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Abstract. Coastal cities are growing at a very rapid pace, both in
population and in terms of assets; therefore, flood risk is likely to increase
substantially in these areas in the absence of specific protections. In
addition, great uncertainty surrounds the future evolution of hurricane
intensity and sea level rise. The area of Miami represents a clear hotspot of
human and economic coastal flood exposure: there are more than 5 million
inhabitants in the Miami metropolitan area and the population is growing.
It is also a low-lying city with most of the population living below an
elevation of 10m and is located in a region where tropical cyclones hit
frequently. The present study is focused on the two contiguous counties of
Miami, Dade and Broward. In this analysis, we consider the impact of dif-
ferent storm surges predicted by the computerized model SLOSH! and in-
vestigate flood risks with current sea level, considering different hurricane
parameters (storm category and direction, wind speed, and tide level). For
each impact, we apply a damage function and determine if the considered
storm surges potentially lead to asset loss, considering both properties and
their contents. The results show that, in absence of protections, losses will
be very high for large storm surges reaching up to tens of billions USD. In
the second part of the analysis, we demonstrate how the economic impact
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changes when protections are built up, considering different dams’ heights.
We conclude that raising flood defences would be beneficial, since the
consequences of a storm surge could be enormous.

1 Introduction

It is very likely that flood risks will increase in coastal cities in the next
years, because of demographic, socio-economic, and environmental trends
(Webster et al. 2005; Nicholls et al. 2007). The assessment of this increase
is necessary in order to include the range of possible changes within urban
and land-use planning (Lugeri et al. 2010). Moreover, urbanization and
population in these areas are still growing at a very rapid pace, driven by
economic opportunities and the development of international trade.
Therefore, the product of an interaction between numerous aspects, such as
climatic, socio-economic, and institutional, is increasing the risk of big
damage losses (Lugeri et al. 2006) and it is suitable to reduce future risks
through targeted territorial development plans. This article proposes the
case of the Miami area illustrating a methodology to assess coastal flood
risks in urban areas and it aimes to derive more general lessons, useful for
all coastal cities.

Since 1990, Florida has been struck directly by 22 tropical storms and
hurricanes. In 1992, Hurricane Andrew hit Dade County with Category 5
force, generating 17-foot (more than 5 meters) storm surges. 23 people
were killed and property damage in the whole state of Florida from An-
drew was estimated at 25.5 billion USD. The marine ecosystem, including
the natural reef, was also heavily damaged. Between August and Septem-
ber 2004 several hurricanes struck the Florida coast (see Table 1). Eventu-
ally, 45 people were killed and estimated damages across the southeastern
United States totalled over 21.1 billion USD?2.

Even before the recent hurricane seasons, 40% of Florida’s beaches
were listed as critically eroded. In 1986, the Florida Legislature adopted a
complete beach management planning program to protect and restore the
state's beaches’. Between 1994 and 2004, Florida began the largest and
most costly beach and dune rebuilding program in US history: 242 million
USD were spent on beach nourishment, aiming to absorb the wave energy
dissipated across the surf zone. Following the catastrophes of 2004, there
was a hurry to immediately restore damaged beaches. In 2004 and 2005,

2 http://www.edf.org/article.cfm?contentid=5361
3 http://www.dep.state.fl.us/beaches/programs/bcherosn.htm
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the state spent approximately 173 million USD on sand* and over 582 mil-
lion USD in 2006 for beach erosion control activities and hurricane recov-

erys.

Table 1. Florida major hurricanes in the last 100 years®.

Storm Category Year Landf-all Landfall Location
Intensity

Andrew 5 1992 145 Homestead
Labor Day 5 1935 160 Craig Key
Charley 4 2004 130 Cayo Costa
Donna 4 1960 120 Key Vaca
Unnamed 4 1949 130 Palm Beach Shores
Unnamed 4 1947 135 Pompano Beach, Florida
Unnamed 4 1945 120 Upper Florida Keys
Okeechobee 4 1928 130 Jupiter Island
Great Miami 4 1926 115 South Miami
Unnamed 4 1919 130 Offshore Florida Keys
Dennis 3 2005 105 Santa Rosa Island
Wilma 3 2005 105 Cape Romano
lvan 3 2004 105 Gulf Shores, Alabama
Jeanne 3 2004 105 Hutchinson Island
Opal 3 1995 100 Pensacola Beach
Elena 3 1985 100 Gulfport, Mississippi
Eloise 3 1975 110 Bay County
Betsy 3 1965 110 Upper Florida Keys
Easy 3 1950 105 Cedar Key
King 3 1950 105 Miami
Unnamed 3 1948 105 Lower Florida Keys
Unnamed 3 1948 110 Marathon
Unnamed 3 1941 105 Goulds
Unnamed 3 1933 110 Jupiter
Unnamed 3 1917 100 Okaloosa Count

Despite the large amount of money invested, our study suggests that, in
the case of storms with elevated water levels and high waves, beach nour-
ishment does not provide adequate benefits in the form of storm damage

“http://www.surfrider.org/stateofthebeach/05-
sr/state.asp?zone=se&state=fl&cat=bf
5 http://www.dep.state.fl.us/beaches/programs/bcherosn.htm

6 Atlantic hurricane research division (2008). "All U.S. Hurricanes (1851-
2007)". NOAA. http://www.aoml.noaa.gov/hrd/hurdat/ushurrlist1 8512007.txt.
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reduction and cannot be sufficient to avoid the water impact on structures
and infrastructures.

The present study is focused on the area of Miami, which clearly
represents a hotspot of human and economic coastal flood exposure
(Herweijer et al. 2008). Its metropolitan area has a population of more than
5 million inhabitants. The number of inhabitants has grown by 35% since
1990 and it keeps growing; new residential and commercial constructions
have been widespread.

According to an OECD global analysis of vulnerable coastal cities
(Nicholls 2007), Miami is one of the port cities with the highest exposure
and vulnerability to climate extremes in the world, even in the present
situation. It is located in a region where tropical hurricanes hit frequently
(see a statistical analysis of hurricane landfalls, in Hallegatte et al. 2007)
and, in the future, it may be one of the most exposed areas to coastal
flooding in terms of infrastructure and other assets.

Since Miami is also a low-lying city, with most of the population
living below an elevation of 10 meters, hurricanes often cause significant
storm surges and losses from these storms could be enormous in such a flat
area. When considering its high exposure, the city has a surprisingly very
low level of protection with no comprehensive seawall or dam system to
protect the city from storm surges.

This paper focuses on current flood risks and describes the impacts of
water-related risks in this region, specifically in the Miami Dade and
Broward counties, with the aim to establish an overall cost-estimate of
potential losses. In particular, the work focuses on the economic aspects of
flood damages by investigating the value of physical assets affected by the
event. To evaluate the cost of damages on direct losses in residential areas,
we propose a damage assessment.

In the first part of this study, we analyse storm surge losses considering
different hurricanes’ intensities and directions, in order to estimate storm
surge heights and winds, according to the result of the computerized model

SLOSH’. Then, we assess the direct losses that could be caused by
episodes of sea level rise at different levels, according to the economic
values of insured properties provided by Risk Management Solution
(RMS)?. This analysis is used to determine the benefits from protection, in
the current situation, as a function of different storm surges. Finally, we
determine the consequences of an adaptation strategy starting from the
current condition and then analyse how the loss prospective can change
when protections are added. The study demonstrates that storm surges will

7 http://www.nhc.noaa.gov/ HAW?2/english/surge/slosh.shtml
8 http://www.rms.com/
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lead to definitive losses of assets and our conclusion is that to take action
and to raise flood defences are urgently required. In a follow-up analysis,
climate change and sea level rise will be included, to investigate how these
additional drivers modify the optimal defence strategy.

2 The effects of climate change on sea levels and
hurricanes

The 2007 Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) projected that global mean sea levels would rise
by 18 — 59 cm above 1990 levels by the 2090s. However, these projections
do not fully include contributions from the melting ice sheets (due to the
limitations of the modelling techniques used). Rahmstorf (2007) employs a
technique that observes the relationship between global sea levels and
temperature to project future sea levels from temperature projections.
While very simplistic, this technique has the advantage of using real data
and avoiding many of the uncertainties introduced through using global
climate models. Rahmstorf (2007) projects that global sea levels could in-
crease by around 50 — 140 cm above 1990 levels by 2100. Pfeffer et al.
(2008) conclude that sea level rise cannot exceed 2 m in 2100, with a best
guess at 80 cm.

Depending on the methodology and the model, hurricanes are
predicted to become more intense, stable, or less frequent (see, e.g.,
Landsea 2005; Emanuel 2008). On top of climate-change-related changes
in sea level, water height will continue to vary over time as a result of
weather-related effects, including storm surges. Storm surge is water that
is pushed toward the shore by the force of winds that swirl around the
storm. This progressing surge combines with the normal tides to create the
hurricane storm tide, which can increase the mean water level by 15 feet or
more. Storm surge begins to grow when the hurricane is still far out at sea
over deep water’. The low pressure near the centre of the storm causes the
water to rise.

Climate change can also affect the amplitude of these variations by
changing the frequency of the variability through, for example, changes in
hurricane intensity. However, future modifications in water levels and hur-
ricane intensities are still heatedly debated in the scientific community and
cannot be easily anticipated.

99 http://slosh.nws.noaa.gov/sloshPub/SLOSH-Display-Training.pdf
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These trends make it necessary and urgent to assess how the city pro-
tections need to be upgraded. As a first step, however, an assessment of
current risks is required. In the next section, we illustrate how storm surges
can be predicted in the current situation by using modelling processes.

2.1 Description of the SLOSH model

SLOSH (Sea, Lake, and Overland Surge from Hurricanes) is a computer-
ized model developed by the American National Weather Service (NWS)
with the aim to estimate storm surge heights and winds resulting from his-
torical, hypothetical, or predicted hurricanes'*. SLOSH is used to define
potential flooding from storm surge, for a given location, and from a
threatening hurricane.

The SLOSH model contains topographic information for each grid cell.
It calculates water surface elevations caused by storm surge in a specific
basin and provides output data shown as color-coded storm surge in the
SLOSH display (see Figure 1). The water depth indicated in each cell con-
siders the elevation of the grid cell and the amount of water that is able to
flow into that cell. For each cell an average water surface elevation is
found and assigned to it. Accuracy for SLOSH is usually within +- 20% of
the peak storm surge for a known hurricane track, intensity, and size, based
on surge measurements from past hurricanes.

A SLOSH Basin is a geographical region where the values of topogra-
phy, bathymetry, and a hurricane track (considering its pressure, radius of
maximum winds, location, direction, and speed) are known. The point of a
hurricane’s landfall is crucial to determine which areas will be inundated
by the storm surge. Data are available for 39 basins in the US.

The model gives as a result different MEOW (Maximum Envelope of
Water) which refers to the maximum the water reaches at any point in time
at every grid cell in the SLOSH Basin, for a given hypothetical storm. A
MEOW is the set of the highest surge values at each grid location for a
given storm category, forward speed, and direction of motion and plans for
the worst-case scenario. We generated a MEOW for each storm category,
storm direction, forward speed, and tide level available for the Bay Bis-

cayne basin! 1.

" Forward speeds and storm categories were chosen according to shapefiles
availability. Not all the categories and forward speeds are provided in a shapefile
format.
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Fig. 1. Category 5 storm heading Northeast at a speed of 25 mph (mean tide) on
Biscayne Bay in the SLOSH display.

Local stakeholders and decision-makers in Miami-Dade County are
aware of the vulnerability of their territory'? and they already applied
SLOSH in their spatial planning activities. The Miami-Dade County storm
surge evacuation zones were redrawn in 2003 following the information
acquired through the SLOSH maps: each zone will be evacuated depend-
ing on the hurricane’s track and projected storm surge.'

At present, there is no recognized central authority for climate change
risk assessment and adaptation in the Miami metropolitan area. This is due
to the USA’s decentralization of water management, spatial planning, and
related responsibilities.

Therefore, spatial planning and water services are handled by separate
agencies. The climate change adaptation effort must engage each munici-
pality and local governmental entity in assessing the impacts of climate on
that entity’s own responsibility. A multi-stakeholder task force convened
by Miami-Dade County has issued preliminary adaptation recommenda-
tions and is looking for the collaboration of all local authorities (ICLEI
2009).

The results of our research show that, in the Miami-Dade County area,
the Erosion Control and Hurricane Protection Project consists of restora-

12 http://www.miamidade.gov/derm/climatechange/taskforce.asp

13 http://www.miamidade.gov/oem/evacuation_zone.asp
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tion, ongoing maintenance re-nourishment, and structural improvements of
the critically eroded shoreline'* without taking into account the creation of
dams or seawalls.

According to ICLEI (2009), coastal cities and their national govern-
ments must not only strengthen their disaster preparedness, such as early
warning and evacuation programmes in case of storm events, but also plan
ways to handle land development for disaster prevention and to climate
proof water. Therefore, both technical innovations and new institutional ar-
rangements are urgently needed.

3 Current flood risks in absence of protection

As a first step, in order to determine flood potential damage in the counties
of Miami Dade and Broward, we propose an assessment of the exposure,
which is estimated here in absence of flood protection. The exposure is the
measure of the values and the assets that would be affected by a flood
(Kron 2003). In this analysis, exposure calculation is based on the portion
of land that would be inundated in different hypothetical storm surge
events.

The available economic data include only insured assets at this stage
and were provided to us by RMS. Therefore, infrastructure and govern-
ment assets are not included at this stage of analysis and will be included
in Section 3.2 when analysing flood losses by percentage estimation.

We calculated the exposure considering several possible storm surge
simulations (described in Section 2) provided by SLOSH for the Biscayne
Bay and integrated in a GIS as shapefile (see Figure 2).

14http://www.miamidade.gov/derm/library/erosion control budget plan-10-
11.pdf
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The SLOSH database exists in this area for different directions of the
hurricane tracks: east, north-east, north, north-west, and west. Five hurri-
cane “Categories” (between 1 and 5) and “Speed” (5, 15, and 25 miles per
hour) are presented for these directions. We extracted the results in a
shapefile format for different storm directions in order to assess the eco-
nomic losses in case of weak (Category 1), medium (Category 3), or strong
(Category 5) storm surge. Most MEOWSs have the option of selecting high
or mean tide. According to SLOSH training guidelines, that affirm that
studies generally use the high tide option, we only considered the high tide
results.” Therefore we analysed all the high tide MEOWS for the above-
mentioned categories and here present the results and analysis for some of
the most significant ones's.

We found the maximum levels that water can reach during the differ-
ent events in each area. In the Biscayne Bay region, where floods are the
largest, maximum water levels from 1 up to 2 meters can be reached in
case of a Category 1 storm (depending on the wind direction), 2m up to 3m
for a Category 3, and even from 3.5m up to 5m in the extreme event of a
Category 5 storm.

By an overlay of these results and the insured value of residential, in-
dustrial and commercial areas visualized on a GIS, we determined which
current insured built-up areas are at risk of storm surge and estimated the
economic insured value of the entire assets that are flooded by each storm
surge category. These results are based on a very detailed economic data-
base with a territorial scale of 100 and 500 square meters for the coastal
area, and of 1 and 5 km for the hinterland. The economic results we ob-
tained were weighted on a damage function related to water heights, as ex-
plained in the next section.

3.1 Damage function

There is a complex link between exposure to high sea level and the de-
struction and losses caused by such episodes. First, a building that is af-
fected by a flood is not 100-percent destroyed. Thus, direct losses caused
by an event have to consider a damage function where losses increase pro-
portionally to water level. Due to the lack of information and the difficulty

'S http://slosh.nws.noaa.gov/sloshPub/SLOSH-Display-Training.pdf

16 The first group of letters in the MEOW file name refers to storm motion di-
rection, the next number represents the hurricane category, the next 2 numbers
represent the forward speed, 10 refers to mean tide, 12 refers to high tide, and the
file extension represents the basin.
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in integrating such variables, damage is generally related to only water
depth (see for example Green 2003; Van der Sande et al. 2003; Genovese
20006). This basic methodology was outlined already in 1945 by White and
is referred to as stage damage curve representing the relation between in-
undation depth and damage cost for a land use class.

The damage functions are increasing functions, which means that as
the inundation depth grows, also damage rises. This value is based on the
principle of replacement value: how much money it would cost to obtain
the ‘identical’ object. The damage function has values included between 0
and 1, with the value 0 if there is no damage and the value 1 if there is
complete destruction of the asset. Stage-damage curves can be developed
from actual flood events and then can be used to simulate damage for po-
tential future events, even though this approach creates problems like ex-
trapolation difficulties from place to place due to differences in warning
time and in building type and content (Smith 1994).

Moreover, for storm surge, normally at least two vulnerability curves
exist. For properties on the sea front, they will be more quickly destroyed
as they will be exposed to wave action as well as flood waters - i.e. the
force of the waves will damage the property. This is relevant for Miami
since many expensive properties and hotels are located on the sea front.
Properties inland will just be exposed to “resting” water damage. This is
clearly represented in SLOSH results and fits well with our database of in-
sured properties, where higher values are located in the beach area.

Furthermore, the heights of buildings have to be considered while
choosing the damage function. In our study area, both small residential
properties and skyscrapers are present; therefore, even if they would re-
quire separated vulnerability curves, we chose to use an average curve di-
rectly, in order to account for heterogeneity in the results.

We consider here the direct costs, which refer to physical damage to
capital assets and inventories, valued at same-standard replacement costs.
Indirect losses include those that are not provoked by the disaster itself, but
by its consequences (Hallegatte and Przyluski 2010). At this stage, we do
not consider indirect losses, such as business interruption, environmental
damage, cleaning, and evacuation costs.

Also, only water level effects are considered, even if in case of storm
other events can affect the properties, for example strong wind can damage
houses’ roofs.

During a flood event, some losses can be avoided by appropriate action
from the people who live in the floodplain. Examples are the caravans and
the cars, because usually there is enough time to remove them from the
area that is going to be flooded. Therefore they are not taken into account
of the damage assessment. An important question in damage calculation is
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which assumption has to be made with respect to the behaviour of the pop-
ulation. This is caused by the fact that damage is a function of many physi-
cal and behavioural factors, like the preparedness of a rapid and adequate
response to a flood event (Genovese 2006). Hence, all uncertainties in the
damage functions are not included in this analysis.

3.2 Damage function application

Among the damage functions available in the literature, we chose the one
developed by the OECD for the area of Copenhagen (Hallegatte et al.
2008) because it considers water level until 5 meters (see Table 2) when
the others existing in literature for coastal floods consider lower water lev-
els. Of course the Miami area has peculiarities which would require a spe-
cific damage function, which we will develop in a following stage of the
study. Since in Miami and Miami Beach skyscrapers are numerous and the
average building height is probably higher than in Copenhagen, we assume
that they will not be completely destroyed during a surge.

Table 2. Damage function for residential, commercial, and industrial structures
(Hallegatte et al., 2008). As the inundation depth grows, the damage percentage
rises.

Resi- Commer- Indus- Resi- Commer- Indus-
Elevation dential cial (Struc- | trial (Struc- dential cial (Con- trial (Con-
Range (m) (Structure) ture) ture) (Content) tent) tent)
% % % % % %
0 0 0 0 0 0 0
0,5 10 24 20 40 33 38
1 12 40 40 48 55 67
1,5 14 47 47 49 64 75
2 15 54 53 50 73 82
2,5 17 56 55 58 78 85
3 18 58 57 67 82 88
3,5 20 60 59 75 87 91
4 22 61 61 83 91 94
4,5 23 63 63 92 96 97
5 25 65 65 100 100 100

Moreover, we considered the maximum level that water reaches at
every grid cell. Therefore, the results we obtained by using this damage
function are probably overestimated.

Buildings were distributed in insurance classes, each with their own
stage damage curve based on the type of asset (residential, commercial,
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and industrial). The contents and building costs have to be calculated sepa-
rately since their vulnerability to floods are different.

For most residential buildings the most expensive contents are kitch-
ens/heating systems and these assets are most of the time on the ground
floor, so are quickly destroyed. For commercial and industrial activities,
the difference is even higher since most of these activities are located on
ground floors. Therefore, in the damage function, contents are evaluated as
completely destroyed at water level that is considerably lower than the
buildings themselves.

In order to fit this function to our study, it has been linearly interpo-
lated: values for each 0.10 meters of water level were calculated and ex-
tended to 4.8 meters, which is the highest water level that can be poten-
tially reached in case of a Category 5 storm with a north direction.

For each available MEOW, we calculated the total economic damage
for different storms of Categories 1, 3, and 5. In Figure 3, we show content
and structure damage estimations for storm surges of east and north-east
directions, calculated for a low category and forward speed (categories 1
and 0,5 mph speed), for a medium category (3) and 15 mph speed, and for
the highest hurricane Category 5 and 15 mph speed.

The estimated direct losses amount to several billions of USD. In the
first example, we illustrate that storms having aneasterly direction, in the
current economic and land use situation, would cause direct losses to
buildings amounting to about 2 to 5 billion USD for residential structures,
5 to 8 billion USD for commercial structures, and 2 to 3 billion USD for
industrial structures (depending on storm category). Similarly for the con-
tents, it would cost about 5 to 9 billion USD for residential contents, 4 to 6
billion USD for commercial contents, and 4 to 5 billion USD for industrial
contents, for a total of 21 to 35 billion USD.

In the second example, for a storm with a north-east direction, the
monetary results are a bit higher, especially for residential structures. The
total sum of these results is enormous and shows that, without protection,
storm surge increases flooding risks in a significant manner.
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Fig. 3. Direct damage (USD) estimation in Biscayne Bay for storm surge heading
east (top panel) and north-east (lower panel), calculated for Categories 1, 3, and 5
for insured contents and structures.

3.3 Non insured assets

In the US and in many other countries, people can insure themselves
against flooding and therefore, the potential flood damage is of great inter-
est to insurance companies. These companies have thus created databases
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for insurable assets. As mentioned in Section 1, non-insurable assets, such
as public infrastructure, are not included in the available data. However, to
provide a balanced flood risk estimate, it is essential to include these prop-
erties. Since very little information is available on these assets, we refer to
past studies in order to find a best guess estimates. Therefore, we used the
well documented consequences of the Katrina landfall in New Orleans to
help assess infrastructure losses, such as in the OECD report (Hallegatte et
al. 2008).

The OEDC report concludes that uninsured losses (infrastructure plus
state facilities) represent about 40% of insured losses (residential houses
and private properties plus business and commercial activities). Therefore,
all the previous outcomes had to be increased by 40%, leading to even lar-
ger losses. For a storm with an east direction, losses (building plus con-
tents) are between a minimum loss of 30 billion USD for a Category 1
storm (e105i2) and 50 billion USD for a Category 5 storm (n525i2) (see
Figure 4).

The worst-case scenario that we can hypothesize is a Category 5 storm
with a north direction and with 25 mph forward speed, which leads to total
losses of 118 billion USD. Because of the damage function we chose (see
Section 3.1), we assume that our damage evaluation is probably overesti-
mated, especially when considering the areas on the beach front (where
most of the buildings are skyscrapers).

60 -
“
£
2
E 50
49
— Uninsurac contonts
30 — = Uninsurag structuraes
Z Insured contents
20 -
H Insured siuctures
" .
0 J T T 1
Cat 1 Cal. 3 Cal. 5

Fig. 4. Insured and uninsured losses for Category 1, 3, and 5 hurricanes, heading
east.
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4 Assessing risk reduction measures

The previous analysis provided estimates for potential losses and exposure,
information which is required to design optimal flood protection through
cost-benefit analysis or risk management strategies. The final step of our
analysis will be the evaluation of the potential damage when hypothetical
protections are built in order to evaluate the benefits from dams and tech-
nical defence in the area.

There are three main kinds of vertical shoreline walls used as a protec-
tion from storm surges and high tides: seawalls, bulkheads, and revet-
ments. The differences between the three are in their protective function.
Seawalls are designed to resist the forces of storm waves; bulkheads are to
retain the fill; and revetments are to protect the shoreline against the ero-
sion caused by light waves (U.S. Army Corps of Engineers 1984).

The counties of Miami Dade and Broward have a long coastline that
needs to be protected. According to a study of the Pacific Institute on Cali-
fornia (Heberger et al. 2000), we can theorize that the cost of building a
seawall can be of approximately 1600 USD per meter (in year 2000). A
new levee between 3 and 5 meters in height would cost about 460 USD per
meter. We can therefore estimate that about 200 km long coast will need to
be protected and therefore the cost of constructing a coastal flood protec-
tion can be lower than 1 billion USD. In a full cost-benefit analysis of a
protection system, monetary costs are not the only costs that need to be
taken into account. The visual and physical impacts of protections on the
beach also need to be considered because they can make the area less at-
tractive with consequences on economic activities (e.g., tourism) and on
quality of life and amenities. In addition, negative consequences on biodi-
versity and ecosystems are likely.

A full analysis of Miami protection would thus require (i) carrying out
a detailed analysis of non-monetary costs of protection infrastructure; and
(ii) the consideration of alternative protection measures, in particular, eco-
system-based protection. The current protection policy, based on beach
nourishment, goes in this direction, but — as will be shown below — can
hardly protect the city against the largest storms.

We made four different basic assumptions hypothesizing different sce-
narios of intervention: doing nothing, building 2-meter-high dikes, build-
ing 3.5-meter-high dikes, and building 5-meter-high dikes to completely
protect the area from flood losses.

Unchanged protection: In the current situation, a storm surge, in ab-
sence of protection, will lead to losses between 30 billion up to 118 billion
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USD for a Category 5 storm, as described in the previous section. It can be
assumed that some natural or artificial protections do exist in the area,
even if we do not have information about their size and protection capac-
ity. Therefore, this result has to be considered as an overestimation.

2-meter protections: It is difficult to assess the consequences of pro-
tection overtopping. Some protection would collapse in case of overtop-
ping, while others are able to support overtopping and keep reducing the
water flow within the protected area.

In this analysis, we apply a strong simplification and we assume (i)
that all the areas with water levels below 2 meters are not flooded thanks
to the protection; and (ii) that in areas with water levels beyond 2 meters,
the water level is reduced by 2 meters thanks to the protection. So, where
water levels in absence of protection are 5 meters, the protection reduces
the flood to 3 meters. This is an optimistic assumption since we suppose
that protections remain partly effective in case of overtopping.

A 2meter dam would completely protect from all Category 1 storm
surges. A storm surge of Category 3 heading east has a residual damage of
10 and 8% per structure and content of residential building and between 16
and 1% for the commercial and industrial ones (compared with losses in
absence of protection). A Category 3 heading north-east will have a resid-
ual damage of 25% for residential structure and of 26 and 13% for the
commercial and industrial ones.

For a Category 5 storm surge, the 2meter protection is not completely
helpful since the percentage of damage being above 2 meters corresponds
to 27% for a storm heading east, with a residual loss of about 10 billion
USD, and 31% for a storm heading north-east, with a residual loss of 12
billion USD. A storm surge of Category 5 heading north has a residual
damage of 66% and the potential loss is 56 billion USD. Moreover, in
these circumstances a protection collapse is also possible, since the protec-
tions will be overtopped. Therefore, a 2-meter protection could be a suit-
able protection in case of smaller surges, for example to spare the 22 bil-
lion USD of damages caused by a Category 1 storm heading east, but it
does not offer an adequate protection for events of major dimension.

3.5-meter protections: A 3.5-meter dam would completely protect
from all Category 1 and Category 3 storm surges. Considering Category 5
storms and once again the previous examples, we calculated that, with a
protection of 3.5 meters, the flood risk for storm surges heading east and
north-east is completely removed. The residual damage is still quite high
in case of storm surges of Category 5 heading north, north/north-east,
north-west, west, west/north-west and west/south-west. Each of them still
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have a residual damage of 9 to 11% and the potential residual loss is be-
tween 8 and 11 billion USD.

This partial overflowing could possibly be contained with further flood
control structures and defences (e.g., successive dike rings), drainage in-
frastructure, and beach nourishment interventions.

Figure 5 shows that most of the damage, both in structure and contents,
is distributed before the 2- and 3.5- meter level, in the case of a Category 5
heading north hurricane.
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Fig. 5. Economic damage in each flooded area at a given water level caused by a
Category 5 heading north hurricane, for structures (top panel) and contents (lower
panel).

Completely removing flood risk (5-meter protections): In case of a
Category 5 storm, water levels reach levels of about 5 meters and the pro-
tection to cope with these events would need to be extremely high and ro-
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bust. Even though a full cost-benefit analysis of such a protection is out of
the scope of this paper, protecting Miami against all possible storms would
probably be extremely expensive, especially because of non-monetary
costs, in particular the welfare cost of living behind high walls.

In fact, very high dams would completely eliminate the visual and
physical access to beaches. Moreover, in general a hardfill dam requires a
basement which is three times the height of the dam itself (ICOLD 1992).
This means that a very high dam would require an enormous quantity of
space on the beach. On one hand, this solution appears not to be conceiv-
able in an area where tourist attractiveness is the basis of the local eco-
nomic system. Tourism is the first economic sector in the state and 1.3
million Florida jobs are directly or indirectly related to tourism. The sector
— and thus the rest of Florida’s economy- is at risk of risk perception shifts
due to large disaster. Therefore the impact of protections on the tourist
sector can be twofold and has to be carefully investigated.

5 Conclusions

This analysis uses the SLOSH storm surge model and suggests a method-
ology for assessing direct flood damage potential using a land use database
combined with flood extent, flood depth, and economic asset data. We cal-
culated that, in the case of a Category 5 hurricane (as illustrated in Figure
1), water levels can reach about 5 meters in height and potential losses lar-
ger than one hundred billion USD and this is without taking into account
wind damages. Thus, additional protection seems desirable, even though
protecting against all possible events appear simply impossible.

Regardless of their height, it is important to mention that coastal flood
defences should not consist only of dams. In Section 1, we showed that
beach nourishment interventions are already taking place. There are other
options, including: elevating existing areas, building sea walls and flood
control structures, and encouraging relocation (Harrington and Walton
2008). Moreover the presence of dams and sea walls requires efficient
drainage infrastructure to prevent the city from being flooded by heavy
rainfall and surges. In particular, in the presence of high dams, a move
from gravity drainage to pumps may be necessary. As a result, protection
against storm surge risks must be made in conjunction with improved rain-
fall flood management.

Furthermore, additional market and non-market impacts of coastal pro-
tections should be taken into account while calculating protection costs.
Market impacts include the functioning of the harbour, dam maintenance,
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drainage, and pumping infrastructures, while non-market impacts include
aesthetic considerations and city attractiveness (Hallegatte et al. 2008). In
the case of large dikes, these costs may become considerable and will need
to be weighed against the benefits of higher protection. Of course, building
dams on the beach front may have negative aesthetic effects and may po-
tentially impact city attractiveness and consequently the tourism industry.

Even once appropriate protective measures are built, protections have
to be maintained rigorously, since the consequences of a failure or over-
flowing would be very large. It also highlights the need to adopt emer-
gency plans and warning systems to avoid large human casualties in case
of failure. Flood defence upgrades and innovations appear urgently needed
in the current context; climate change and sea level rise will make them
even more warranted.

Additionally, the design of future protection has to take into account
future sea level rise projections due to climate change. Considering the un-
certainty of future sea levels and flood risk, adaptation to climate change
and to storm surge flood prevention have to be designed together.

It will also be important to build defences in a way that allows for
flexibility taking into account the uncertainties in projections and making
it possible to upgrade them if sea level rise is larger than expected. In par-
ticular, all planning and new infrastructure investments must take account
of the risk over the entire lifetime of the investment to reduce unnecessary
capital replacement costs.

The present analysis has several caveats which have to be highlighted
when considering these results. The assessment of economic impacts asso-
ciated with coastal flooding has been simplified in several ways. In par-
ticular, the damage function has not specifically built for this region. Flood
defences have not been explicitly modelled and the consequences of an
overflow are not represented in any detail. Flood risks are very different
depending on whether an overtopping leads to defence collapse or not.
Also, there is large uncertainty concerning damages to infrastructure and
other uninsured properties. Most importantly, indirect losses (e.g., business
interruption, economic feedbacks) are not included in this analysis, which
also disregards important dimensions of social well-being (e.g. casualties,
illness, psychological trauma, disruption of social networks, loss of na-
tional competitive strength and market positions, loss of cultural heritage,
city attractiveness, etc.).

We do not know how population and assets will evolve in Miami over
this century. Further studies are necessary to determine how and according
to which trends people and buildings will be located in the future. Depend-
ing on urbanisation plans and land-use regulations, more buildings can
translate or not into a higher exposure. As a consequence, much more
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work on the vulnerability of Miami is needed and will be carried out in a
follow-up study.
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