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Sustainability Risks of Coastal Cities from Climate Change
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Abstract: Issues influencing the sustainability of coastal cities are assessed, reflecting the combination of impending
sea level rise and storm surges, and increasing growth in populations in coastal cities. Geologic-time scales are utilized
to draw parallels to characterize relevant historical occurrences that help to understand the context of projections of
impending sea level rise issue to year 2100. Given that Antarctica holds sufficient water to raise global sea levels by 58
m if the ice were to melt, this indicates that even a small percentage of melting of the polar ice caps, should this occur,
will have enormous implications to the sustainability of coastal cities which are projected to hold 12.4 percent of the
world’s population by 2060. The result is the combination of predicted sea level rise and associated storm surges
indicate that drastic measures must be promoted to improve the sustainability of coastal cities.
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INTRODUCTION

Awareness continues to grow that climate change
has enormous implications to water supply security
issues. Nowhere is this more relevant than in coastal
cities. Increasing the concern is that the world’s
populations are dramatically increasing, and water-
related disasters are occurring at unprecedented rates.
The array of issues indicate that water security issues
will be one of the most important challenges of the 21%
Century [1].

Extensive writings are now acknowledging that
current trends of water security are untenable. Most
researchers are developing their arguments based on
recent data records (e.g. [2-15], and many more).
However, it is equally appropriate, as well as equally
foreboding, to examine geologic timeframe information
as it relates to water security issues [16]. In geologic-
time dimensions, the assessments described in this
paper are based in part on the information assembled
from geologic-time data. As described in Clough [16],
and expanded upon herein, the geologic-time
inferences and data interpretations demonstrate
important illustrative dimensions that help to explain the
urgency and context of current climate change
interpretations that influence the future sustainability of
the world’s coastal cities.

Due to projected sea level rise, storm surges and
tsunamis, as well as issues arising from population
growth in coastal cities, the sustainability implications
for coastal cities are profound. This paper describes
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some of these important ramifications in terms of
exposure risks that will dramatically influence the long-
term sustainability of coastal cities.

SEQUENCE OF EVENTS OVER GEOLOGIC-TIME

The implications arising from the effects of both
climate change and population growth exist with
dimensions including, but not limited to, intensive
rainfall events, rainfall-induced mudslides, decline of
groundwater levels, drought, and onshore storm surges
and tsunamis. In many respects, some climate change
impacts have been evident for decades. However, as
will be described below, impacts which are being
reported in the media today can be paralleled to
transformative events which have occurred over
geologic-times measured in millions of years. In fact,
these issues are now being demonstrated through
elaborate and exhaustive explorations of events over
geologic-time, and are being supported by increasing
amounts of information which are providing awareness
and understanding.

Although the impacts of climate change influence
the entire world, climate change implications are
particularly relevant to cities along the world’'s
coastlines due to impacts that include, but are not
limited to, flooding, hurricanes and storm surges,
erosion, and saltwater intrusion. Approximately 40% of
the world’s population lives within 100 km of a
coastline, in an area constituting just 10% of the earth’s
land surface [17, 18]. In 1998, over one-half the
population of the planet (about 3.2 billion people) lived
and worked in the coastal strip just 200 km wide while
a full two-thirds, four billion, were found within 400
kilometers of an oceanic coast [19].
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An alternative means of identifying the magnitude of
sustainability issues for coastal cities is to use the Low-
Elevation Coastal Zone, or LECZ, as a metric defined
as any contiguous and hydrologically connected zone
of land along coastlines less than 10 m of elevation
above current mean sea level [20]. Most of the world’s
megacities are located in the LECZ [21], and many are
situated in large deltas. As Neuman et al. and Merkens
et al. [22,23] have indicated, the populations of the
LECZ are predicted to reach the proportions listed in
Table 1, such that large percentages, specifically
12.4%, of the world’s population, is projected to be in
the LECZ by 2060. More specifically, the most
susceptible countries in terms of populations at risk
include China, India, Bangladesh, Indonesia, Viet Nam,
Egypt, Nigeria, and The Netherlands where, for
example [22], Bangladesh has 40% of its population in
the LECZ, and The Netherlands has 73% of its
population in the LECZ.

Table 1: Populations of LECZ and of the World, with
Time (as per [22])

Population in World Percentage ?f
(in billions) (in billions) LECZ
2000 0.63 6.1 10.3
2030 0.88-0.95 8.7 10.1-10.9
2060 1.4 1.3 12.4

Large percentages of the world’s population live on,
or near, coastlines for reasons including those of
commerce, to facilitate the shipping of goods,
tourism/recreation, and the supply of subsistence
resources. With intensifying impacts arising from
climate change (measured by rising ocean levels and
stronger hurricanes/typhoons and severe storm
surges), there are important implications to coastal
cities as a result of their location. By gaining
perspectives and understanding of historical events,
improved understanding of ongoing issues influencing
sustainability become more evident.

Consider geologic-time which stretches over a
period of 4.6 billion years, since the formation of the
Earth (as indicated by Windley, [24]). Sediment cores
and isotope measures from the deep ocean horizons
revealed a climate event 55 million years ago that is, in
many ways, analogous to the current potential global
warming circumstances. During this Eocene period,
there were large releases of carbon dioxide, specifically
during the Paleocene Eocene Thermal Maximum

(PETM), wherein 4000 to 7000 billion tonnes of carbon
were released into the atmosphere within a few
millennia [25,26]. These emissions have been linked to
a catastrophic release from sea-floor methane hydrate
reservoirs [27]. The temperature and carbon isotope
signals at the PETM may be explained by the rapid
release of a large amount of isotopically light carbon to
the atmosphere as CO, and CH,, the oxidation of any
CH, to CO,, and the acidification of the ocean by CO..
These events lowered the pH, increased dissolution of
CaCOg;, and resulted in profound changes to both the
carbon cycle and the acidity levels of oceans, causing
large swathes of marine chalk to dissolve. Another
possible explanation of the massive release of carbon
is the oxidation of organic-rich sediments during the
India-Asia collision that may also have acted as a
driving mechanism for elevated CO, concentrations in
the atmosphere [28].

In response to the carbon emissions during the
PETM, atmospheric CO; levels increased and were in
the range of 650-3500 ppm [29]. The result of these
carbon dioxide releases to the atmosphere created
atmospheric concentrations greater than 1000 ppm,
which have been characterized as having led to an
increase of global average temperatures of 5° to 8° C
due to the large perturbation of the carbon cycle [25,
26, 30-34]. The CO;, levels in the PETM are reported to
have been followed by their gradual attenuation over
several hundred thousand years [35].

For purposes of allowing comparisons with current
times, the Anthropocene is a proposed epoch
representing an era defined by timeframes in which
humanity has significantly influenced the earth’s
geology and ecosystems. Alternative definitions of the
starting point of the Anthropocene exist, but one is that
the  Anthropocene began about 1950 (see
http://www.telegraph.co.uk/science/2016/08/29/earth-
entered-new-anthropocene-epoch-in-1950-scientists-
say/)). Other definitions for the start of the
Anthropocene in approximately 1950 have been
suggested as the time of nuclear weapons fallout (e.g.
plutonium 239 used in 1945 in aboveground nuclear
weapons tests [36]). As depicted in Figure 1, on a
timeline relevant to the Anthropocene, the dramatic,
increasing human populations over time are clearly
evident.

It follows that the human influence on the global
hydrologic cycle is now considered the dominant force
behind changes in water resource systems on a global
scale, resulting in the Anthropocene as the new
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Figure 1: Population growth over time.

geological epoch. The potential ramifications of human
input become clearer with recognition that current
greenhouse gas emissions magnitudes are estimated
as 35-40 billion tonnes/year or, equivalently, that
collectively, the releases will approximately equal the
total PETM releases in 100 to 175 years for carbon
dioxide pumped into the atmosphere assuming they
continue at their current rate. The current (2015)
emissions are two-thirds larger than emissions in 1990,
showing alarming increases over time [37].

Given the above, these PETM issues are useful in
understanding how today’s ongoing climate change
may impact the sustainability of coastal cities:

1. Example of Evolution of Continental Systems
That Demonstrate Engineers Can Influence
Nature, But Engineering Has Limitations -
Figure 2 depicts how North America would have
looked 50 million years ago in the early Eocene
(from Blakey [38]). The most important
observations that differentiate the present-day
North American landscape from that of the early

Eocene, include: (i) Hudson’s Bay did not yet
exist, (ii) Florida was under water, and (iii) land
access existed between Asia and North America,
indicating the low sea level allowed human
migration from Asia to the Americas [39].

Over the subsequent 50 million year period to
present, surface water flows which were
northward across North America (see Figure 2a
of [40]) in the Eocene evolved to the current
situation (Figure 2b of [40]) where the primary
drainage now flows south via the Mississippi-
Missouri River.

Global Mean Temperatures Change Over
Time - The Global Mean Surface Temperatures
from 1880 to present are illustrated in Figure 3
[41]. These results show the rapid increases in
global temperatures that have occurred over the
last 125 year period. Figure 3 demonstrates
temperatures followed a steady increase in
recent years, and that 2016 was the warmest
year on record.
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Figure 2: North America in eocene epoch [38].

4.

Atmospheric Carbon Dioxide Levels Are
Increasing at an Unprecedented Rate -
Atmospheric CO;, concentrations for the period
from 45000 years ago to 15000 years ago
hovered around 200 ppm CO, ppm; followed by
a relatively rapid escalation to 260 and slower
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increases to 280 ppm CO; until about 1000
years ago; finally, very rapid increases from 280
to the current level of 365 ppm CO; in the last
few hundred years [42]. Given the reference
above to atmospheric carbon dioxide exceeding
1000 ppm, the rapid increases over the last 1000
years indicate that while CO; levels are currently
only one-third those in the Eocene, the large
magnitude and rate of increase of the CO,
emissions in the Anthropocene is a major cause
for concern.

Sea Level Changes Over Time Have Been
Large - The global average absolute sea level
changes over the period 1880 to 2015 have risen
by 9 cm (3.5 in) in the last 130 years [43]. In the
longer, historical context as depicted in Figure 4,
sea levels have risen by 122 m (400 ft) over the
last 18000 years as a result of the post-glacial
sea level rise as reported in Titus et al. [44].
Added to the abscissae of Figure 4 are the times
of the Holocene and the age of industrialization
to provide context. With the onset of
deglaciation, rapid changes in sea level
occurred, culminating in responses due to major
ice-loss events related to ice sheet collapse (in
particular, occurring in Antarctica) [45-47].

The above indicate changes in temperature, carbon
dioxide, and sea levels that have occurred. During the
last glacial period, the most recent "Glacial period" that
took place from circa 110,000 to approximately 8,000
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Figure 3: Temperature differences from 1980-2015 mean (after NASA, 2017).
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Figure 4: Post — Glacial Sea Level Rise. Reference: Adapted from Wikipedia. Sea Level Rise, accessed Nov 8, 2016 — This
figure was prepared by Robert A. Rohde from published data, and is incorporated into the Global Warming Art project.

years ago. These dimensions of fluctuations [48],
showing escalation of both CO, and sea level changes
over time indicate some of the context of evolution to
where the world is today.

WATER EQUIVALENTS IN THE ANTARCTIC AND
ARCTIC OF POLAR REGIONS

Investigation of the potential for sea level rise in the
future must include the implications of the melting of ice
in the polar regions. The Greenland and Antarctic ice
sheets combined hold 99% of the world’s fresh water.
Although Antarctica and Greenland are deserts (with
about 8 mm/yr liquid equivalent of precipitation), there
are such enormous quantities of water in these polar
regions that even a minor fraction of melting has
important implications to sea levels for low-lying lands
(and hence, the environment of the earth’s population
living in the LECZ) as described below.

The area of Antarctica is 14x10° km® or
approximately twice the size of Australia or continental
US. There is, on average, 2750 m (9000 ft) of ice and
15 m (500 ft) of land above current sea level in
Antarctica. At the South Pole, ice thickness peaks at
4776 meters [45]. As a result of these enormous
volumes of ice, Antarctica holds sufficient water to raise
global sea levels by 58 m if all of the ice melted [45]. It
is noted that although the melting of the Antarctica ice
will be at a slow rate (potentially requiring

approximately 1500 years), even small percentages of
polar ice cap melting will have enormous implications
to sea level rise as melting continues. Even a two
percent melting of Antarctica will translate to a 1.2 m
change in the mean sea level. From available
evidence, there is likely to be a continued melting in
both polar regions with no replacement of ice mass due
to the abovementioned desert conditions.

IMPLICATIONS OF SEA LEVEL RISE COMBINED
WITH POPULATION INCREASES

Even today, groundwater is a primary source of
drinking water in many coastal areas. An example of
the existing precarious issues of security of water is
from Lacombe and Carleton and Barlow and Reichard
[49, 50] who have shown that groundwater withdrawals
have lowered groundwater levels by 30 m, and are
below existing sea levels, resulting in intrusion of
salinity into the groundwater aquifer. As sea levels rise,
onshore storm surges intensify, and as populations
increase, salinity intrusion issues will intensify.

Onshore storms also highly influence the
sustainability of coastal cities. Hurricane Katrina in
2005 generated an 8.47 m surge [51] which claimed
more than 1800 lives in Mississippi and Louisiana.
Meteorologic, oceanographic and geographic factors
influence the extent of impact of storm surges and
hence, the magnitudes are location-specific, but the
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result of the above is that our abilities to protect coastal
regions are limited. When the storm surge magnitude
of 847 m is combined with sea level rise of
approximately 1 m by 2100, the LECZ definition of
12.4% of the projected world’s population by 2060 at
risk indicates the challenge.

Sea level rise as relevant to current times is being
estimated as between 2.6 to 2.9 mm/year since 1993
(Watson et al., 2015) [52]. For the period 1870 to 2004,
global average sea levels are estimated to have risen a
total of 195 mm [53]. Given the above circumstances,
and indication of the implications of these changes and
where people live, the 20 coastal cities at greatest risk
in the world according to Nicholls et al. [54] are
indicated in Figure 5 are at greatest risk due to coastal
flooding. As climate changes, larger cyclonic storm
surges are occurring. Flood exposures are increasing
in coastal cities owing to increasing populations and
assets/infrastructure. Compounding the effect is that in
China, the world’s most populous country, migration is
causing the growth of populations in coastal areas to
be at three times the country’s natural rate of
population growth [22]. From cities illustrated in Figure
5, logic demonstrates the economic threats (population
levels and level of commerce and trade activity) from
rising seas are enormous.

Sea level rise predictions indicate that a 400 mm
(15 in) rise would result in 7 to 10 million refugees in
Bangladesh alone, and a rise of 200 mm (8 in) would
create 740 thousand climate refugees in Nigeria [48].
Sea level rise is one of the lines of evidence that
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Figure 5: The top 20 cities exposed to coastal flooding [54].

supports the awareness that global climate is warming
(e.g. see https://blogs.scientificamerican.com/news-
blog/maldives-drowning-carbon-neutral-by-2009-03-
16/).

A sea level rise of between 0.3 m to 1.22 m from
current conditions is predicted by 2100 (which is not
infeasible when viewed in the context of Antarctica
melt, as referred to above). This prediction includes the
effects of thermal expansion of water and the
progressive melting of major ice sheets and glaciers
(IPCC, 2013) [48].

Further magnifying the sea level impacts to coastal
cities are storm surges. However, the magnitude of
greatest interest is not sea level alone but the elevation
above mean sea level, namely the storm tide. For
example, a 6 m storm surge would result in a 7 m
storm tide if the surge happened at a high tide of 1 m.
However, waves on the top of the storm tide break
when they reach shallow water, resulting in an external
‘high water mark’. The result, in Biloxi, Mississippi, for
example, was a high tide of .3 m, and 3.7 m high
waves on top of the 7.3 m storm surge (at Biloxi) in
Hurricane Katrina; the result was a high water mark of
11.4 m [55].

The inundation, flooding, coastal erosion and
saltwater intrusion associated with the sea level rise
and storm tide will result in enormous issues for
sustainability of coastal cities. The inundation, flooding,
coastal erosion, and saltwater intrusion will be severely
impacting the sustainability of coastal cities. Storm
surges and the associated salinity intrusion, are
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worsened by extreme events such as hurricane/
typhoon storm surges. ‘Once in a century’ storm surges
may become ‘once in a decade surges’ [56]. People
are becoming increasingly hesitant; even now, real
estate buyers are not asking how close a home is to
the water’s edge but instead, “how far back it is from
the waterline. How many meters above sea level? Is
the unit fortified against storm surges? Does it have
emergency power and sump pumps?” [57].

Even a relatively small sea level change may result
in large changes in risk because people and
infrastructure aren’t prepared to deal with the effects of
ocean level rise. In some locations, developments have
moved back further from the shore (e.g. in Texas, due
to recurring hurricanes) whereas in many other
locations, such adjustments are not evident.

Sustainable measures to adapt to climate change
are necessary. Coastal adaptation measures need to
reflect changes in storm tide in addition to sea level
rise. Indications of needs include:

1. Avoid attracting populations and assets by
constructing coastal defences which are
intended to protect them for today’s risks, but
may fail in future events;

2. Use an ‘ecosystems approach’ which can lead to
more sustainable solutions by taking into
account the value of ecosystems such as those
which support food, recreation and water
purification;

3. Broaden efforts to protect people and property
by considering conservation and restoration of
marshes, seagrass beds, coastal forests and
coral reefs that help to buffer coastlines from
waves and storm surge along with the
engineering solutions and provide collateral
benefits to people;

4, Include consideration of options such as prevent
backflow by pumps at wastewater outlets, and
adopt stormwater valves to address more
frequent and intense flooding;

5. Relocate facilities to higher elevations including
wastewater treatment plants; and,

6. Develop crisis management and contingency
plans to include early warning systems and
evacuation plans. Water rises quickly (e.g. 2to 3
m in just minutes), and the storm surge has
sufficient power to sweep a car away and

citizens must be made aware of these

circumstances.

The above are but a few of the approaches that
need to be considered, to improve the sustainability of
coastal cities.

CONCLUSIONS

With the increasing understanding of geologic-time
features related to sea level, the evidence is becoming
increasingly clear that climate, and in particular, sea
level rise and increased storm surges, support the
argument that these issues will be increasingly
challenging the sustainability of coastal cities. Given
the magnitudes of current greenhouse emissions in
comparison with CO, concentrations estimated as a
result of PETM CO, emissions, global warming is
clearly supportable. As well, with the magnitudes of
water in the polar ice caps such that even a small
increase in melting, the basis exists to support
increases in mean sea level rise having enormous
impacts to coastal cities. As a consequence,
projections indicate that approximately 12 percent of
the world’s population (those residing in the LECZ by
the year 2060) will be severely impacted in coastal
cities. The combination of an approximate 1 m rise in
sea levels and the concomitant storm surges (e.g. such
as the 8.7 storm surge in the case of Hurricane Katrina
in 2005) will greatly impact the sustainability of these
coastal cities.

Resilience and sustainability of coastal cities in
response to rising sea levels and population growth are
clearly at risk.

REFERENCES

[1] McBean, E., 2017, "Water Security, The Nexus of Water,
Food, Population Growth, and Energy", The Global
Environmental Engineers Journal. Vol. 3, 33-39 E-ISSN
2410-3624/16.

[2] Hamdy, A., and Liuzzi, G. T., 2004, "Mediterranean Climate
Changes: Water-Related Disasters, and Needed Measures
classification", 2004; Q 250, Q 280, New Medit N, 3-2004.

[3] Hoyois, P., and Guha-Sapir, D., 2004, "Disasters caused by
flood: preliminary data for a 30 year assessment of their
occurrence and human impact", Paper presented at the
international workshop organized by the Tyndall Centre for
Climate Change Research at the University of East Anglia,
Norwich, 2004.

[4] UNESCO, 2009, "Global Trends in Water-Related Disasters:
an insight for policymakers", Adikari Y., and Yoshitani J.,
International Centre for Water Hazard and Risk Management
(ICHARM), The United Nations World Water Development
Report 3 Water in a Changing World, Published by the
United Nations Educational, Scientific and Cultural
Organization, Paris 07 SP, France, UNESCO 2009 ISBN
978-92-3-104109-9.



8 The Global Environmental Engineers, 2017, Vol. 4, No. 1 McBean and Huang

[5] Sivakumar, B., 2010, "Global climate change and its impacts and Urbanization, 2007; 19: 17-37.
on water resources planning and management: assessment https://doi.org/10.1177/0956247807076960
an.d challenges”, Stoch Environ Res Risk Assess (2011) [21]  Brown S, Nicholls R, Woodroffe C, Hanson S, Hinkel J,
25'_58:.3_600’ DOl 10.1007/s00477-010-0423-y, Published Kebede AS, et al. Sea-Level Rise Impacts and Responses: A
online: 28 July 2010, Springer-Verlag 2010. Global Perspective. In: Finkl, C.W., editor. Coastal Hazards.

[6] Vasiljevic, B., McBean, E., and Gharabaghi, B., 2012, Netherlands: Springer; 2013. pp. 117-149.

"Trends in Rainfall Intensity for Stormwater Designs in https://doi.org/10.1007/978-94-007-5234-4_5
Ontario", Journal of Water and Climate Change, 03.1:1-10. [22] Neumann. B. Vafeidis A.T. Zimmermann. J. and Nicholls
https:/doi.org/10.2166/wcc.2012.125 R. J., in "Future Coastal Population Growth and Expsoure to

[7] Khedun, C. P., and Singh, V. P., "Climate Change, Water, Sea-Level Rise and Coastal Flooding — a Global
and Health: A Review of Regional Challenges", Water Qual Assessment”, PLoS One, editor Lalit Kumar, 2015, 10(3),
Expo Health (2014) 6:7—17, DOI 10.1007/s12403-013-0107- e0118571, Published Online 2015, Mar 11. Doi:
1, 31 December 2013, Springer Science Business Media 10.137/journal pane 0118571, PMCID:PMC4367969.
Dordrecht 2014. [23]  Merkens, J.L., Reimann, L., Hinkel, H., Vafeidis, A. 2016,

[8] Bijma, J., Portner, H-O., Yesson, C., Rogers, A. D., 2013, Gridded Population Projections for the Coastal Zone Under
"Climate Change and the Oceans — What Does the Future the Shared Socioeconomic Pathways, Global and Planetary
Hold?", Marine Pollution Bulletin 74, 2013; 495-505 Change 145 (2016) 57-66.
https://doi.org/10.1016/j.marpolbul.2013.07.022 https://doi.org/10.1016/j.gloplacha.2016.08.009

[9] Liming, Y., 2013, "Climate Change Impact on China Food [24] Windley, B. F., 2015, "Artic History", Encyclopedia Britannica,
Security in 2050. Agronomy for Sustainable Development", Inc. Source: International Commission on Stratigraphy (ICS),
April. 2013; 33 (2). pp. 363-374. http://link.springer.com/ https://www.britannica.com/science/ geologic-history-of-Earth
article/1 0.1007%2Fs13593-012-0102-0 [25]  Cope, J.T, and Winguth A, 2011, "On the sensitivity of ocean

[10] ADB, 2015, "Water-related Disasters and Disaster Risk circulation to arctic freshwater input during the
Management in the People's Republic of China Mandaluyong Paleocene/Eocene Thermal Maximum", Palaeogeography,
City", Asian Development Bank, 2015. Palaeoclimatology, Palaeoecology 306, 2011; 82-94.

[11]  Asnaarhi, A, Gharabaghi, B., McBean, E., and A. Mahboubi, hitps://dol.org/10.1016/].palae0.2011.03.032
A., 2015. "Reservoir Management Under Predictable Climate [26] Kriegler, E., 2007, "On the verge of dangerous anthropogenic
Variability and Change", Journal of Water and Climate interference with the climate system?", IOP Publishing
Change, 06.3, pp. 472-485. Environmental Research Letters, Environ. Res. Perspective,
https://doi.org/10.2166/wcc.2015.053 Lett. 2,2007; 011001 (5pp) doi:10.1088/1748-

[12] CRED & UNISDR, 2016. "The Human Cost of Weather- 9326/2/1/011001
Related Disasters 1995-2015". The Centre for Research on https://doi.org/10.1088/1748-9326/2/1/011001
the Epidemiology of Disasters (CRED) and The UN Office for [27] Dickens, G. R., O'Neil, J. R., Rea, D. K., Owen, R. M., 1995,
Disaster Risk Reduction. "Dissociation of oceanic methane hydrate as a cause of the

[13]  Nine, C., 2016, "Water Crisis Adaptation: Defending a Strong carbon isotope excursion a.t the end of the Paleocene’,
Right Against Displacement from the Home", Res Publica, Palegcea_nography, 1995; 10:965-71.

2016; 22:37-52, DOI 10.1007/s11158-015-9310-1 https://doi.org/10.1029/95PA02087
https://doi.org/10.1007/s11158-015-9310-1 [28] Beck, R.A., Sinha, A., Burbank, D.W., Sercombe, W.J.,

[14] Li, Z., Huang, G., Wang, X., Han, J., and Fan, Y., 2016. Khan, A.M., 1998, "Climatic, Oceanographic, and Isotopic
"Impacts of future Climate Change in River Discharge Based Consequences of the Paleocene India—Asia Collision". In:
on Hydrological I(r;ference. CA Case Stsudy of thefGrand River égggéer,:ﬂéPlgarlL;?jéer?éGC':’Iirr?zaet:gge:ig’ BY(\)/té E(viist.s)’inl_fr::
Watershed in ntario, Canada, Science of the Total > ~ ) - . |
Environment, 548-549, 198-2016. Marine and Terrestrial Records. Columbia University Press,
https://doi.org/10.1016/j.scitotenv.2016.01.002 New York, pp. 103-117.

[15] Lin, LQ, Zhai, M., Huang, G., Wang, X., Zhong, L., Pl, J,, [29] Breecker, DO, Sharp, ZD, and McFadden, LD, 2010,
2017. "Adaptation Planning of Community Energy Systems "Atmospheric CO,  Concentrations  During  Ancient
to Climate Change over Canada", Journal of Cleaner grggrr%ufepol'matet? XVerde SSImILllaSrAtﬁ S;°;81glre5‘j7'gte5d8(§°r
Production, 13, pp. 686-698. A7, Froc. Hatl. Acad. Scl. , » 9706000,
https://doi.org/10.1016/}.jclepro.2016.12.057 https://doi.org/10.1073/pnas.0902323106

[16]  Clough, W., "The World Needs Engineers Now, More Than [30]  Zachos, J. C., Rohl, U., Schellenberg, S. A., Sluijs, A,
Ever", presented at International Conference on Sustainable ::|°de"' Df”JKel:wy’ CD-C" Tltjiom?(S’ E. B"‘:O'zc(’)’og/'-’";affg
Infrastructure, Shenzhen, PRC China, Oct. 17-19, 2016. ourens, L. J., McLarren, H., Kroon, L., » _apl

" . . acidification of the ocean during the Paleocene-Eocene

[17]  SEDAC, 2016," Percentage o_f Total Population Living In thermal maximum"”, Science. 2005; 308(5728): 1611-5.
Coastal Areas", http://sedac.ciesin.columbia.edu/es/papers/ https://doi.ora/10.1126/science.1109004
Coastal_Zone_Pop_Method.pdf accessed December 8 2016. ) .

. ) L [31] Zachos, J.C., Dickens, G.R, Zeebe, R.E, 2008, "An Early

[18] UN-DESA, 2016, Percentage of Total Population Living in Cenozoic perspective on greenhouse warming and carbon-
Coastal A_re_a_s , Sustalne_lble Development Knowledge cycle dynamics”. Nature, 2008; 451: 279-283.

Platform, D|V_|S|on for Sustal_nable De_velopmer_wt, Departr_nent https://doi.org/10.1038/nature06588

of Economic and Social Affairs, United Nations, )

http://www.un.org/esa/sustdev/natlinfo/indicators/methodolog [32] gowt(iln’b G.J"TBeZ(e(I;I(l)Zg"'ADI.-‘iJ” '((jog: Pt'L"St Ztacgos_, Jtﬁ
sheets/oceans_seas_coasts/pop_coastal_areas.pdf uattiebaum, 1., , umid Llimate state During the

gzcessed December 8 2016. PoP_ - P Egéai%%ene/Eocene Thermal Maximum®”, 2004; Nature 432,

[19] Hinrichsen, D., 1998, f‘CoastaI Wgters of the World: Trends, https://ddi.orq/10.1038/nature03115
Threats, and Strategies", Washington D.C. Island Press, i .

1998. [33] Handley, L., O'Halloran, A., Pearson, P. N., Hawkins, E.,
. ) Nicholas, C. J., Schouten, S., McMillan, IK., Richard, D,
[20] McGranahan G, Balk D, Anderson B. "The Rising Tide:

Assessing the Risks of Climate Change and Human
Settlements in Low Elevation Coastal Zones", Environment

2012,"Changes in the hydrological cycle in tropical East
Africa during the Paleocene—Eocene Thermal Maximum®,
Pancost, Palaeogeography, Palaeoclimatology,



Sustainability Risks of Coastal Cities from Climate Change

The Global Environmental Engineers, 2017, Vol. 4, No. 1 9

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Palaeoecology 2012; 329-330, 10-21.
https://doi.org/10.1016/j.palaeo.2012.02.002

Meissner, K.J., Bralower, T.J., Alexander, T., Jones, T.D.,
Siip W., and Ward, M, 2014, "The Paleocene-Eocene
Thermal Maximum: How much carbon is enough?",
American Geophysical Union, Paleoceanography, 2014.
https://doi.org/10.1002/2014PA002650

Doney, S. C., and Schimel, D. S., 2007, "Carbon and Climate
System Coupling on Timescales from the Precambrian to the
Anthropocene”, Ann. Rev. Environ. Resour. 2007; 32:31-66.
https://doi.org/10.1146/annurev.energy.32.041706.124700

Waters, C.N., Zalasiewicz, J.A., Williams, M., Ellis, M.A., and
Snelling, A.M. 2014, "A Stratigraphical Basis for the
Anthropocene", SP395, GSL Special Publications 395.,
Volume 395, Geological Society London.
https://doi.org/10.1144/SP395.18

PETM: Global Warming Naturally, https://www.
wunderground.com/climate/PETM.asp. Accessed 6/7/2017.
Blakely, R., 2016, "The Cenozoic Timescale and

Paleogeography adapted from Dr. Ron Blakey", Professor
Emeritus NAU Geology, December 13 2016;
http://eas2.unl.edu/~tfrank/History%200n%20the%20Rocks/
Nebraska%20Geology/Cenozoic/cenozoic%20web/2/Timesc
ale.html

Gavashelishvili, A., and Tarkhnishvili, D., 2016,"Biomes and
human distribution during the last ice age", Global Ecology
and Biogeography. doi:10.1111/geb.12437, 2016.
https://doi.org/10.1111/geb.12437

Bentley, S.J., Sr., Blum, M.D., Maloney, J., Pond, L., and
Paulsell, R., 2016, "The Mississippi River Source-to-Sink
system: Perspectives on Tectonic, Climatic, and
Anthropogenic Influences, Miocene to Anthropocene", Earth
Science Reviews, 153, 2016; 139-174.
https://doi.org/10.1016/j.earscirev.2015.11.001

NASA, 2016, "First 6 Months of Year Warmest To Date",
http://www.growingproduce.com/vegetables/nasa-first-6-
months-of-year-warmest-to-date/., Accessed on December 8
2016.

Global Changes, http:www.climate.unibe.ch/ gallery_co2.
html, accessed Sept 2, 2016, hhrp://www.nature.com/nature/
journal/v463/n7282/box/nature08823 BX1.html

US EPA. 2016, "Climate change indicators in the United
States, 2016". Fourth edition, U.S. Environmental Protection
Agency EPA 430-R-16-004. www.epa.gov/climate-indicators.

Titus, J.G., Anderson, K.E., Cahoon, D.R., Gesch, D.B., Gill,
S.K., Guiterrez, B.T., Thieler, E.R., and Williams, S.J.,
"Synthesis and Assessment Product 4.1", US C.C.S.P,,
report by the US Climate Change Science Program and the
Subcommittee on Global Change Research, January 2009.

Antarctica Glaciers, 2015, http://www.antarcticglaciers.org/
antarctica/ten-antarctic-facts/, accessed on November 25,
2016.

NASA, 2015, "2015 Antarctic Maximum Sea Ice Extent
Breaks Streak of Record Highs", https://www.nasa.gov/

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

feature/goddard/ 2015-antarctic-maximum-sea-ice-extent-
breaks-streak-of-record-highs, Oct. 15, 2015

Fischetti, M., 2015, "Stable Antarctic Ice Is Suddenly Melting
Fast Multiple glaciers, previously frozen solid, are adding
vast quantities of water to the ocean", May 21, 2015,
Scientific American, A Division of Nature America, Inc.

IPCC, 2013: "Climate Change 2013: The Physical Science
Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on
Climate Change", [Stocker, T.F., D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex
and P.M. Midgley (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 1535

pp.
https://doi.org/10.1017/CBO9781107415324

Lacombe, P.J., and Carleton, G.B., 2002. Hydrogeologic
Framework, Availability of Water Supplies, and Saltwater
Intrusion, Cape May County, New Jersey", USGS Retrieved
2017-01-01

Barlow, P.J., and Reichard, E.G., 2010, "Saltwater Intrusion
in Coastal Regions of North America", USGS Retrieved
2017-01-01

Knabb, R.D., Rhome, L.R., Brown, D.P. 2006. "Tropical
Cyclone Report, Hurricane Katrina", 23-30 August 2005.
Published on the Web at http://www.nhc.noaa.gov/pdf/TCR-
AL122005 Katrina.pdf

Watson, C.S., White, N.J., Church, J.A., King, M.A., Burgette,
R.J., and Legresy, B., 2015, "Unabated global mean sea-
level rise over the satellite altimeter era". Nature Climate
Change. 5: 565-568.

https://doi.org/10.1038/nclimate2635

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

https://doi.org/10.1029/2005GL 024826

Nicholls, R.J., Hanson, S., Herweijer, C., Patmore, N.,
Hallegatte, S., Corfee-Morlot, J., Chateau, J., Muir-Wood, R.,
2008, "Ranking Port Cities with High Exposure and
Vulnerability to Climate Extremes: Exposure Estimates",
OECD Environment Working Papers, No. 1, OECD
Publishing, Paris.

https://doi.org/10.1787/011766488208

Fritz, H.M., Blount, C., Sokoloski, R., Singleton, J., Fuggle,
A., McAdoo, B.G., Moore, A., Grass, C., and Tate, B., 2017,
"Hurricane Katrina Storm Surge Distribution and Field
Observations on the Mississippi Barrier Islands", Science
Direct, Estuarine, Coastal and Shelf Science 74, pp. 12-20
https://doi.org/10.1016/j.ecss.2007.03.015

Tebaldi, C., Strauss, B., and Zervas, C., 2012, "Modeling of
Sea Level Rise Impacts on Storm Surges Along US Coasts",
Environmental Research Letters, 7(1), 014032
https://doi.org/10.1088/1748-9326/7/1/014032

The New York Times, "Seas' Rise Threatens a Property
Market", dated Dec 6, 2016.

Received on 10-05-2017

DOI: http://dx.doi.org/10.15377/2410-3624.2017.04.01.1

© 2017 McBean and Huang; Avanti Publishers.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.

Accepted on 23-05-2017

Published on 12-07-2017



