by climatic records that indicate warmer and cooler
periods, each lasting thousands of years. Trends from quality controlled observa-
tions currently indicate that the Earth’s climate has been warming. The Earth’s
warming climate is linked to changing rainfall patterns, decreasing snow and ice
cover, and rising sea levels. It should also be noted that climatic data can be
confounded by various non-climatic effects, such as the relocation of weather
stations, land-use changes, changes in instruments, and observational hours.

Coast: A strip of land of indefinite width that extends from the shoreline inland
to the first major change in terrain features. In this book, we use the term “coast” to
imply the entire region influenced by land-sea interaction, typically from the shelf
break to about 200 km (124.3 mile) inland. Coasts are sensitive to sea level rise,
changes in the frequency and intensity of storms, increases in precipitation, and
water temperatures. Severe storms generate surge, waves and currents that can
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move large amounts of sediment, destroy roads, buildings and other critical
infrastructure as well as alter natural habitats.

Coastal inlet: A passage separating two barrier islands and connecting a lagoon
or bay with the ocean. These connections are important for sediment transport and
fish migrations. Changes in the morphology and behavior of an inlet and its
associated sediment bodies can have far-reaching impacts on adjacent coastlines.

Coastal zone: The dynamic region where land meets water. These regions have
become increasingly important because they support large populations and con-
tinually change owing to natural (tropical cyclones and tsunami) and man-made
(coastal structures) phenomena. Climate change can affect coastal zones through
shoreline erosion, coastal flooding, and water quality. Coastal zone management
efforts ensure the health and stability of the coast, both environmentally and eco-
nomically, into the long-term future.

Coastline: The land and water interface, which is also called the shoreline. The
coastline is constantly eroding and forming headlands, bays, and cliffs. The weaker
or softer rock, such as sandstone, is eroded fastest leaving more resistant rock types,
such as granite, which might remain as a sea cave, arch, or stack. Remote sensing
surveys of the coast call the land and water interface at time of imaging the
waterline. Waterlines can be used to map shoreline changes following severe
storms.

Complex systems: A system such as a coastal ecosystem which is composed of
many living (biotic) and non-living (abiotic) components. Complexity stems from
interactions occurring at the boundary between atmosphere, land, and sea. Abiotic
conditions such as winds, waves, tides, and salinity are highly variable as evidenced
by observed changes occurring as one moves from land to sea. In many cases it is
useful to represent complex systems as a network, where, as in a food web, the
nodes represent species in a community and the links map the feeding connections.
Another example is the manner in which a coral reef survives wave pounding from
severe storms but cannot cope with high siltation rates from sediment-laden runoff.

Compound flooding: Severe flooding related to the simultaneous additive
effects of multiple causes, for example river (fluvial) flooding, pluvial flooding by
torrential rainfall and storm surge.

Convergence: A new paradigm where disciplines such the physical sciences and
engineering, among other disciplines, join forces with the life sciences to solve
common problems. Organizations such as the Southeastern Universities Research
Association have demonstrated how to move research forward as evidence by
development of the Coastal and Ocean Modeling Testbed through collaborations
involving multiple types of organizations, such as other universities, industry,
government regulators, and community stakeholders.

Coral bleaching: The process in which a coral colony, under environmental
stress expels the microscopic algae (zooxanthellae) that live in symbiosis with the
hard and stony corals. The affected coral colony appears whitened. If the
stress-caused bleaching is not severe, corals have been known to recover. If the
algae loss is prolonged and the stress continues, the coral will eventually die.
Healthy coral reefs support an amazing diversity of marine life and are often called
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the rainforests of the sea. Coral reefs provide many benefits, including coastal
protection, food, jobs, medicine, and recreational activities.

Cyclone: A system of winds that rotate about a low pressure center. Rotation is
clockwise in the Southern Hemisphere and anti-clockwise in the Northern
Hemisphere. In the Indian Ocean, the term cyclone refers to a tropical cyclone or
what would be called a hurricane in the Atlantic Ocean. An example storm was
Cyclone Nargis which developed on April 27, 2008 in the Bay of Bengal where it
moved eastward and intensified to attain peak winds of approximately 215 km/h
(130 mph) before making landfall in the delta region of the Ayeyarwady River
(Irrawaddy River) of Myanmar on May 2, 2008, and finally dissipating near the
border of Myanmar and Thailand. This cyclone caused catastrophic destruction in
Myanmar with a death toll that was estimated to exceed 135,000 people.

Dead zone: A low-oxygen (hypoxic) area in the world’s oceans and lakes that is
caused by excessive nutrients (e.g., nitrogen and phosphorus) or eutrophication.
The enrichment of the water body with nutrients induces growth of phytoplankton
and algae and due to the biomass load results in oxygen depletion. The resulting
hypoxic areas usually appear near the bottom where the oxygen concentration is so
low that benthic and demersal animals suffocate as evidenced by associated fish
kills, distressed animals, and sulfur-oxidizing bacteria that cause the anaero-
bic sediments to turn black. While natural phenomena can cause hypoxia, the
improper use of fertilizers and inadequately treated or untreated sewage exacerbates
the problem as water high in nutrients drains into streams, rivers, and the ocean.
Dead zones have been observed in the northern Gulf of Mexico, North Sea, Black
Sea, northern Adriatic, Chesapeake Bay, Kattegat Strait, and more.

Delta: A seaward prograding and fan-shaped sediment body deposited at the
mouth of a river. A bird-foot delta (e.g., the Mississippi River delta with its
levee-bordered distributaries) extends seaward and resembles the claws of a bird.
A cuspate delta such as the Ebro delta in Spain extends into the sea like an arrow.
An arcuate delta forms owing to tides and waves as in the case of the rounded
convex outer margin of the Nile delta in Egypt. Deltas provide fertile lands, support
commercial fishing, and tend to be locations with oil and gas deposits, but these
low-lying areas are also associated with severe flooding. For additional information
see the World Delta Database (Coleman and Huh 2004; www.geol.lsu.edu/WDD).

El Niño: Coupled ocean-atmospheric interactions across a broad expanse of the
equatorial Pacific Ocean with a global impact on weather patterns. The condition is
marked by a significant increase in sea surface temperature over the eastern and
central equatorial Pacific that occurs at irregular intervals, generally ranging
between two and seven years. Warming of the Humboldt current and shifting wind
patterns as a consequence of El Niño were determined to also impact the upwelling
of nutrient rich waters (off the coast of Peru and Chile) for marine species such as
anchoveta (Engraulis ringens), which in turn impacts other populations and makes
the ecosystem very vulnerable to conventional intensive fishery practices.

Enteric infections: The invasion and multiplication of microorganisms such as
amoebas (e.g., Giardia lamblia), bacteria, viruses, and parasites in the intestines.
Bacteria known to cause enteric infections are Escherichia coli, Vibrio cholerae,
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and several species of Salmonella, Shigella, and anaerobic streptococci. Enteric
infections are characterized by diarrhea, abdominal discomfort, nausea and vom-
iting. Floods may disrupt water sanitation infrastructure and spread enteric
infections.

Erosion: The movement of weathered or decomposed rock material or soil by
natural forces such as winds, waves, and currents. The combined increased fre-
quency of storms and sea level rise in response to global warming will contribute to
coastal erosion, especially where there are cliffs composed of soft rocks such as in
Pacifica, located along the Pacific Ocean coast in California, and Hapsburg, located
along the North Sea in East Anglia, England. Erosion problems can be worsened by
countermeasures that do not consider the effects on adjacent shores. Coastal erosion
may also be caused by river damming and diversion, owing to the loss of sediment
supply to the coast. Coastal development on Java Island in Indonesia including
conversion of mangrove forest to shrimp ponds has been linked to increased rates of
erosion.

Estuary: An embayment of the coast such as a river, bay, or lagoon where fresh
river water entering at its head mixes with the relatively saline ocean water. A North
American example is the St. Lawrence River, which connects the Great Lakes to the
Atlantic Ocean. Increasing water levels and salinity changes can be very damaging
to an estuary. Plants that are meant to be above the waterline such as least spikerush
(Eleocharis acicularis) are now being drowned, and there is ever-decreasing light
availability to submerged aquatic vegetation such as eelgrass (Zostera marina). Sea
level rise also increases the amount of flooding and erosion of coastal areas.
Inundation and salt water intrusion increases the salinity of water that was once
fresh.

Eustatic change: Global fluctuations in sea level due to an alteration in the
volume of water in the oceans or, alternatively, a change in the amount of water
owing to a change in the shape of an ocean basin. A eustatic sea level rise refers to
an increase in the volume of the world’s waters caused by the melting of polar ice
caps since the last ice age ended 11,700 years ago.

Evaporation: The process by which water changes from a liquid to a gas or
vapor. Hypersaline conditions in estuaries such as the Laguna Madre in the United
States (e.g., Kolker 2003) or the Coorong Estuary, Leschenault Estuary, and
Spencer Gulf in Australia (e.g., Wolanski 2014) occur as salinity levels rise during
the dry summer when higher temperatures increase levels of evaporation in the
estuary.

Extra-tropical cyclone: A cyclonic-scale storm that primarily gets its energy
from the release of potential energy when cold and warm air masses interact. These
storms always have one or more fronts connected to them, and can occur over the
land or ocean. The tracks of these storms affect weather in mid-latitudes.
Extratropical cyclones include blizzards, Nor’easters, and the ordinary low pressure
systems that give the continents at mid-latitudes much of their precipitation. Some
research meteorologists have provided evidence of an increase in the frequency of
winter storms and their intensity since the 1950s, and their tracks have shifted
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northward over the United States. Extra-tropical cyclones can produce a storm
surge and cause coastal erosion.

Fossil fuel: Organic materials formed from decayed plants and animals that have
been converted to crude oil, coal, natural gas, or heavy oils by exposure to heat and
pressure in the earth’s crust over hundreds of millions of years. The burning of
fossil fuels contributes carbon dioxide (CO2) to the atmosphere, which is one of the
greenhouse gases that allows radiative forcing and contributes to global warming.
High-emissions of CO2 have been linked to global warming and the melting of
Greenland ice sheets (Kintisch 2017).

Glacier: A large, perennial accumulation of ice, snow, rock, sediment and liquid
water originating on land and moving down slope under the influence of its own
weight and gravity. Glaciers are classified by their size, location, and thermal
regime and may terminate on land or in water. One of the largest glaciers in the
world is the Lambert-Fisher Glacier in Antarctica. Melting glaciers from global
warming cause increased runoff which contributes to sea level rise.

Greenhouse effect: Trapping and build-up of heat in the troposphere. Some of
the heat flowing back toward space from the Earth’s surface is absorbed by water
vapor, carbon dioxide, ozone, and several other gases in the atmosphere and then
reradiated back toward the Earth’s surface. If the atmospheric concentrations of
these greenhouse gases rise, the average temperature of the lower atmosphere will
gradually increase.

Greenhouse gases: Any gas that absorbs infrared radiation in the atmosphere.
Greenhouse gases include, carbon dioxide, methane, nitrous oxide, ozone,
chlorofluorocarbons, hydrochlorofluorocarbons, hydrofluorocarbons, perfluorocar-
bons, and sulfur hexafluoride.

Hadley cells: Thermally driven and zonally symmetric circulation pattern under
the strong influence of the earth’s rotation, first proposed in 1735 by George Hadley
(1685–1768) as an explanation for the trade winds. It consists of rising air at or near
the Equator, poleward flow aloft, and sinking air at or near 30° north or south of the
Equator. Global warming will change the structure of Hadley cells.

Harmful algal blooms or HABs: A rapid increase in the population of algae in
an aquatic or marine environment. Very dense clouds of these organisms (blooms)
can change the color of the water to green, yellowish-brown, or red. Bright green
blooms may also occur as a result of blue-green algae, which are actually bacteria
(cyanobacteria). Only a few dozen of the many thousands of species of microscopic
and macroscopic algae (phytoplankton) are repeatedly associated with toxic or
harmful blooms. Species, such as dinoflagellates (e.g., Alexandrium tamarense,
Akashiwo sanguinea, Karenia brevis, and Pfiesteria piscicida) and the diatom
Pseudo-nitzschia australis produce potent toxins which are liberated when the algae
are eaten. harmful algal blooms can harm or kill marine animals, contaminate
shellfish, and threaten human life.

Heat Island: An urban area such as Los Angeles, California where temperatures
are higher than those of the surrounding non-urban area. As urban areas develop,
buildings, roads, and other infrastructure replace open land and vegetation. These
surfaces absorb more solar energy, which can create higher temperatures in urban
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areas. According to the U.S. Environmental Protection Agency, the annual mean air
temperature of a city with 1 million people or more can be 1–3 °C (1.8–5.4 °F)
warmer than its surroundings. In the evening, the difference can be as high as 12 °C
(22 °F). Heat islands can affect communities by increasing summertime peak
energy demand, air conditioning costs, air pollution and greenhouse gas emissions,
heat-related illness and mortality, and water quality. Actions to reduce the impact of
urban heat islands include increasing tree and vegetative cover.

Holocene: Period of geological time spanning the last 11,700 years from the end
of the Pleistocene period (and the end of the last ice age) to the present. Climatic
changes during this epoch have contributed to the melting of ice sheets in North
America and Europe and the retreat of glaciers. This warming continues to alter
landscapes and coastal zones owing to factors such as shifting precipitation pat-
terns, increased intensity of storms, and sea level rise.

Hurricane: An intense tropical cyclone in which winds tend to spiral inward
toward a core of low pressure, with maximum wind velocities that are greater than
or equal to 33.5 m/s (75 mph) for several minutes or longer. The term hurricane is
used in the Atlantic Ocean, Gulf of Mexico, and eastern Pacific Ocean. As an
example, tropical depression Harvey moved into the warm waters of the Gulf of
Mexico on August 22, 2017, and exploded rapidly into a major hurricane in
approximately 40 h. Harvey made landfall as a Category 4 Hurricane with winds of
209 km/h (130 mph) near Rockport, Texas on August 25, 2017. Hurricane Harvey
dropped 1–1.5 m (40–61 in.) of rainfall in southeast Texas and southwest
Louisiana and created a catastrophic flood disaster in southeast Texas.

Hydrologic cycle: The process of evaporation, vertical and horizontal transport
of vapor, condensation, precipitation, and the flow of water from continents to
oceans. It is a major factor in determining climate through its influence on surface
vegetation, the clouds, snow and ice, and soil moisture. The hydrologic cycle is
responsible for 25–30% of the mid-latitudes’ heat transport from the equatorial to
polar regions.

Hydrosphere: All the waters on the earth’s surface including clouds, oceans,
seas, rivers, lakes, underground water etc. Like the atmosphere, the hydrosphere is
in constant movement through land drainage from rivers and streams and circula-
tion in estuaries and ocean currents. Ocean currents are particularly important in
transferring heat from the equator toward the poles.

Hypoxia: Low or depleted oxygen in coastal ocean and freshwater environments
that is associated with the overgrowth of algae, which can lead to oxygen depletion
when they die, sink to the bottom, and decompose. These areas of low dissolved
oxygen concentration are called “dead zones” because animals can suffocate and
die. Dead zones caused by agricultural run-off and other pollutants are found all
around the world. Examples include Lake Erie, Chesapeake Bay, Lake Tai in
China, the Adriatic Sea, Baltic Sea, Black Sea, and Gulf of Mexico.

Impervious surface: Surfaces such as roofs, solid decks, driveways, patios,
sidewalks, parking areas, tennis courts, and concrete or asphalt streets that impede
the natural infiltration of water into the soil. Since impervious surfaces seal the soil
surface, eliminating rainwater infiltration and natural groundwater recharge, they
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contribute to increased surface runoff and flooding. Elvidge et al. (2004) discuss the
impact of constructed areas in the United States on local hydrology, climate, and
carbon cycling.

Infrared radiation: Electromagnetic radiation from 700 to 1 mm. Infrared
radiation wavelengths are longer than the red (620–750 nm) in the visible part of
the spectrum (390–700 nm), but shorter than microwave radiation. Infrared radia-
tion can be perceived as heat. The Earth’s surface, the atmosphere, and clouds all
emit infrared radiation, which is also known as long-wave radiation. For Earth’s
temperature to remain stable, the amount of incoming solar radiation (e.g., visible
light, ultraviolet, and infrared radiation) should be roughly equal to the amount of
infrared leaving the atmosphere.

Inundation: The submergence of land by water, particularly in a coastal setting.
The effect, result, or outcome of inundation is potential loss of life, economic
losses, and adverse social—environmental impacts. Inundation caused by storms
may be measured by water level gages, which provide important information on
how high water levels rise and their duration at a particular location. This type of
data has proven useful for communities that are interested in preparing for sea level
rise. Cities such as Annapolis, Maryland in the United States, located at the con-
fluence of the Severn River and Chesapeake Bay, have flooded in the past and
continue to be at risk of flooding. Historic coastal structures in Annapolis such as
the Sands House (c. 1740) are considered to be highly vulnerable to future flooding.

Invasive species: Any kind of living organism (e.g., bacteria, fungus, plant,
insect, mollusk, fish, reptile, or mammal) that is not native to an ecosystem and
which causes harm. Most commercial, agricultural, and recreational activities
depend on healthy native ecosystems. For this reason, the impacts of invasive
species on natural ecosystems and the economy costs billions of dollars each year.
In the United States, costly effects include clogging of water facilities from quagga
(Dreissena bugensis) and zebra (Dreissena polymorpha) mussels and clogging of
waterways from aquatic plants such as the weed hydrilla (Hydrilla verticillata) and
giant salvinia (Salvinia molesta), disease transmission, harm to fisheries, and
increased fire vulnerability and diminished grazing value.

IPCC: Intergovernmental Panel on Climate Change. This is the extensive group
of scientists that have been responsible for publishing the series of assessment
reports on climate change.

Isostasy: The balance between changes within the Earth’s crust and mantle,
where material is displaced in response to an increase (isostatic depression) or
decrease (isostatic rebound) in mass at any point on the Earth’s surface above. Such
changes are frequently caused by advances or retreats of glaciers. Govers (2009)
theorized that isostasy sealed off the Mediterranean Sea from the Atlantic Ocean
five million years ago.

Isostatic change: Local fluctuations in sea level in response to an increase or
decrease in the height of the land. When the height of the land increases in a place
such as Richmond Gulf in southeastern Hudson Bay, the sea level falls and when
the height of the land decreases in a place such as the Chesapeake Bay the sea level
rises. In addition to the sinking of land that was elevated at the edge of a glacier,
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subsidence may be caused by non-geological processes. For example, land subsi-
dence in the Houston-Galveston, Texas, area and in the Santa Clara Valley,
California area were caused by petroleum extraction in Texas and groundwater
withdrawals, as well as ground water withdrawals in California. For these reasons,
isostatic change refers to local sea level changes while eustatic change refers to
global sea level change.

Lagoon: A shallow water body found on all continents which receives little if
any fluvial input and is connected to the ocean by coastal inlets. Extreme storms
causing the inundation of lagoons by the coastal ocean will change the salinity and
possibly alter the ecosystem. Salinity can have a great impact on the type of
organisms that live in a body of water such as the Pamlico Sound in North Carolina,
the Laguna Madre in Texas, the Laguna Madre de Tamaulipas in Mexico, Lake
Nokoué in Benin and Lake Piso in Liberia.

Landfast ice: A type of sea ice that is anchored to shore, grounded icebergs, or
the shallow seafloor. It does not move with the winds or currents. Landfast ice is
particularly important to polar bears (Ursus maritimus) and provides access to prey
such as ringed seal (Pusa hispida) pups.

Land and sea breezes: Breezes occurring near shorelines that are caused by
unequal heating of air over land and water. While the land is warm during the day,
air above it rises, and a cool breeze blows in from the sea. As the land cools off at
night, air pressure over it increases, and a cool land breeze blows out to the sea. The
leading edge of a sea breeze or sea breeze front can provide a trigger to daily coastal
thunderstorms.

Land subsidence: The gradual settling or sudden sinking of the Earth’s surface
owing to subsurface movement of earth materials. Coastal and delta cities around
the world are especially susceptible to the sinking of land from the extraction of
groundwater, oil, and gas and the drainage of soils (Showstack 2014).

La Niña: Coupled ocean-atmospheric interactions across a broad expanse of the
tropical Pacific Ocean with a global impact on weather patterns. The condition
refers to the extensive cooling of the central and eastern tropical Pacific Ocean,
often accompanied by warmer than normal sea surface temperatures in the western
Pacific, and to the north of Australia. La Niña events are sometimes thought of as
the opposite of El Niño.

Levee: An artificial bank confining a river or stream channel or limiting adjacent
areas subject to flooding. Levees help protect people in the Netherlands from
flooding by the North Sea, in Canada from flooding by the Bay of Fundy, and in the
United States from flooding by the Mississippi river. Earthen levees must be
maintained owing to erosion, especially since failure at one location can result in a
catastrophic failure for an entire levee system.

Living shorelines: Shoreline protection that provides erosion control benefits
through the strategic placement of plants, stone, sand fill, and organic structural
materials such as “biologs” and oyster reefs. Biologs are made of biodegradable
(e.g., coconut fiber) materials bound by high strength twisted netting and may be
staked to an eroding shoreline to help attenuate wave energy. Oyster larvae typi-
cally settle on the shells of other oysters, forming dense, expansive clusters or
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colonial communities known as oyster reefs, bars or beds. They may also settle on
blocks of concrete, limestone, crushed shell and silica.

Longwave radiation: Radiation emitted in the spectral wavelength greater than
about 4 lm (4000 nm), corresponding to the radiation emitted from the Earth and
atmosphere. Heat resulting from the absorption of incoming shortwave radiation
and the emission of longwave radiation warms the lower atmosphere and the
Earth’s surface.

Macro algae: Large marine and aquatic photosynthetic plants (seaweed) that can
be seen without the aid of a microscope. Macro algae are ecologically and eco-
nomically important primary producers and play key roles in coastal carbon cycles.
These sessile organisms are impacted by factors such as land runoff, water pollu-
tion, and increasing water temperatures. Macroalgae beds (e.g., Ascophyllum
nodosum, Gracilaria pacifica, Fucus gardneri, and Sargassum muticum) provide
important ecosystem goods and services and the degradation of these systems will
have far reaching consequences to society.

Megacities: Cities with populations over 10 million such as Tokyo in Japan,
Jakarta in Indonesia, and Seoul in South Korea. Megacities have the potential to
contribute significantly to the emissions of greenhouse gases and pollutants.

Meridional Overturning Circulation (MOC): A global-scale circulation cell
where surface waters from high latitudes are cooled, become denser than sur-
rounding waters, sink, and then flow towards the equator. The stability and vari-
ability of MOC advects warm surface water, forms deep-ocean currents, and affects
climate. For example, the North Atlantic Current, which is the upper limb of the
MOC in the North Atlantic, moderates the climate of western Europe in comparison
to other worldwide regions located at similar latitudes. Researchers such as Liu
et al. (2017) have illustrated global warming impacts to the Atlantic MOC which
result in the intensification of Atlantic hurricanes.

Monsoon: A thermally driven wind arising from differential heating between a
land mass and the adjacent ocean that reverses its direction seasonally. The India
monsoon is caused by the asymmetric heating and cooling of the Indian Ocean
during summer and winter. It blows from the northeast during cooler months and
reverses direction to blow from the southwest during the warmest months of the
year. This process brings large amounts of rainfall to India during June and July.

Morphodynamics: The study of landscape and seascape changes due to erosion
and sedimentation. Rising sea level, increases in storm intensity, and storm fre-
quency increase the magnitude of forces which impact complex and impermanent
coastal systems. Combinations of high-resolution, high-precision spatiotemporal,
process-based field observations with numerical models are being applied to predict
the evolution of the estuaries, beaches, tidal inlets, and hydrography of the coastal
zone.

Mud: Wet clay and silt-rich sediment. Silt and clay sediments hold many
answers to climate change. Olajos et al. (2017) have found that deoxyribonucleic
acid (DNA) in lake sediment forms a natural archive displaying when various fish
species colonized lakes after the glacial period.
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Neap tides: Tides of decreased range or tidal currents of decreased speed
occurring semimonthly as the result of the Moon being in quadrature. During neap
tides, water levels may increase when combined with flood drivers such as storm
surge or river discharge.

Northeasters: An extratropical cyclone with winds blowing from the northeast.
In parts of the United States such as New England, these storms are called,
“nor’easters.” A 22 m/s (50 mph) nor’easter during January 1987 combined with a
high tide cut a new inlet through North Beach in Cape Cod, Massachusetts forming
what the locals call, “South Beach Island.” The new inlet has narrowed in recent
years as the southern tip of North Beach Island has lengthened, pushing the coastal
inlet against an eroding South Beach.

Nutrients: Substances that provide nourishment for growth or metabolism.
Plants absorb nutrients and animals obtain nutrients from ingested foods. Too
many nutrients entering coastal waters (e.g., nitrogen and phosphorus) will cause an
excessive growth or bloom of algae followed by low levels of dissolved oxygen.

Ocean acidification: Increased concentrations of carbon dioxide in sea water
causing a measurable increase in acidity (i.e., a reduction in ocean pH). This will
impact calcifying organisms such as corals and mollusks.

Perigean spring tide: A tide occurring when the moon is either new or full and
closest to Earth (perigee). Perigean spring tides may cause minor coastal flooding in
very low-lying areas such as Fort Lauderdale, Florida. It is expected that occur-
rences of minor “nuisance” flooding at the times of perigean spring tides will
increase as sea levels rise relative to the land.

Pleistocene: The epoch of geologic time, informally called the ‘The Great Ice
Age’ that began *1.8 million years ago and ended *8000 years ago. During this
interval continental glaciers repeatedly formed and covered significant parts of the
Earth’s surface.

Radiative Forcing (RF): Positive RF leads to surface warming, negative RF
leads to surface cooling. RF estimates take account of observed conditions, prop-
erties of greenhouse gases, and numerical model characterizations of observed
processes (IPCC 2013).

Recession: Landward movement of the shoreline over a specified period of time.
Rates of shoreline recession are higher on beaches exposed to high wave energy.

Relative sea level rise: The increase in ocean water levels at a specific location,
taking into account both global sea level rise and local factors, such as local
subsidence and uplift. Relative sea level rise is measured with respect to a specified
vertical datum relative to the land, which may also be changing elevation over time.

Representative Concentration Pathways (RCPs): Four greenhouse gas con-
centration (not emissions) trajectories adopted by the Intergovernmental Panel on
Climate Change (IPCC) (Moss et al. 2008). The pathways are used for climate
modeling and research. They describe four possible climate futures, all of which are
considered possible depending on how much greenhouse gases are emitted in the
years to come. Each different RCP is distinguished by their radiative forcing (in
Watts per square meter or W/m2) in the year 2100 relative estimated 1750 values.
The four scenarios are: (1) 2.6 W/m2 for scenario RCP2.6; (2) 4.5 W/m2 for
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scenario RCP 4.5: (3) 6.0 W/m2 for scenario RCP6.9; and (4) 8.5 W/m2 for sce-
nario RCP8.5. Model simulations carried out for each scenario assumed CO2

concentrations by 2100 to be: 421 ppm for RCP2.6; 538 ppm for RCP4.5;
670 ppm for RCP6.0: and 936 ppm for RCP 8.5.

Resilience: A capability to anticipate, prepare for, respond to, and recover from
significant multi-hazard threats with minimum damage to social well-being, the
economy, and the environment.

Saffir-Simpson scale: A 1–5 rating based on a hurricane’s sustained wind speed
and potential property damage. Hurricanes reaching Category 3 and higher are
considered major hurricanes because of their potential for significant loss of life and
damage. Category 1 and 2 storms are still dangerous, however, and require pre-
ventative measures. The scale was originally developed by civil engineer Herb
Saffir (1917–2007) and meteorologist Bob Simpson (1912–2014). It has been an
excellent tool for alerting the public about the possible impacts of various intensity
hurricanes.

Salinity: The dissolved salt content of a body of water. Marine salinity levels are
influenced by a number of factors including rainfall, evaporation, inflow of river
water, wind, and melting of glaciers. Salinity plays a critical role in the water cycle
and ocean circulation.

Sand: Loose particles of rock or mineral (sediment) that range in size from
0.0625–2.0 mm in diameter. Sands are common type of marine sediment that are
transported alongshore to produce sandy beaches.

Saltwater intrusion: Displacement of fresh or ground water by the advance of
salt water due to its greater density, usually in coastal and estuarine areas.

Sea level rise: The upward trend in average sea level height. Causes of sea level
rise include the thermal expansion of seawater by warming of the ocean and
increased melting of land-based ice, such as glaciers and ice sheets. Higher sea
levels allow floods to push farther inland and future rising sea level impacts may be
foreshadowed by recurring flooding occurring during spring tides.

Sinkhole: A depression in the surface commonly found in karst landscapes.
Sinkholes often form where limestone or some other soluble rock is partially dis-
solved by groundwater, then collapses to form a depression.

Social vulnerability index: A tool using census variables to help local officials
identify communities that may need support in preparing for hazards, or recovering
from disaster. Social vulnerability refers to the resilience of communities to stressor
related to natural or human-caused disasters, disease outbreaks, etc. Reducing social
vulnerability can decrease both human suffering and economic loss.

Spring tide: Tides of increased range or tidal currents of increased speed
occurring semimonthly as the result of the Moon being new or full.

Storm surge: An storm-induced rise of water, over and above the predicted
astronomical tides.

Subsidence: Land sinking as the result of multiple causes including compaction
of coastal sediments, sinking under the shear weight of large urban centers, with-
drawal of groundwater or oil, and regional tectonic effects. Subsidence is added to,
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and exacerbates, sealevel rise. Most of the world’s river deltas are experiencing
subsidence.

Sustainment: The capacity of a system to endure. Coastal sustainability would
relate to the maintenance of rates of renewable resource harvest (fisheries), pollu-
tion creation, and non-renewable resource depletion that can be continued indefi-
nitely. Sustainment considers topics from coastal economics to climate change to
protecting threatened species. It focuses on maintaining the quality of life and
benefits that the coast has provided to humankind while sustaining the integrity of
coastal ecosystems.

Symbiosis: Any type of a close and long-term biological interaction (beneficial
or negative) between two different biological organisms, be it mutualistic, com-
mensalistic, or parasitic.

Thunderstorm: A rain-bearing cloud that also produces lightning. Every
thunderstorm produces lightning. All thunderstorms are dangerous.

Tidal current: The horizontal movement of water resulting from gravitational
effects of the Earth, Sun, and Moon, without any atmospheric influences.

Tide: The vertical fluctuations in water level resulting from gravitational effects
of the Earth, Sun, and Moon, without any atmospheric influences. As sea levels rise
high tides will cause seawater to reach further inland. In some locations, tidal
flooding is causing erosion, aquifer and agricultural soil contamination, and lost
habitat for fish, birds, and plants.

Tornado: A violently rotating column of air, usually pendant to a cumu-
lonimbus, with circulation reaching the ground. It nearly always starts as a funnel
cloud and may be accompanied by a loud roaring noise. On a local scale, it is the
most destructive of all atmospheric phenomena.

Tropical cyclone: A warm-core non-frontal synoptic-scale cyclone, originating
over tropical or subtropical waters, with organized deep convection and a closed
surface wind circulation about a well-defined center. Once formed, a tropical
cyclone is maintained by the extraction of heat energy from the ocean at high
temperature and heat export at the low temperatures of the upper troposphere. In
this they differ from extratropical cyclones, which derive their energy from hori-
zontal temperature contrasts in the atmosphere (baroclinic effects).

Troposphere: The lowest part of the atmosphere from the surface to about
10 km (6.2 mi) in altitude in mid-latitudes (ranging from 9 km (5.6 mi) in high
latitudes to 16 km (9.9 mi) in the tropics on average) where clouds and “weather”
phenomena occur.

Tsunami: A long-period wave caused by an underwater disturbance such as a
volcanic eruption or earthquake. Schnyder et al. (2016) have provided evidence for
large submarine landslides on the slopes of the Great Bahama Bank in the
Caribbean that have generated tsunamis in the past.

Typhoon: A tropical cyclone in the western Pacific Ocean. Typhoon Tip (aka
Typhoon Warling) is an example of a typhoon that rapidly intensified over the open
waters of the western Pacific Ocean around October 10, 1979, and then began to
weaken steadily after passing east of Okinawa and finally making landfall on the
Japanese island of Honshū with winds of about 81 mph (130 km/h) on October 19,
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1973. Heavy rainfall from the typhoon caused severe flooding and contributed to a
devastating fire at Camp Fuji, a U.S. Marine Corps training facility located in the
Shizuoka Prefecture of Japan, at the base of Mount Fuji.

Upwelling: The process where favorable winds blowing across the ocean surface
push water away which allows deep, cold, and nutrient rich water to rise up from
beneath the surface to replace the water that was pushed away. Upwelling generally
occurs in the ocean along coastlines. Two important upwelling centers that vary in
strength and frequency occur along the coast from Washington to Southern
California in North America and along the coast from Peru to Chile in South
America.

Urban sprawl: Uncontrolled expansion of city buildings, houses, and shopping
centers from a city to undeveloped land near the city. Urban sprawl increases the
need for private automobiles and transportation infrastructure. Urbanization and
impervious surfaces decreases the volume of water that percolates into the ground,
and increases the volume and decreases the quality of surface water that eventually
reaches the coastal ocean.

Visible light: Electromagnetic radiation with wavelengths from 400 to 700 nm.
Visible light is located between ultraviolet at the short end and infrared wave-
lengths at the long end. Light absorption in the sea reduces the amount of visible
light rapidly with depth and at a depth of 200 m (656 ft) most of the visible light
has been absorbed.

Vulnerability: While vulnerability generally means a potential for harm, the
Intergovernmental Panel on Climate Change (IPCC) defined vulnerability as the
degree to which a system is susceptible to, and unable to cope with, adverse effects
of climate change, including climate variability and extremes. Vulnerability is a
function of the character, magnitude, and rate of climate change and variation to
which a system is exposed, its sensitivity, and its adaptive capacity (IPCC 2007).
Vulnerability may refer to the identification of resources at risk from coastal haz-
ards such tropical storms, which have the potential for causing damage to, or loss
of, natural ecosystems, buildings, and infrastructure.

Water level: Elevation of still water level to some datum. Water levels fluctuate
as a result of astronomical tides, basin oscillations, climatological effects, evapo-
ration and precipitation, geological effects, storm surge, and tsunami. The water
level dictates where waves can reach and attack the coastal zone.

Wave: A ridge, deformation, or undulation of the surface of a liquid.
Understanding the interaction of waves with maritime operations such as docking
ships, building and maintaining coastal structures, and protecting navigation
channels and beaches is critical for coastal resilience.

Weather: The day-to-day state of the atmosphere as regards to sunshine, tem-
perature, humidity, precipitation, wind, cloudiness, moisture, pressure, etc. Weather
forecasters apply technology (e.g., meteorological satellites and Doppler radar) and
science to predict the state of the atmosphere for a future time and at a given
location. This includes collecting as much data as possible and using these
observations as input to numerical computer models through a process known as
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data assimilation to produce outputs of meteorological elements from the surface of
the ocean to the top of the atmosphere.

Wind waves: Waves being formed and built by the wind. Wave height is
affected by wind speed, wind duration (how long the wind blows), and fetch (the
distance over which the wind blows).

Wind stress: The way the faster moving wind transfers energy to the slower
moving water. Wind stress drives currents and forces waves and storm surges,
which leads to flooding during the passage of storms such as hurricanes.
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