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Executive Summary

Coastal development and climate change are
significantly increasing the risks of flooding,
erosion, and extreme weather events for millions
of wvulnerable people, important infrastruc-
ture, and trade. Coastal ecosystems, particularly
mangroves, reduce risk by protecting coastlines
against erosion, flooding, and sea level rise and by
providing ecosystem services that reduce commu-
nities’ vulnerability to hazards. Mangroves reduce
exposure to coastal hazards by reducing wave
heights and retaining sediments, decreasing the
impacts of flooding and erosion and protecting
coasts during storms. These natural defenses also
provide a wide suite of ecosystem services- includ-
ing food, livelihoods, carbon sequestration and
climate regulation, that reduce the vulnerability
of coastal communities to disasters and extreme
events, thereby increasing coastal resilience.
Mangroves can be managed as natural coastal
infrastructure to reduce coastal risks. And unlike
most built coastal infrastructure, mangroves adapt
and keep pace with environmental change, and
they are substantially less costly to maintain.

Butmangroves are being lost at an alarmingrate, in
part because we have not adequately valued these
natural defenses. Conventional approaches to
measuring wealth focus only on built capital; many
critical goods and services, such as flood protec-
tion, which rely on keeping ecosystems intact, are
rarely valued. This lack of consideration encour-
ages short-term over-exploitation and degrada-
tion. Better valuations of the protection services of
coastal habitats can ensure that these services are

Key Findings:

+ Mangroves reduce annual flooding to more than
18 million people.

+ Without mangroves 39% more people would
be flooded annually, and flood damages would
increase by more than 16% and US $82 billion
annually.

+ Vietnam, India, Bangladesh, China, and the
Philippines receive the greatest benefits from
mangroves in terms of avoided flooding of
people.

accounted for in policy and management decisions,
halting the loss of our natural capital and ensuring
the provision of critical ecosystem services.

This report uses rigorous hydrodynamic and
economic models to value the coastal flood protec-
tion services of mangroves globally, and identifies
the places where mangroves provide the greatest
risk reduction benefits to people and property.
This work applies the Expected Damage Func-
tion approach, commonly used in engineering
and insurance sectors and recommended for the
assessment of coastal protection services from
habitats, where the protection benefits provided
by mangroves are assessed as the flood damages
avoided by keeping mangroves in place. This work
combines findings on flood exposure reduction
from mangroves with vulnerability scores from the
WorldRiskReport and Index to produce a ranking
of countries that receive the greatest risk reduction
benefits from mangroves relative to their vulnera-
bility. The results are presented in terms of the
number of people and the value of property flood-
ed with and without mangroves.

These results demonstrate that mangrove conser-
vation and restoration can be an important part
of the solution for reducing the risks of coastal
communities. This valuation can inform strate-
gies for adaptation, disaster risk reduction, and
environmental management, and can help identify
sustainable and cost-effective approaches for risk
reduction.

+ China, USA, India, Mexico and Vietnam receive
the greatest benefits in annual avoided flood
damages to property.

+ The countries that receive the greatest over-
all risk reduction benefits from mangroves are
Guinea, Mozambique, Guinea-Bissau, Sierra
Leone and Madagascar.

The Global Value of Mangroves for Risk Reduction | 5






1. Introduction

A growing portion of the world’s population
lives on the coast (Neumann et al. 2015). Grow-
ing coastal development and climate change
are significantly increasing the risks of flooding,
erosion, and extreme weather events for millions
of vulnerable people, important infrastructure,
and trade. Already, the proportion of the world’s
GDP annually exposed to tropical cyclones has
increased from 3.6 % in the 1970s to 4.3 % in the
first decade of the 2000s, by more than US $1.5
trillion. Insurers alone have paid out more than
US $300 billion for coastal damages from storms
in the past 10 years (UNISDR 2011).

Risk is measured by considering the exposure to
natural hazards such as floods, and the vulner-
ability in terms of social, economic and gover-
nance aspects (Biindnis Entwicklung Hilft 2017).
Governments worldwide are dedicating billions
of dollars to reduce risks from disasters and
climate change. Unfortunately, most of our glob-
al investments in coastal protection are destined
for “grey infrastructure”, such as seawalls, that
remain vulnerable to coastal risks and fail to
adapt to changing environments (McCreless and
Beck 2016).

Even when considering all natural hazards, from
storms to earthquakes, the countries most at
risk are all tropical, coastal, developing nations
(Biindnis Entwicklung Hilft 2017). These are all

r Coral Reefs

countries where habitats such as mangroves and
coral reefs can play significant roles in reducing
risk to people. Coastal ecosystems, particularly
mangroves, serve as the first line of defense against
erosion, flooding, and sea level rise. Mangroves
are regularly cited in both conservation and devel-
opment literature for their role in reducing the
impacts of coastal erosion and inundation during
storms (Losada et al. 2017, Mclvor et al. 2012a,
Meclvor et al. 2012b, Narayan et al. 2016, Narayan
etal. 2017, Shepard et al. 2011). The aerial roots of
mangroves retain sediments and prevent erosion,
while the roots, trunks and canopy reduce the force
of oncoming wind and waves and reduce flooding.
The entire structure can reduce the force of wind
waves and flood waters, reducing storm surge peak
water level even providing some protection against
tsunamis. Mangroves can reduce wave height as
much as 66% over a 100-meter-wide belt, and by
50-100% over a 500-meter-wide mangrove belt.
In low lying areas, even relatively small reductions
in water levels can reduce flooding and prevent
property damage (Gedan et al. 2011, Mazda et al.
2006, Mclvor et al. 2012a, Mclvor et al. 2012b,
2016, Quartel et al. 2007, Shepard et al. 2011,
World Bank 2016, Zhang et al. 2012).

Mangroves can be managed as natural coastal
infrastructure, either alone or in concert with built
coastal infrastructure solutions, to substantially
reduce exposure from coastal hazards. And unlike
nEEE
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Figure 1: Mangroves prevent erosion and reduce the force of
waves, storm surge and flooding.
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Figure 2: In addition to reducing exposure by protecting against flooding and erosion, mangroves also decrease vulnerability by
offering a wide suite of ecosystem services- including fisheries habitat, timber production, tourism, carbon sequestration, climate
and water regulation, and provision of food and other natural resources that benefit coastal livelihoods. Above left, red mangroves
(Rhizophora mangle) provide stability for sea grass beds, prime fish nursery habitat, in Baie Liberte, Haiti. © Tim Calver/The
Nature Conservancy. Above right, a fisherman near Tarobi Village, West new Britain, Papua New Guinea. © Mark Godfrey/The
Nature Conservancy.

most built coastal infrastructure, mangroves adapt
to and keep pace with environmental change,
including sea level rise and shifting hydrodynamic
conditions, and they are substantially less costly to
maintain (McKee 2011).

In addition to reducing exposure by protecting
against flooding and erosion, mangroves also
decrease vulnerability of coastal communities
and contribute to human wellbeing and resilience
by offering a wide suite of ecosystem services,
including fisheries and timber production, tour-
ism, carbon sequestration, climate and water regu-
lation, provision of food, freshwater, wood, fiber
and fuel benefitting coastal livelihoods, and other
provisioning, regulating and cultural services
(Beck et al. 2012, World Bank 2016, Butchart et al.
2005). Livelihood benefits provided by mangrove
tend to be especially important for poor and
vulnerable groups, serving as a fall-back in times
of emergency or stress when other sources of
income fail (FAO 2016). These ecosystem services
enable coastal communities to cope with disasters
and extreme events, thereby increasing coastal
resilience.

But mangroves are being lost and degraded at
alarming rates over the last 3 decades. Expand-
ing coastal development often results in coastal
habitat loss to housing, transportation, energy,
agriculture and other land uses, and to coastal
habitat degradation due to increased physical
disturbance, eutrophication and sedimenta-
tion (Richards and Friess 2016, Valiela et al.
2001, World Bank 2016). A third of the world’s

8 | The Global Value of Mangroves for Risk Reduction

mangroves have likely been lost over the last 50
years largely through conversion for aquaculture
or agriculture (Alongi 2002). Annual mangrove
deforestation rates from 2000-2005 were esti-
mated at ~ 0.7% (Spalding et al. 2010), similar to
or higher than those for tropical forests and three
to five times greater than mean global rates of
forest loss (FAO 2005). Often, the loss of these
habitats is greatest around large settlements- the
places were the impacts of coastal degradation
are greatest, and where the most people stand
to benefit from coastal ecosystems (Biindnis
Entwicklung Hilft 2012, Spalding et al. 2010).
When mangroves are degraded or destroyed, the
loss of their aerial roots leads to erosion, coastal
regression, soil destruction and increasing water
depth. More exposed coastline are more vulnera-
ble to the destructive impacts of storms (Biindnis
Entwicklung Hilft 2012).

Mangrove loss is fueled in part by the failure to
adequately value their coastal protection services
in terms readily understandable to policy makers.
Conventional approaches to measuring wealth
and economic development fail to account for
the value of the goods and services provided by
natural capital, particularly non-extractive bene-
fits like coastal protection. Many critical goods
and services, such as flood protection, which rely
on keeping ecosystems intact, are rarely valued
(Narayan et al. 2016). This lack of consideration
encourages short-term over-exploitation, which
leads to degradation and loss. Better valuations
of the protection services of coastal habitats can
ensure that these services are recognized and



accounted for in policy and management decisions,
halting the loss of our natural capital and ensuring
the provision of critical ecosystem services for
current and future generations.

In many places, particularly where their coast-
al protection services have been recognized, the
rate of mangrove loss has slowed. Disaster risk
reduction and environmental conservation groups
have partnered to restore mangroves. Hundreds
of thousands of hectares of mangroves have been
restored in places like Vietnam, representing some
of the most successful cases of large scale habitat
restoration (see Case Study in Section 4.1 in this
report)(World Bank 2016).

There have been a handful of evaluations of the
flood defense benefits of mangroves at local and
national levels (World Bank 2016, Narayan et al.
2016). While these are useful demonstrations of
the potential of ecosystems to protect coastlines,
they do not rigorously quantify the value of this
protection. Many studies have used a replace-
ment cost method, which estimates the value of
a mangrove forest based on the cost of an equiv-
alent structure that will replace the flood protec-
tion service of the mangrove forest (Boyer and
Polasky 2004). This method is most suited for
single projects, but it can over-estimate values and
can be difficult to integrate into larger-scale risk
and value assessments (Barbier 2011). The World
Bank recommends an Expected Damage Function
(EDF) approach, which directly values a mangrove
forest based on its role in reducing expected storm
damages (Barbier 2007, World Bank 2016).

The EDF approach is adapted from methods
commonly used in the engineering and insurance
sectors to assess risks and benefits. The approach
provides scalability from local to national scales
and easy integration with wider coastal risk assess-
ments and models (Sanchirico et al. 2016). There
are five core steps to estimating coastal protec-
tion benefits from any kind of infrastructure: (1)
Estimate offshore hydrodynamics (wind, waves
and sea levels); (2) Estimate nearshore hydrody-
namics; (3) Estimate effects of coastal structures
(habitat) on hydrodynamics; (4) Estimate flooding
or erosion; and (5) Assess expected and averted
damages (i.e., value coastal protection benefits).
These five steps allow an assessment of coastal

habitat protection benefits in terms of damages
averted by conserving or restoring the habitats in
question.

Using high-resolution engineering and economic
assessment tools, the EDF approach was recent-
ly applied in the Philippines as a pilot study to
facilitate inclusion of mangrove coastal protec-
tion values into the country’s system of nation-
al accounts (Losada et al. 2017). For this global
mangrove study, we applied these tools and the
EDF approach globally to estimate the flood
protection benefits of all existing mangrove
ecosystems across a number of hazard, exposure
and vulnerability conditions.

There is a growing body of work that assesses risk
based on exposure and even considers the role of
ecosystems in exposure reduction. For example,
the insurance risk modeling sector has begun to
consider the protective role of ecosystems more
explicitly in their models (Narayan et al. 2017).
And the insurance sector is now harnessing the
exposure reduction role of ecosystems to create
innovative sustainable funding sources that both
incentivize and fund ecosystem management for
disaster risk reduction (Flavelle 2017, Harvey
2017). However, there has been much less quanti-
tative work on how social and economic vulnera-
bility influences risk and in particular how ecosys-
tems can reduce vulnerability. While it is widely
asserted that mangroves play important roles in
improving lives and livelihoods, the direct evidence
is thinner than that for reducing exposure (Mclvor
etal. 2016). The WorldRiskReport addresses these
measures of vulnerability and directly considers
the role of environment in risk reduction (Biindnis
Entwicklung Hilft 2012); it has also served as the
basis for a specific focus on coastal nations and the
role of reefs, mangroves and fisheries in reducing
overall risk (Beck 2014).

In this report, we rigorously value the coastal
protection services of mangroves globally to iden-
tify the places where mangroves provide the great-
est risk reduction benefits to people and property.
This valuation can inform strategies for adapta-
tion and environmental management and can help
identify sustainable and cost-effective approaches
for risk reduction.
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2. Methods

2.1 Methods at a Glance

This study follows the Expected Damage Func-
tion (EDF) approach to measure the coastal
protection service values of mangrove habitats.
This is the methodology recommended in the
Guidelines for the Valuation of Natural Coastal
Protection (World Bank 2016) (see Figure 3).
These methods and models were piloted and vali-
dated at a national scale in the Philippines (Losa-
da et al. 2017) and follow a multistep approach:

+ Step 1: Characterization of the offshore dynam-
ics for both regular climate conditions and trop-
ical cyclones

+ Step 2: Downscaling of the offshore dynamics
to the nearshore location of mangrove fields
considering the relevant dynamics transforma-
tion processes

+ Step 3: Evaluation of the role of coastal habitats
(mangroves and corals ) on nearshore dynamics

+ Step 4: Calculation of flood heights and corre-
sponding flood maps at mangrove protected
areas for different mangrove cover scenarios

+ Step 5: Calculation of flooding consequences on
population and built stock or property using an
expected damage function approach for differ-
ent mangrove cover scenarios.

Extending the application of these steps from a
single country to global scale and using a prob-
abilistic approach present a series of challenges.
Addressing these challenges requires a combina-
tion of good quality data sets at the appropriate
spatial resolution, with process-based models
including a number of simplifications, to allow
thousands of numerical simulations at affordable
computational times.

STAGE 1 STAGE 2 STAGE 3 STAGE 4 STAGE 5
S / 2 —— With Habitat
: : -3 e = = Without Habitat
i I < Habitat Benefit
N s ! . STORM FREQUENCY
Estimate Estimate Estimate Estimate Assess Damages & Value
Offshore Waves Nearshore Waves Effects of Habitat ~ § Flooding Level : Coastal Protection Benefits
H 10yr
with habitat
10yr

without habitat

Figure 3: The key steps for estimating the coastal protection benefits provided by mangroves, following the Expected Damage

Function approach (World Bank 2016).
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Figure 4: Regional subdivision of existing mangrove areas in the world.

2.2 Study Domain Description

This study considers 700,000 km of coastline
protected by mangroves spread across 5 conti-
nents including 9,533 islands ranging in perim-
eter from 5,000 km to 5 km. The coastline used
in this study is the high resolution (0.2 km) from
the NOAA database GSHH (Global Self-consis-
tent, Hierarchical, and High-resolution Geogra-
phy Database). In this study, islands smaller than
5 km in perimeter are not considered. To constrain
the global scale models and analyses, the whole
world was subdivided into 68 regions and 27 conti-
nental polygons (Figure 4) based on a number of
criteria including land type (i.e. island or conti-
nental), coastline orientation, and coastal climate
(i. e. countries with similar coastal wave and storm
surge climates). For example, all Caribbean island
nations were grouped and analysed together as
they experience the same tropical cyclone season.
Collecting good bathymetry and topography is
critical for these flooding analyses (World Bank
2016). Though some regions and countries have
good bathymetry and topography datasets, the
global availability and quality of these vary greatly,
and we used the best available global data through-
out to maintain consistency across regions in the
coastal protection valuation. Similarly, the study
uses global datasets for mangrove occurrence and
coral reef occurrence. Coral reefs can often occur

12 | The Global Value of Mangroves for Risk Reduction

near mangroves and can significantly affect near-
shore waves and water levels, and we therefore
include these habitats in the models.

To achieve a global scale model we adopted a
quasi-2D modelling approach, since a fully 3D or
2D modelling of steps 2 and 3 in the methodol-
ogy is not computationally affordable at a global
scale. To achieve this, 1D profiles were drawn at
1 km spacing over 700,000 km of global coastline.
Each profile extends 10 km onshore and till 50 m
water depth offshore, resulting in different profile
lengths depending on local bathymetry. These
profiles were then intersected with the Global
Mangrove Cover 2010 (Spalding et al. 2010) data
set to obtain mangrove length and average depth
ofoccurrence for each profile. Figure 5is an exam-
ple of the profiles distribution along the Caribbe-
an Islands with a zoom in one specific transect of
Cuba’s shoreline covered by mangroves (green
area). In addition to this coastal segmentation,
we included a series of statistical and classifica-
tion techniques, to be described later, that allow
the use of a probabilistic approach at global
scale. The probabilistic approach facilitates the
use of an expected damage function approach to
assess the consequences of mangrove habitat loss,
consistent with the methodology outlined above.



||Legend

Mangroves (2010)
Coral Reefs

Figure 5: Coastal profiles in the Caribbean Islands (Region 46)
with a zoom in Cuba. Red lines are the coastal profiles and the
green surface represents the current mangrove extension

2.3 Data Sources Overview

This section summarizes the sources of data
used in the analysis of global coastal protection
provided by mangrove forests (Table 1). Datasets
of the best possible resolution at a global scale
for coastline, topography, bathymetry, mangrove
cover, climate, exposure assets and damage func-
tions are applied in the study and are described in
this section. The following sections describe the
dynamics, bio-physical and socio-economic data-
sets. A summary can be found in Table 1.

For bathymetry, we used GEBCO 1.6 km resolu-
tion global database combined with SEAWIFS
1 km resolution of coral reefs bathymetry world-
wide. Intropical countries, thebathymetry of shal-
low nearshore coral reefs is critical for predicting
flooding, because coral reefs play an important
role in wave energy dissipation, reducing waves
reaching mangrove shorelines. With a spatial
resolution of 1 km, SEAWIFS bathymetry is the
most accurate database to account for coral reef
bathymetry globally. For that reason, SEAWIFS
bathymetry is combined with GEBCO to obtain a
hybrid mesh with high quality water depth values
nearshore. Adequate flooding analyses requires
a good Digital Terrain Model (DTM) based on
high resolution topography data. We used SRTM
(Shuttle Radar Topography Mission) at 30 m
resolution, to our knowledge the best available
global dataset.

Mangroves extend over 150,000 km? in the world,
distributed across 123 countries. This study uses

Figure 6: The coral reef (green) and mangrove cover
(red) along Mexico and Belize coastline

one global dataset for mangrove cover created in
2010 for the World Atlas of Mangroves (Spald-
ing et al. 2010). The effect of coral reefs is repre-
sented by bottom friction and wave breaking
processes over reef topography. This study uses
the 2010 Millennium Reef Map Project, released
by the United Nations Environmental Programme
World Conservation Monitoring Center (UNEP-
WCMCO), to obtain a global spatial distribution of
tropical and subtropical coral reefs. An example of
coral reef and mangrove cover along the coastline
of Mexico and Belize is shown in Figure 6.

Crucial to the analyses are long-term time series
of various offshore components that contribute to
coastal flooding. Data on offshore waves, storm
surge and astronomical tide are obtained from a
combination of globally available data and models
such as the International Best Track Archive
for Climate Stewardship (IBTrACS (Knapp et
al. 2010)) provided by NOAA for storms, and
hindcast models developed in-house, for waves
and tides (http://ihpedia.ihcantabria.com/wiki/
IH_DATA). These data sources and the methods
by which the offshore data used in this study are
derived are described in detail in Sections 2.4
and 2.5.

To estimate the consequences of the modelled
flooding extents (i. e. people affected and property
damaged) we make use of global exposure data on
socio-economic parameters such as population,
GDP and infrastructure. For population we use

The Global Value of Mangroves for Risk Reduction | 13



the fourth version of Gridded Population of the
World at a 1km spatial resolution (http://sedac.
ciesin.columbia.edu/) which is freely available and
can be viewed online (http://sedac.ciesin.colum-
bia.edu/mapping/viewer/). Global GDP data are
obtained from the World Bank Database (https://
data.worldbank.org/data-catalog/world-develop-
ment-indicators). We obtain global distributions of
residential and industrial stock (or property) using
data from the 2015 Global Assessment Report on
Disaster Risk Reduction (GAR15) (Desai et al.
2015) on the economic value of residential and
industrial stock. The GARI15 provides a global
exposure database with a standard 5 km spatial
resolution and a 1 km detailed spatial resolution on
coastal areas, estimating the economic value of the

exposed assets, as well as their physical character-
istics in urban and rural agglomerations. Finally,
we use the latest database of global depth-dam-
age functions from the EU Joint Research Centre
(JRC) which proposes unique damage functions
for residential and industrial stock, commerce,
transport, infrastructure and agriculture for differ-
ent global regions including Africa, Asia, Oceania,
North America, South America and Central Amer-
ica (Huizinga et al. 2017).

A summary of the relevant datasets used to define
waves, tides, storm surges and tropical cyclones
is presented in Table 1 and described in detail in
Section 2.4.

Coastline GSHH (NOAA) Global Coastline 0.2 km - -
shapefile
Bathymetry GEBCO Global bathymetry 1.6 km - -
raster
SEAWIFS Reefs bathymetry Tkm - -
raster
Topography SRTM Elevation raster 30m - -
Coral Reefs Millennium Reef Global Coral reefs - - 2010
Map Project distribution shapefile
Mangroves World Atlas of Global Mangroves - 2010 2010
Mangroves distribution shapefile
Waves GOW 2.0 Hs, Tm, Tp, Dir 0.252x0.25°  1hour 1979-2017
Storm Surge DAC (extended) SS 95% 29x2° 1 hour 1871-2010
Astronomical Tide GOT Mean AT 0.25°x0.252  Any Any
Mean Sea Level AVISO (Satellite MSL 19x12 1 month 1950-2010
Altimeted Data)
Sea Level Rise Slangen 2014 RSLR IDE No 2081-2100
Tropical Cyclones  IBTrACS Global-STM  Lon, Lat, Pressure, = 6 hours 1951-2014
Wind
Population GPW (SEDAC) N¢ of people Tkm 2016 -
Stock/Property GAR 15 (UNISDR Residential stock 5km down- 2015 -
2015) and industrial stock scaled to
s $) Tkm
GDP World Bank us$ Per country  1year 1960-2016
Damage Functions EU Joint Research % damage/flood level Per country - 2017
Center (JRC)

Table 1: Databases used in this study.
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2.4 Step 1: Characterization of the Offshore Dynamics

Coastal flooding is the result of the interaction
of a hazard represented by a flood height or total
water level (TWL) at the coast with coastal topo-
graphy. The spatial extent of this coastal flood-
ing is represented using flood maps and is used
to estimate the extent and severity of damage to
people and property by flooding. Producing these
flood maps requires the local height (i. e. the total
water level) at the coastline. This flood height is
therefore, one of the most relevant parts of this
work and is estimated as the local combination of
multiple components including the mean water
level, astronomical tides, storm surge and wind
waves contribution (run-up/setup) (Figure 7).

The flood height at each point on the coastline is a
result of the offshore (boundary) values of each of
these components and their transformation due
to bathymetric changes and the presence of local
coastal ecosystems as they propagate towards the
shore. The relative importance of each compo-
nent, from offshore to nearshore, can show
significant spatial variability (Rueda et al. 2017).
For example, on coastlines exposed to tropical
cyclone activity storm surge may be the domi-
nant contribution to the flood height, relative to
astronomical tides or wind waves. To adequate-
ly represent this variability we first characterize
the different components in the offshore region,

where these are not (yet) influenced by coastal
bathymetry. Thus, we characterize flood heights
separately for ‘regular climate’ conditions includ-
ing astronomical tides, storm surges (extratropi-
cal storms) and waves; and for ‘tropical cyclone’
conditions including tides, storm surges (from
tropical cyclone events) and waves. This distinc-
tion is important for two reasons: a) each of these
climate conditions has distinct offshore dynam-
ics, and b) the inclusion of ‘regular climate’ condi-
tions allows assessment of mangrove protection
values for the more frequent, non-cyclone waves
and water levels that can cause significant flood-
ing and damages throughout the year.

2.4.1 Regular Climate

The first step consists of obtaining the offshore
total water level as the combination of the time
series of waves (GOW 2), storm surge (DAC)
and astronomical tide (GOT). For wave data,
we use the Global Ocean Waves database, GOW
2.0  (http://ihpedia.ihcantabria.com/wiki/TH_
DATA), a hindcast database created by running
WAVEWATCH III (Tolman 2014) on a 0.25°
spatial resolution grid (Perez et al. 2017). This
database provides hourly information of the
most characteristic sea state parameters: signif-
icant wave height (Hs), peak period (Tp) and

AT: Astronomical Tide
SSL_PW: Storm Surge Level (Pressure + Wind)

SSL_H:
TWL:

o e — — e — o — . — — — . — . — —

SSL_H
o e 2 —
SSL_PW TWL
REFERENCE LEVEL AT

Storm Wave Component (run-up/set-up based on significant wave height, Hs)
Total Water Level = AT + SSL_PW + SSL_H

Figure 7: Definition of flood height of total water level as the combined effect of mean water level, astronomical tide, storm surge
(extratropical and tropical cyclones) and waves (set-up/run-up).
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mean direction (Dir) from 1979 to 2016. Astro-
nomical tide is a deterministic component of sea
level and is historically reconstructed (hindcast)
as well as forecasted. These data are part of the
GOT (Global Ocean Waves) database with a
spatial resolution of 0.25° (http://ihpedia.ihcan
tabria.com/wiki/TH_DATA). This study assumes
current conditions of mean sea level and does
not consider future sea-level trends. Storm surge
information is given by a statistical global recon-
struction with spatial resolution of 2°, covering
the period 1871-2010. This long time-series was
generated from the DAC (Dynamic Atmospheric
Correction) database developed by AVISO (Cid
etal. 2017). The model was forced by the pressure
and wind speeds at 10m altitude provided by the
European Centre for Medium-Range Weather
Forecasts (www.ecmwf.int/en/research/clima-
tereanalysis) reanalysis. The extension of the
storm surge database for the period 1871-2010
was developed by using the 20th Century Reanal-
ysis ensemble (Compo et al. 2011) as a predictor
to reconstruct global 20th century surge.

The time-length of this analysis is limited by the
available data to 32 years, for the period from
1979-2010. These time series can be associated
to the most offshore point of each coastal tran-
sect. Since, the resolution of the global offshore
datasets is 25 km (0.25°) and the resolution of the
transects resolution is 1 km, on average we use the
same offshore time series every 3 to 4 transects.
After a preliminary statistical analysis, it is found
that for regular climate conditions, the offshore
climate characteristics can be clustered into
3,787 series of waves and sea level parameters.

To avoid double-counting, the extreme events
associated with tropical cyclones detected
between 1979 and 2010 in the resulting time
series are filtered out of the record using infor-
mation from the cyclone occurrence databases
described below in 2.4.2.

2.4.2 Tropical Cyclones

In order to identify tropical cyclones affecting
each region we use historical tropical cyclones
extracted from the International Best Track
Archive for Climate Stewardship (IBTrACS,
(Knapp et al. 2010)) provided by NOAA, which
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provides 6-hourly information about tropical
cyclone centre location (latitude and longi-
tude in tenths of degrees) and intensity (maxi-
mum l-minute surface wind speeds in knots
and minimum central pressures in millibars)
for all Tropical Storms and Cyclones observed
from 1951 to date, with some uncertainties and
non-homogeneities before 1966 when global
satellite-based observations became available.
Historical cyclones are subdivided in 5 basins:
Atlantic Ocean, East Pacific, West Pacific, Indian
Ocean and South Hemisphere (Figure 8). The
temporal coverage and the total TC registered
within each period is summarized as follows:

+ Atlantic Ocean 165 years (1851-2015):
1804 TCs (11 TCs/year)

+ East Pacific 67 years (1949-2015):
1050 TCs (16 TCs/year)

+ West Pacific 71 years (1945-2015):
1980 TCs (28 TCs/year)

+ Indian Ocean 43 years (1972-2015):
218 TCs (5 TCs/year)

+ South Hemisphere 60 years (1956-2015):
1127 TCs (19 TCs/year).

A climatology frequency analysis indicates that,
except in the Indian Ocean, tropical cyclones
can occur in every calendar month depending
on the region. The greatest cyclone activity is
concentrated between June and November in the
Atlantic Ocean, between May and November in
the Pacific and between November and March in
the Southern Hemisphere. Based on this analysis,
tropical cyclones passing through each region are
obtained.

Every single tropical cyclone is characterized by
the maximum wind speed and the cyclone centre
location at each time step (track). However, with
the aim of calculating the wave climate at the
most offshore point of coastal profiles, additional
tropical cyclone parameters must be calculated:
The distance between the tropical cyclone eye
and each profile (Dist), the wind speed of the eye
of the tropical cyclone (Wind), the displacement
velocity of the storm along the track (Velocity)
and the angle between the wind direction and the
profile (Angle) are the 4 key variables that will
affect waves and storm surge generation.



Figure 8: Sub-division of historical tropical cyclone tracks into 5 distinct basins.

The IBtRACS database has about 6,000 tropi-
cal cyclones and if we multiply it by the 700,000
profiles ), we have 6,000 TC x 700,000 profiles x
3 combinations = 12.6 Billion cases.

Given the numerous possible combinations of
these predictors, three alternatives are proposed
and compared with the aim of identifying the best
means of reducing the uncertainty in waves and
sea level prediction:

+ Parameters associated to the closest point of
the track to the head of each profile: Dist = min
(Dist)

+ Parameters associated to the point of maximum
winds: Wind = max (Wind)

+ Parameters averaged along the track of the trop-
ical cyclone: Dist, Wind, Vel, Angle = mean(Dist,
Wind, Vel, Angle).

To illustrate the selection process, Figure 9
shows the 4 parameters obtained for each tropi-
cal cyclone and associated to a single profile. The
selection of the optimal combination of these
4 parameters will be explained in the follow-
ing sub-section, based on the numerical model
results (DELFT 3D) obtained for the tropical
cyclones analysis in the Philippines (Losada et al.
2017).

Reducing the dimensions of the problem will be
crucial to achieve the goal of obtaining the flood
height along the coast produced by every tropical
cyclone at each profile. This is done by neglecting:

+ Tropical cyclones farther than 500 km off the
head of the profile (Dist>500km)

+ Tropical cyclones blowing in the opposite direc-
tion of the profile (Angle>90°)

+ 2 of the 3 combinations of Distance, wind,
velocity and angle.

After applying these three simplifications, the
number of cases goes down to 166 million, i.e.
1.3% of the initial value.

In this study, in order to calculate offshore wave
and storm surge parameters associated to TCs
we use pre-calculated waves and storm surge
numerical model results to establish mathemat-
ical relationships between them. This library of
relationships is based on extensive modelling of
548 representative TCs in the Philippines (Losa-
da et al. 2017) using a high resolution 2D mesh
of the DELFT 3D numerical model (https://oss.
deltares.nl/web/delft3d). The model was forced
with the available data of historical TC tracks and
wind speed to obtain the significant wave height,
peak period, storm surge height and storm surge
duration. In order to assure the validity of this
approach two requirements must be met:

+ The results of Losada et al. (2017) must
be wvalidated with existing parametric
expressions

+ Pre-calculated results must cover a wide
range of tropical cyclones representative of
the rest of the world.
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Before starting with the regression analysis, the
numerical results (DELFT 3D; Losada et al.,
2017) are compared with some existing para-
metric models (Equation 1; Ruiz-Martinez et al.,
2009). The difference between the parametric
model and the numerical simulations is calcu-
lated in percentage at each profile and for every
single tropical cyclone. The numerical model is
shown to perform better at predicting significant
wave heights, particularly in the presence of reefs
and barrier islands.

6.69'N

Hy = 02887 - (1= i) R By =R - (14

Vg-cos(0 +5))2 (.I )

2-Up-Fy

Then we created wave and surge response func-
tions from a regression analysis technique to
find relationships between the input tropi-
cal cyclone (Dist, Wind, Velocity, Angle) and
the waves and sea level induced parameters
(Hs, Tp, SS, SS_duration), and finally

reconstructing wave climate at each profile. The
significant wave height (Hs), peak period (Tp),
storm surge (SS) and storm duration (SS_dura-
tion) are calculated at each coastal profile and for
every single tropical cyclone. The reconstruction
process simply involves associating each combi-
nation of (Dist, Wind, Velocity, Angle) of each
profile to one of the 150 families selected from the
regression analyses, and then reading the value of
the pre-calculated output variables (Hs, Tp, SS,
SS_duration). To extrapolate the simulations
carried out in the Philippines to the whole world,
the variability of each parameter was studied. We
plotted the histograms of the variables involved,
to validate that the range of variation of the data
of the interpolation table covers all the alterna-
tives of wave height, peak period, storm surge,
storm duration, mangrove length and mangrove
depth.

2.5 Step 2: Characterization of Nearshore Dynamics

Waves and storm surges are transformed as they
approach the coast due mainly to their interac-
tions with bathymetry and island features. The
combined effect of shoaling, refraction, diffrac-
tion and breaking may induce changes in heights
and directions that need to be accounted for in
the evaluation of flood heights. Ideally, we aim
to reconstruct the offshore times series near-
shore, which requires the propagation of the
entire offshore time series. Since this is prac-
tically unfeasible at the global scale due to the
length of the time series of water levels, waves
and TCs, a downscaling of offshore dynamics to
the nearshore is carried out using a combination
of analytical formulations, numerical modelling
results, and statistical and clustering methods.
Together these approaches allow considerable
reduction of computational effort at a reasonable
scale. This approach is explained next.

2.5.1 Regular Climate

As already explained in 2.4.3 for regular climate
conditions, the 700,000 profiles of offshore
climate characteristics were clustered into 3,787
series of waves and sea level parameters that
need to be propagated to the nearshore. When
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selecting the relevant offshore point to carry out
the propagation to a coastal point two condi-
tions are followed in assigning these points: (1)
the offshore point must be inside the influence
area of the coastal point, which is defined by a tri-
angle oriented +/-300 seaward; (2) where there
are multiple points within a triangle, the near-
est point to the coastline point is chosen. This
method minimizes errors in choice of appropri-
ate offshore points that can be critical in island
regions where the directionality of waves is high-
ly conditioned by the side of the island being
considered.

Estimating the total amount of cases to be prop-
agated highlights the need to reduce the dimen-
sions of the problem. In total 3,787 different
combinations of waves and sea level datasets are
to be propagated over 700,000 coastal profiles in
the globe. The datasets have hourly resolution,
which means that 32 years contains 280,320
sea states, resulting in a total of 196,224 million
propagations (280,320 sea states per profile x
700,000 profiles). It is therefore essential to
reduce the dimensions of the problem to make
it practically feasible. We do this in the following
way:



+ Reduce the number of profiles using a statisti-
cal classification and clustering (K-MEANS).
This reduction method simplifies the 700,000
profiles into 1,173 representative combina-
tions of mangrove length and depth.

+ Reduce the number of waves + sea level combi-
nations using the K-MEANS method of statis-
tical classification, for the sea-state time series,
to reduce the 3,787 combinations into 10 repre-
sentative clusters.

+ After applying these two simplifications the
number of cases to be solved goes down from
196,224 million to 44 million (3,787 unique
combined datasets x 10 sea states per data-
set x 1,173 profiles), which nevertheless still
represents significant computational effort.

Snell’s law is applied to propagate waves from deep
water to the reef front. In this case, only shoaling
and refraction processes are considered, affecting

the wave’s direction and height (waves tend to be
parallel to the bathymetry and they increase their
height in shallow water). The breaking model is
applied in the reef environment, i.e., just offshore
and over the reef. Wave refraction tends to reduce
the wave front’s angle with the bathymetry. Apply-
ing Snell’s law, the new direction is obtained (Equa-
tion 2) as well as the new wave height (Equation 3):

C C:
Snell law: —— = 2
St na Slna

Shoaling + Refraction: H, = H, - \/71 1’22221
2

We finally obtained the significant wave height
(Hs), peak period (Tp) and mean direction (Dir)
at each profile for the 10 representative clusters.

= constant

2.5.2 Tropical Cyclones

For tropical cyclones, this step 2 is integrated
with step 3, following Losada et al. (2017) based
on a library of numerical simulations.

2.6 Step 3: Modelling the Role of Coastal Habitats on

Nearshore Dynamics

As waves and storm surge propagate along
coral reefs or mangrove fields they experience
a transformation affecting the Total Water
Level reaching the area protected by these
habitats. Consequently, we need to model this
transformation along the coastal transects
using the nearshore dynamics characteristics
calculated in step 2.

In this case the method followed is the same for
both, tropical cyclones and regular climate. It is
based on a pre-calculated set of high resolution
numerical model results covering a wide range
of cases (different wave heights, peak periods, sea
level and mangrove length and depth).

2.6.1 Tropical Cyclones

A look-up table or, in other words, an interpo-
lation table, generated within the Philippines
project (Losada et al. 2017) is used to interpolate
the Total Water Level (TWL) along the coast.
This table identifies key variables that affect the
TWL (.e. flood height) for a combination of

parameters that have been assessed extensively
in prior models. The look-up table allows us to
quickly interpolate values of TWL based on these
previously assessed parameters. Particularly, in
this case we calculate the TWL from the offshore
dynamics variables (Hs, Tp, SS, SS duration) and
mangrove characteristics (mangrove width and
mangrove depth). The total amount of simula-
tions carried outin The Philippines using DELFT
3D model was 37,500 (750 combinations of
mangrove length and depth and 50 combinations
of waves and storm surge). Figure 9 is an example
of the steps followed to obtain the flood height for
a specific transect and tropical cyclone. For the
global model, this process is repeated for the total
number of cases in the whole world (700,000
profiles x 6,000 tropical cyclones = 4,260 million
cases).

As mentioned earlier, to extrapolate the simula-
tions carried out in the Philippines to the whole
world, the variability of each parameter was stud-
ied. We plotted the histograms of the variables
involved, to ensure that the range of the data of
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the interpolation table covers all possible combi-
nations of wave height, peak period, storm surge,
storm duration, mangrove length and mangrove
depth. The significant wave height obtained in
the Philippines covers values up to 15 meters and
peak periods between 2 and 20 seconds. Mean-
while, storm surge heights in the Philippines are
in the range of O to 2 meters, with some extreme
values reaching 6 meters and typical durations
of 50-100 hours. Thus, both the ocean dynam-
ics and the parameters that define the mangrove
forests (cross shore length and average depth),
include a sufficiently broad spectrum of cases
to create an extensive and reliable interpolation
database, generated from high resolution numer-
ical simulations (DELFT 3D). Two scenarios are
to be studied and compared: with and without
mangroves. The “without mangroves” scenario
also includes wave and surge propagations over
non-vegetated profiles.

Profile

2.6.2 Regular Climate

The interpolation table was obtained from the
90,000 simulations (1 hour long each) carried out
in the Philippines (Losada et al. 2017) using Delft-
3D resolving 1-dimensional profiles. The numeri-
cal boundary conditions assume a non-stationary
process with a triangular time-evolution of Hs
and a constant sea level within each sea state. The
output of each simulation provides flood height
time series every 10 m along the profile. Howev-
er, we are only interested in the maximum Total
Water Level at the shoreline (referred to as “flood
height”). With this information a look-up table is
constructed to interpolate the flood height for any
given conditions of significant wave height, peak
period, sea level, mangrove length and mangrove
depth. The interpolation of waves and sea levels
along the 1D representative profiles results in
44 million theoretical values of flood height (3,787

Dist min. [km]
Wind_Speed_dist_min [km/h]
Track Velocity_dist_min [km/h]
Angle_Wind_Profile dit min [2]

Hs_max (m)
Tp (s)

SS_max (m)
SS_duration (h)

OTAL WATER LEVEL AT THE COAST

Figure 9: Methodology to obtain the flood height produced by a single tropical cyclone in a single profile. The three boxes, from
top to bottom, list i) the offshore parameters; ii) the near-shore parameters, and iii) the final result, i.e. the Total Water Level (or

flood height) at the coast.
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unique combined time series datasets x 10 clus-
ters per dataset x 1,173 profiles). These 44 million
values are used to reconstruct the flood height
along all of the world’s coastlines. Each profile
has been associated to one of the 1,173 families

defining the ecosystem characteristics (mangrove
length and depth) and one of the 3,787 combina-
tions of waves + sea level. The final result is a time
series (32 years = 32 data) indicating yearly maxi-
mum flood heights along the coast.

2.7 Step 4: Calculation of Flood Heights and Flooding Maps

2.7.1 Tropical Cyclones: Extreme Value
Distribution of Flood Heights

The flood height has been calculated along the
world’s coastline for the 6,000 s contained in the
IBtRACS database and with a spatial resolution of
1 km. In order to obtain annual expected damag-
es, flooding maps for different return periods are
required. Consequently, we must fit flood heights
to an extreme value distribution. The two paramet-
ric distribution functions that have been historical-
ly used to fit extreme values are the GEV function
(Generalized Extreme Value) and Pareto-Poisson.
GEV model is the most used function to fit maxi-
mum values within a period. Pareto-Poisson works

Mangroves Distribution

TWL Tr =100 years
(without mangroves)

much better in case of using a Peak Over Thresh-
old method, since it includes information on the
magnitude and frequency. In this case we are
interested in keeping this information and, thus,
we apply the POT method and Pareto-Poisson
distribution function at every coastal transect. In
this case the POT method is applied over a vari-
able threshold ensuring at least 1 event per year.
An example of the flood height distribution in Viet-
nam, with and without mangroves, for a 100-year
return period eventis shown in Figure 10. Mangrove
layer distribution is also shown in the figure to high-
light the protection role of the ecosystem thanks to
its capacity to reduce the flood height.

TWL Tr = 100 years
(with mangroves)

Figure 10: Example of the Total Water Level (TWL) at the coast produced by a tropical cyclone event of 100-year return period in

Vietnam.
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