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Abstract

Bangladesh, a country formed by three mighty river systems, is home to the largest delta in the
world. Deltas create fawoable living conditions and have always attracted population @snall

over the world. Bangladesh, with a population of over 160ioni] is no exception. Bubhabitants of
deltas are also very vulnerable to the impacts of climate change and to natural disasters. Often
NEFSNNBR (2 Zra2 T K/St MDINBSIzy/RKF y3S¢3X FyR aiNHZAItAY
pressure, limited fung, institutional capacity and resources, the need for a solid and sustainable
coastal water management planin Bangladeshis evident. Currentcoastal watermanagement
strategies, often developed by foreign consultancies, are heavily criticized, mainbeifag non
transparent and undermining the Bangladeshi vision to becomesséitient in its development
sectors. The Coastal Hazard Wheel is a systemefidorming coastal multihazard assessment and
identifying possiblavater managementolutions,especially designed to bapplicable in developing
countries with limited resources and data availability. Its transparent method enables capacity
buildingof local institutions and supports coastal planners by identifyimgoserview of the coastal
hazardsand identifying a range of suitable management options.

The aimof this study is to identify if the essence of the CHW framework can be captured in a)(semi
automated model using global and publically available data only, while making sure that its strong
points - simplicity and low data requirementswill be sustained. This would avoid the need of

manual labour, and take care of the challenge of suitable input data, significantly increasing the
potential and usability of the CHVBased on a case study Bangladesh, different data sources are

SOl fdzZ G§SREZ IyR GKS Y2RStQa LRGOSydArft G2 NBLIIOS
critically reviewed. Both its potential as hazard assessment method as planning/management tool

are investigated and comparison is made with the Bangladesh Delta Plan 2100 which currently is in

its final stage of formulation.

This research showed that (sejaiutomated hazard classificatiatoes have potentialThe user has

to be aware that the CHW assessment only rssinl an inherent hazard estimation based on the
physical system, and does not include theactsof inland processes and human alterations to the
natural system. It will never beat field observations or local knowledge, but when applied in
environments vinere resources and data are limited, in hdodreach areas, or as a first exploration

to get a better overview of a certain coastal region, it definitely has an added value. The potential of
the CHW as a planning/management tool should be sought in tidoeation phase, to select a
range of suitable options which will be further investigated and optionally complemented with other
measures. However, there is still need for improvement. A proper accuracy assessment of the CHW
system, including field obsertians, is recommended. Furthermore, including land use or economic
interest as an input layer of the CHW would significantly increase its potential for coastal policy
making.
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A hoy looks how the river washes away the embankment and floods the potdéinsiina district
Photo courtesy: Carel de Groc
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INTRODUCTION

Bangladesh, a country formed by three mighty river systems
home to the largest delta inthe world. Over 400 rivers rur
0§KNRdAK . Fy3flRSaKE RSTAYAY!
way of life. Fertile soils, high productivity and ea
transportation along abundant waterways make deltas
favorable living environment. But deltas are alsery dynamic
areas and vulnerable to natural disasters. Proclaimed as t
ground zero of climate change, a solid coping strafegglimate
induced coastal hazardwill be vital. Bangladesh is a your
country, and though rapidly developing, institutionapacity,
data availability and expertise remaproblematic The coastal
hazard wheel, a low tech coastal hazard assessmant
planning tool, couldbe an outcome for dealing with climat
change, and potentiallycontribute towards a safer, more
sustainabé and prosperous future for Bangladesh and coa:
environmentsall over the world.






1. Country setting

Bangladesh, the largest deltaic floodplain in the world, consists for about 80%ecd and their
FE22RLI I Ayad D2FSNYSR o6& (KNFBthe Gailgesjitie BrammagufaR Qa 31
and the Meghna; Bangladesh comprises a unique but vulnerable environment. The river systems

and floodplains support the livelihoods of higihs of people, and have been forming the basis of the
O2dzy i NBEQa SO2y2Y@ 69YbXI HAmMo0O® CSNIAES az2Aafaxz
transportation along abundant waterways make deltas all over the world favourable living
environments for hman population, and Bangladesh is no exception (Overeem & Syvitski, 2009).

With a population of about 160 million, and an average population density of over 1250 inhabitants

per square kilometre, it is in fact one of the most crowded regions on ebifthZ016).

Located on the interface of rivers and the ocean, deltas are naturally shaped by the forces of rivers,
waves and tides, and have very dynamic hydrological, morphological, landscape and ecological
characteristics (Overeem & Syvitski, 2009; EKN,)20t&y are also highly sensitive to (both natural

as anthropological) modifications in the environment (Overeem & Syvitski, 2009). It can be no

surprise that the increasing population pressure and predicted climate change are therefore very

important devdopments in Bangladesh, and it gives water management a vital role @uaix

2010).

Figure 1: Satellite image of Bangladesh and the Ganges -Brahmaputra -Meghna delta (Seos,
2015).




1.1 Water management challenges in Bangladesh
Water is a natural resource of immense importance, and looking at the water sector, Bangladesh

truly is a country of extremes (Chowdhury, 2010). On average about 20% of the country is flooded
annually, and during extreme floods as much as 70% of the gpuatr be inundated (Chowdhuey

al.,, 1996; Mirza2002). The river banks and the coastal region are highly dynamic areas where
erosion and accretion processes affect millions of people (Shamsuddoha & Chowdhurry, 2007; Vidal,
2013). Fresh water supplieseathreatened by the intrusion of saline water, arsenic pollution, and
the ever increasing water requirements for agricultyrahdustrial and domestic use (Hossairal.,

2013; Hoqueet al,, 2014). As a result of groundwater overexploitation in Dhak¥) eneter drop of

the water table was observed in a single decade (Hagjual., 2007). Furthermore ecosystems are
threatened by reductions of water quality and quantity (Chowdhury, 2010). Subsidence and sea level
rise are expected to further increase thgamblems (CSE, 2012; Dasgupta, 2013).

Figure 2: The coastal belt of Bangladesh, and coastline definition used in this research (black line)

The lowlying coastal zone of Bangladesh is a very disaster prone region. In thedadede60% of

Fff RSFOKa Faa20AF0SR ¢gAUGK Oelt2ySa ¢2NI RgARS
0e0f2ySQ 4KAOK OlFdzaSR 2@0SNJ onnodnnn Ol &adzt £t GASa &
recorded (Nicholls, 2007). Fresh water availgbi highly seasonal, dominated by the monsoon

climate, and both floods as droughts are occurring every year (Chowdhury, 2010etddar2014).

Climate change is projected to increase this seasonality, with more extreme rainfall and
temperatures, and &igher risk of cyclones (Dastagir, 2015; Miyan, 2015). Furthermore it decreases

the land availability in the coastal bdigure 2)due to sea level rise, salinization, and more and

longer periods of water logging (CSIRO, 2014). The impacts of clinsaigecare extensively studied

in Bangladesh, and it is globally recognised as one of the most vulnerable countries to global




g NXYAYy3IsS 2F0Sy NBFSNNBR (G2 Fa GKS a3aINRBdzyR 1T SNB 3
2012; Pethick & Orford, 2013; Aman, 2014; Brammer, 2014; Rahman & Rahman, 2015). Climate
NEFdzZ2SSa FNB FNNAGAYy3I Ay 5KF{1IQa afdzra S@OSNER RI
2012; Penningrowselet al, 2013), and the ones who stay appear to be fighting a losing battle
(ArthusBertrand & Mikova, 2016). The coastal belt harbours millions of people, and is absolutely
GAGEE F2NJ GKS O2dzyiNEQa FT22R LINRBRdAzOGA2YZIZ YI1AY
necessity.

1.2 Rapidly developing coastal zones a changingclimate
Coastlines create favourable living conditions, and have always attracted human development and

population centres all over the world. The urbanization of coastlines has increased dramatically, and
deserves more attention from policy makers and plannersrfg\ét al., 2006). Coastlines are highly
dynamic natural systems that undergo continuous changes as a result to interaction with terrestrial,
marine and atmospheric processes. While these processes have been relatively stable and
predictable in the last aguries, they are expected to change more rapidly and unpredictable due to
climate change. Nowadays, this is rarely taken into account in coastal development. Especially in
developing countries, where data availability, economic resources and expertiskmgtied and
coastal populations are often growing rapidly (Appelquist, 2014). Past coastal trends cannot be
directly projected into the future, and recognizing how different coastal environments will react to
climate change is vital in order to deal withe expected coastal hazards in coastal planning
processes.




2. Problem statement

2.1 Climatechange impacts
While Bangladesh is well on its way to become a middle income country, having demonstrated an

impressive stable economic growth of about 6% in the tast decades (World Bank, 2016), this
development is threatened by its population pressure, climate change, and an insufficient water
resource management. If no measures are taken, climate change impact could dislocate more than

35 million people in the castal districts and make an additional 14% of the country extremely
vulnerable for floods (BanDuDeltAS, 2014). This would push people back below the poverty line, and

Al Aa SOARSYy(d GKIG O2Fadlrt KETEFENR YIyhaAsSesSy i Aa
should be taken as soon as possible.

And although the impacts of climate change are extensively stullimtld Bank, 2010; Mirza, 2012;

Lee, 2013CSIRO, 2014; GED, 2016 availability and access to accurate data needed for a proper
water management strategy remains a big challenge (Centre of Policy Dialogues, 2014).
Furthermore, the government is known for its cumbersome bureaucratic system, lack ebaoagar

and funds, and has a bad reputation regarding corruption, limiting its institutismangth (IMF,

2013). The government of Bangladesh typically works wiyleds plans, which makes prioritizing
essential (General Economics Division, 2015). This requires an objective and scientifically solid
method to identify the coastal hazards anddetermine appropriate measures to manage them.

2.2  Criticism on current management strategies
Currentwater management strategies are often developed by foreign consultancies, finamitied

development aid. Buas Bangladesh approaches the status of a middle income cotinisytype of
financing is slowly phasing ouih addition, itdoes not lead towards an increased capacity and
ownership of thewater managementstrategies by the government of Bangladesh. Bamgladesh
Delta Plan 2100 (BDP2100) is a perfect example. While it is presented as a Bangladeshi project that,
with support of the Netherlands, will enable Bangladesh to develop its own delta vision, it is mainly
Netherlandsinitiated, with over 87% oftte financing coming from the Netherlands, and only 2 out

of 10 consortium partners being BangladegBEKN, 2013)Publically criticized for being non
transparent and undermining the Bangladeshi vision to becomesséfitient in its development
sectors, ti lacks the capacity building and Bangladeshi ownership to help the country to be able to
develop her own management strategies in the future (Khalequzzaman, 2016). Therefore it is
guestionable if it really is a sustainable way to go, and it demonstrdteseed for realistic and
locally applicable policy tools.

2.3 Gap in existing coastahazard assessment methods
Since coastal vulnerability to climate change is widely recognized, there is an abundance of existing

risk assessment methods, all with their owtnengths in limitations. However, an unfilled niche was
identified by Appelquist (2014) for regions dealing with data scarcity and limited institutional
capacity. GHBased decision models and dynamic computer models are often not applicable due to




their high input and expertise requirements. Lesequirement models such as indéased or
indicatorbased methods are more realistic options, but while inbased methods cannot be used
to identify a range of sectespecific hazards and lack transparencgjdatorbased methods require
relatively detailed input data. Furthermore they both cannot be used directly to identify
management options (Appelquist, 2014).

The United Nations Environmental Programme, in cooperation with the Technical University of
Denmak, developed the Coastal Hazard Wheel (CHW) system. This theoretical framework is a policy
tool designed for exactly the circumstances described above: a vulnerable anty dgieloping
coastal zone, with limited institutional capacity and resourcese TUHW is a tool for coastal
decisionmakers that identiesboth a complete overview of the expected coastal hazardselbas

a range of management options, based on the projected climate change and the characteristics of
the physical system. Specifigatlesigned to target the needs of developing countries, it is a simple
system that can be applied in areas with limited data availability and institutional capacity.

The CHW system was developed only recently, and currently is just a theoretical framework
(Appelquist & Halnaes, 2015). It was applied in two case studieBjibouti and Indiawhere the
coastline was classified based on climate induced coastal hazard (&wgslquist & Balstrem,
2014; Appelquist & Balstrgm, 2015).ejhwere both performednanually, meaninghat based on a
visual interpretation of maps and satellite imagery (mainly Google Earth), the coastal characteristics
are assigned by hand, and this is repeated for approximately every 100 meters of coastline. This is an
extremely time onsuming and labour intensive process, especially looking at regional or national
scales, and also requires a certain amount of expertise. Furthermore it results in a very subjective
result, based on an individual judgement of the user. The CHW systenh ltang a great potential

for coastal management in developing areas, but as it is, veith the large amount of required
manual labourit is not suitable yet for large scale application.




3. The Coastal Hazard Wheel concept

The Coastal Hazard Wheel is a system that helps coastal planners and decision makers to cope with
climate change related hazards. The hazard analysis is based purely on the physical characteristics of
a coastal strip of a few hundred meters in width, condal with the expected trends in climate
change. It should therefore be seen as a way to get insight in how climate change will affect a certain
coastal stretch, and not necessarily as a tool that identifies all existing water management related
problems. Until now, the Coastal Hazard Wheel has been applied two times, leading to the

publication of a case study in Djibouti and a case study in Igf@elquist & Balstram, 2014;
Appelquist & Balstrgm, 2015)

The foundation of the Coastal Hazard Wheel methodglis a classification system that is able to
classify any coastline into one of its 131 unique categories. These categories are based on the bio
geophysical characteristics that are deemed most important in order to differentiate between
different genert coastal environments, being the geological layout, the wave exposure, the tidal
range, the flora/fauna, the sediment balance and the storm climate. The CHW framework combines
these six different information layers, determines the coastal classificatoong links this
classification to a certain hazard profile and a range of potentedsures (Figur8). The definitions

and assumptions for the different input layers and the classification method can be found in Chapter
7.1, based on Appelquist & Halna29d(5).
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Figure 3: Schematic illustration of the functioning of the Coastal Hazard Wheel methodology

The inherent hazards covered by the CHW system are ecosystem disruption, gradual inundation, salt
water intrusion, erosion anddbding, being defined as:

- Ecosystem disruption: the possibility of a disruption of the current state of the coastal
ecosystems due to climate change.

- Gradual inundation: the possibility of a gradual submergence of a coastal environment due
to climate chang.




- Salt water intrusion: the possibility of salty sea water penetrating into coastal surface waters
and groundwater aquifers under a changing climate.

- Erosion: the possibility of erosion processes leading to a loss of land surface under a
changing climate.

- Flooding: the possibility of a sudden, abrupt and often dramatic inundation of a coastal
environment caused by a short term increase in water level due to a storm surge or extreme
tides, under a changing climate.

More detail of the different coastal hazds can be found i€hapter7.2

The potential management options consist of three types: hard protection measures, soft protection
measures and accommodation approaches. A total overeietie methodologyandverybasic cost
indicationis provided in Chaptef.3.




4. Research objective and research questions

The research objective of this study is to identify if the essence o€tastal Hazard WheeLEHW
framework can be captured in @emi)automated model using global and publigadivailable data
only, while making sure that its strong pointsimplicity and low data requirementsand reliability

of the outcomewill be sustained. This would avoid the need of manual labour, and take care of the
challenge of suitable input datajgnificantly increasing the potential and usability of the CHW. For
this study, two objectives were formulated, that were further divided into six research questions.

To develop an objective (sejautomated model, only requiring open source -gata, which
captures the theoretical framework of the Coastal Hazard Wheel and is capable of executing a
coastal multihazard assessment.

I.  Are publically available reaep-use datasets sufficient to execute a reliable coastal
multi-hazard assessment?
II. Isit possitd to improve this input data with remote sensing technicames basic
GlSanalyseZ ¢ KAt S YIAyGFrAyAy3a GKS /2radlt 1FT1
lll.  Can the model satisfactorily replace human interpretation?
IV. Is the model applicable in other regions?

z

Toinvestig S G KS /2Fadrkt I FTFNRa 2KSStQa LRGSYGALFT | a
regions in data scarce areas.

V. Are the management options suggested by the Coastal Hazard Wheel in line with the
coastal management projects of the last decades?

VI.  How do he management options sugged by the Coastal Hazard Wheeimpare
with the management options suggested by the Bangladesh Delta Plan 2100, which
is currentlyin the final stage of its formulaticéh

The model is designed and evaluated based on a casg stighngladesh, and further validated by
reproducing the multhazard assessment for Djibougispreviouslyperformed manually by
Appelquist& Balstram(2014).

4.1 Hypothesis
The expectation is that the GangBsahmaputraMeghna (GBM) delta will be @hallenging region

for a global hazard assessment methodology as the CHst of all it is a very dynamic area
impeding an easy combination of the different input layeBat furthermore, looking at a global
scale, the GBM delta might look like a relaty uniform region. Therefore it is not certain whether
the CHW can provide enough detail to be of any additional value for Bangladeshlfit8b%o of the
country would be classified as being extremely vulnerable to a certain hazard, the applicability f
prioritizing certain areas would be venginimal. The hypothesis is therefore that without an extra
input layer including land usénfrastructure or economically essential are@se functionality of the
CHW will be limited. Furthermore, bease the atomated methodology will be based on the
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Bangladeshi coastal zone, a quite unique area, problerag occur when applying the model in
different coastal environments

Looking at the CHW as planning and management tool, important to realise is that inkaf/the
physical characteristics of the coastline into account. Since most coastal masterplans will base their
recommendations on a certain strategy, for example protecting economically interesting areas,
capital or infrastructure, it is to be expectedaththe CHW will be less specific than measures
suggested by for example the Bangladesh Delta Plan.2100

4.2  Societal significance
Bangladesh is a country that could make use of the @kéiodologyas a way to getraoverview

of the coastal hazards that climethange will bring, and the possible management options to deal
with them. It does not automatically deliver a complete outlined strategy that will solve all the water
management challenges, but it can serve as a tool for prioritizing certain regioriatangentions,
which then can be further developed into concrete designs. With the limited resources available in
Bangladesh, and the long list of climate hazards, the niche of the CHW is evident.

Furthermore, with the simplicity and transparency of theWHt could be a way to increase the
institutional capacity of local authorities and to come to measures that are properly owned and
supported by the coastal managers. Bangladesh is a country that receives a lot of development aid,
but the downside of thigs that most projects are executed by foreign consultancies and companies,
which are undermining the seftliance of the government of Bangladesh. Too often these foreign
consortia do not consult local skills, knowledge and experiences, and producerphassethat are

not supported by local authorities and in some cases even worsening the situation (Islam & Kibria,
2006 Rouillardet al., 2014.

4.3  Scientific significance
This case study would be a good possibility to critically review the CHW framésadtkBangladesh

is undoubtedly a region where climate change has major impacts on the coastal region, and perfectly
fits the target group of the CHW system as being a country where data availability and institutional
capacity are a challenge. Becausenale change impactbave beenstudied quite extensively in
Bangladesh, it offers a good opportunity to test whether the CHW framework is able to accurately
predict the coastal hazards. Furthermore, during the execution of this study, the Bangladesh Delta
Plan 2100 is in the last phase of its formulation. The BDP2100 is a holistiterionglan for the
Bangladesh Delta that aims to ensure a safe living environment and a sustainable and sound
economic development in the delta. This offers the opportunity dompare the management
options given by the CHW framework with an extensive delta strategy. That will identify the strong
points of the CHW framework and the points where it could still be improved.
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5. Thesis structure

The automated CHW methodology @ists out of two parts. One is to construct six input layers from
open source data, combine these, and produce a combination of coastal hazard levels. The other
one is to evaluate a range of management options, including ltaahd soft measures and
accomnodation approaches, and to list the most suitable ones based on the physical characteristics.
This structure is followed through the methodology and result parts.

First the study areawill be introduced and the CHW concept will be further defindgtien tte
automated methodology for the construction of input layers and hazard assesss\digcussed,
followed by the method to evaluate the potentiaf the CHW as planning/management tool. The
results chapter will separately discuss the construction of theuin layers, the final hazard
assessment and the applicability of the model outside the study afée suggested coastal
measures will be put in the context of both the coastal water management practices of the past as
the coastal strategy as formulated ihe Bangladesh Delta Plan 2100. The findings and potential of
the CHW method will be critically evaluated in the discussion, from which conclusions and
recommendations for future research will be made.
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6. Study area

The Coastal Hazard Wheel bases its classification by lookina
at the physical characteristics of only a very narrow coas 3
strip of a few hundred meters. This simplicity is one of
strengths, but also brings along some challenges, si
especially in a deltaic country as Bangladesh, inle
processes are an extremely ionant factor for the coastal {J:ngs,
dynamics. Therefore this case study will be an interest NW

test case to see how well the different categories are defin
and take imo account inland developments.

NE
Nerth East
NC

North Central

Even though Bangladesh is a relatively small country, wit WL

coastal region of about 325km width from west to east al SC Eastern Hil
about 275 km north to south, due to its complex delta QSOJH\Cemm) R

nature almost 8100 km of coastline was identifi€ay(re 2). )k e L
The data analysis will be limited to the coastal strip along Estuaries
entire Bangladeshi coastline. Most water related poli \

0 0 50 00 Kiomsters

documents consistently use a division of eight differe
regions, based on their hydrological characteristics (CE\Figure 4: Coastal hydrological re  gions
2003;MWR 2004;GED, 2016 This document will apply the(CEGIS, 2013)

same division, allowing for a convenient comparisagure4). Only the relevant coastal zones fill be
describeal, being: South WesSouth Central, South East, River and Estuaries and Eastern Hills. Other
regionswill only be discussed if it is relevant in order to understand the system.

6.1 Topography

Bangladesh consists out of three major physiographic units: hills (12%), terraces (8%) and alluvial
floodplains (80%). The hill areas are ridges positioned northottth in the NE and Eastern Hill
regions, and range in elevation from about 3000 meters above mean sea level (MSL). The
terraces can be found in theadh West and North Central regions, and are formed by floodplain
deposits related to the higher sdavels in the interglacial periods of the Pleistocene. The remaining
regions are floodplains, crisscrossed by a network of over 400 rivers (GED, 2016). Relief is generally
low in these areas, and mostly less than 10 meters above MSL (Figure 5).

15



[]o-2 [20-25
[]2-4 [25-30
B4 -6 [130-40
Bi-: [140-50
E-10 []50-75
W10-12 [175-100

i12-14 100 -125 N
Pi14-16 PW125-150 ) ]
1615 mm1%0- 175 A 0 25 50 75 100 Kilometers
[J18-20 WW175-200 L I I | | \ﬁ

Figure 5: The elevation in meters above mean sea level i based on SRTM elevation data (USGS,
2007)
6.2 Climate

Bangladesh has a semi tropical, monsoon dominated clim@&D{ 2016 Four seasons can be
defined basedn the rainfall distribution throughout the year (Chowdhury, 2010). Up to 80% of the
total rainfall occurs during the monsoon, from June until September. Therpossoon and winter
period, respectively Octobedovember and Decembdfebruary are dry (about0% of the annual
rainfall) and relatively cold. The preonsoon period (MarctMay) can be very hot, up to 40 degrees,

and can have a very unreliable rainfall pattern (Chowdhurry, 2010). Seasonable water shortages are
no exception in the prenonsoon, whi¢ early monsoon rains are also notorious to wash away seeds
and destroy crops (CEGIS, 2003; Bijimakers, 2016). The total annual precipitation ranges from 2000
mm in the west to 4000 mm in the Nortand SoutkEast GED, 2016 While this geographic
variation is rather large, the temporal pattern is quite uniform over the different regions, and follows
the trend outlined inFigure6.

16



450
400 //\
350 e
300 / \\
250 /
200 / \\
150
100 N\
50 .
0 . . . . . . .

1-jan 20-feb 10-apr 30-mei 19-jul 7-sep 27-okt 16-dec

mm/month

Figure 6: The mean annual rainfall pattern of Bangladesh (GED, 2016)

6.3 Coastal regions
South West the coastal region is dominated

by the Sundarbans, the biggest contiguoy#is ¥
tidal mangrove forest in the world (10,00( p
km? and best known for its Royal Bengi
Tigerpopulation Fgure7). The western part |
is located in India, while the eastern par
(about tworthird of the total area) is locatedy
in Bangladesh (Uddiet al, 2013). A large
part of the Sundarbans is a protecte
UNESCO nature area, and though ivesy
sparsely populated, the forest is estimate

to provide livelihoods for several millions o

Figure 7: The Sundarbans, the largest mangrove
people (Chowdhury, 2010). forest in the world

South Central and South Eastery densely populated and important agricultural (rice) aréasan
(rainfed, monsoon period) is theeading rice crop (56%), followed bwro (irrigated, winter) rice
(27%) (Chowdhury, 2010). In some areas, a third harvestamitfpre-monsoon) rice or cash crops
are cultivated if water logging can be prevented.

River and EstuariesBangladesh is a dmstream country and makes up only8% if the total
catchment area of the GBNver system, which is about 1.72 million kChowdhury, 2010). The
Jamuna (Brahmaputra), Ganges and upper Meghna rivers come together in the lower Meghna, which
reaches the Baof Bengal. The lower Meghna experiences a wide variation of discharge throughout
the year, ranging from 8,000 ¥s in February/March to 100,000 #s in JulySeptember, while the

peak discharge exceeds 120,008/sr(Kamakt al., 2013). It is an extremeljynamic area with rapid
erosion and sedimentation processes and seasonal flood events.

Eastern HillsHome to Chittagong, the second city and largest port of Bangladesh. This region is the
hilliest area of the country, and though the inland is quite reenahd forested, the coastal zone is
densely populated. Its coastal fringe is particularly exposed to cyclones, and flash floods are
notorious during extreme precipitation eventslipistry of Water Resource2004).
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7. Coastal Hazard Wheel methodology
definitions and assumptions

Based on the six different input layers, the CHW distinguishes between 131 unique coastal
environments (Figur®). The user starts in theentre of the CHW (the geological layout) and then
moves outwards, ending with the inharehazard evaluations in the outermost circles.

COASTAL CLASSIFICATION (start in wheel center) INHERENT HAZARD LEVEL
Geological layout EEEE © -
Wave exposure M ex Exposed g = %
B Mx  Moderately exposed 5 g 2 §
P Protected
Tidal m Ecosystem disruption 1 2 [3 [4]
idal range
Florasf 9 EEEE Gradual inundation 1.2 3 4
orastauna Salt water intrusion 12 E |
Sediment balance Ml B/D Balance/deficit ) B
[l sur  surplus Eroslo'n T2 E
- NB No Beach Flooding
- B Beach
Storm climate - Y Yes to tropical cyclone activity
N No to tropical cyclone activity
Note: R= Sloping hard rock; C=Corals; M/M=Marsh/Mangrove; A=Any

Figure 8: Decision structure of the Coastal Hazard Wheel methodology (Appelquist & Halaes, 2015)
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In Chapter 7.1, 7.2 and 7.3 the input layers, coastal hazards and mategement options of the
CHW will be defined, summarizing the concept developed by the UNEP (Appelquist. 2012;
Appelquist, 2014; Appelquist & Halnaes, 2015)

7.1 Input layers

Geological layout

Created by tectonic, fluvial, marine, volcanic and sometimes ¢/lpmaesses, the geological layout

can be seen as the basis on which all coastal processes act. In an effort to capture the major
3S2t23A0Ft O2lad GeLSax ' LIIStljdzAaad 9 1 1Ffyna FN
following categories: sedimentaplain; barriers; deltas/low estuary islands, sloping soft rock coasts;

flat hard rock coasts; sloping hard rock coasts; coral islands; and tidal inlets/sand spits/river mouths.

Their exact definitions are outlined below.

The sedimentary plaircategory isdefined as coasts composed of sedimentary deposits, with an
average slope of less thanrd3so at least 200 mets inland of the MSLThe deposits typically consist
of clay, silt, sand or gravel, and are usually formed by fluvial or glacial processes.

Barriersare low lying sedimentary bodies that are formed parallel to the shoreline. While their cross
distance typically ranges from less than 100 meters to seuvdl@netres their length can be a
multitude of this. The seaward side of a barrier is Ulsuavave dominated, while the protected
landward side often consist of lagoons or estuaries.

Deltas/low estuary islandsire defined as the coastal areas composed of fluvial sediments, situated

where river systems reach the coast. Dominated by the riv@rsys Y Qa Tt 26a | YR &ASRAY
and marine processes such as waves, tides and currents, deltas/low estuary islands are typically very
dynamic areas.

Sloping soft rock coastare comprised of soft rock materials with an average slope of more than 3
4%in the first 200 meters land inwards. Coastal cliffs with a steep gradient combined with a flat
shore platform land inwards also fall into this category. Deposits such as chalk, clay, silt, sand and till
with larger pebbles all fall into the soft rock cgtay.

Flat hard rock coastare consisting of igneous, sedimentary or metamorphic rocks. The same slope
threshold of less than-8% 200 meters land inwards is used to differentiate between flat and sloping
hard rock coasts. Igneous rock is formed by maganad, can be composed out of a large range of
different minerals and grain sizes. Sedimentary rock is heavily compacted or cemented sediment that
formed a solid rock structure under high pressure and temperatures. Metamorphic rock can be
formed of both igneus and sedimentary rock, when undergone recrystallization under extremely
high temperatures and pressures. While these different rock types can have very different chemical
and physical properties, they are considered a uniform group looking at the iropaitte different
coastal hazards outlined Fgure3.

Sloping hard rock coastare igneous, sedimentary or metamorphic rocks, and have a slope of more
than 34% in the first 200 meters land inwards. They typically occur in coastal mountain ranges and
archipelagos.
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The coral islandtategory is defined as lelying coral islands, atolls or cays. Atolls are typically round
shaped islands resting on a volcanic foundation. Cays are younger islands formed on top or adjacent
to reefs due to the accumulation of rederived sediments as salt of wave action.

The tidal inlets/sand spits/river mouthscategory is a collection of highly morphologically active
environments. Tidal inlets are found along barrier coastlines and connect the protected lagoons with
the open coast. Sand spits are ltioas where sediment is depositing rapidly, forming elongate sand
bodies, usually formed by longshore currents. River mouths are the locations where a river meets the
coast. In the case of tidal inlets and river mouths, a zone of loloenetre on each sideof the
inlet/river mouth is included in the classification.

Wave exposure

Waves are a dominant energy source in nearshore environments, generating nearshore currents and
sediment transport, making it an important driver of morphological change. Wavegemerated by

gAYR aitNBaa 2y (GKS 20SIyQa &ada2NFIFOS (23SGKSNJ 6A
composed of seaand swell waves. Sea waves are formed under direct influence of the wind, and

have peaked crests and broad troughs. Swell waee® la sinusoidal shape with a long wavelength

and low wave height, and develop outside wind areas.

The CHW differentiates three different classes, being exposed, moderately exposed and protected,
based on the significant wave height and geographic locafiircoastlines within therotected and
swell areasKigure9) are automatically classified esspectively protected anthoderately exposed.

Wave environments

[ ] storm wave West coast swell
|:| Tropical cyclone influences East coast swell
[ ] Protected area Trade/monsoon influences

Figure 9: Global wave climates (as in Masselink et al ., 2003)

For other coastal areas, the significant wave height should be determined, ideally withBi\é S
method (Mangor, 2004). This method uses a nomogram to predict the significant wave height based
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on the wind speed, wind duration and fetch length. The wavygosure is consideredxposedwhen

the significant wave height is more than 3 metenspderately exposedif it is 1-:3 meters, and
protected if it is less than 1 meter. When this data is not available, the free fetch can be used as an
indication.Free fetchis defined as the distance of uninterrupted open sea in a certain diredtion.

the free fetch indication, the classes are respectively over 100 krip@km, and under 10 km.

Tidal range

The tides are caused by the gravitational forces of the moonthedsun acting on the oceans.
Basically tides are big oceanic waweith a wavelength of thousands of kilometers, resulting in
periodic fluctuations in water levels (Davis & Fitzgerald, 2004). The amplitidee tides are
determined by several factorsdluding the local bathymetry, shape of the coastline and the distance
from an oceanic amphidromic poiqta point with no sea level change during a harmonic constituent
of the tide (Desplanque & Mossman, 2004; Haslett 2009).

The CHW differentiates betweanacrotidal environments where the tidal range exceeds 4 meters,
mesotidal where it is within 24 meters, andmicro-tidal where it does not exceed 2 meters. The
global distribution of the different tidenvironments is shown iRgure 10.

Tide range environments %

[ 1<2m (micro) ] 2-4 m (meso) M > 4 m (macro)

Figure 10 : Global variations in tidal range (as in Masselink etal ., 2003)

Looking at morphological processes, the effect of the tides is significantly influenced by wave action.
Therefore the factor essential for calculating the hazaneels should be the relative size of the tides
and waves, rather than just the tidal range. This is incorporated in the de¢iserof the CHW
(Hgure8).
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Flora/fauna

In general, vegetation will have a stabilizing effect on a soil or coastline, but $gmes of
ecosystems can have a higmpact to certain processes. The CHW differentiates between the
following nine different flora/fauna classes:

Marsh areas are formed by continuous flooding and subsequent sediment deposition along low
energy coastlinesThis results in a gradike salt resistant vegetation. Depending on the tidal range,

marshes are classified &stermittent marshQn areas with micrai A R £ O 2 yrhafslitilt y & | Yy R
flatQn areas with either mesmr macratidal conditions.

Mangroves are woody shrub/tree species that grow in salty water along protected coasts. Their
extensive root systems act as an efficient trap for sediment, and reduce the wave impact on the
coast. The CHW differentiates between three different mangrove types#itermittent mangroveQ

I v Rnangtoveclasses occur in sedimentary plains, delta/low estuary islands and barriers with
respectively micrdidal and meso/macrai A R £ O 2 yriaksliimadgyoded® QKISE & 2 OO0 dzNA
mangroves grow along protected, flaard rock coasts.

¢ K egetated) IngtRegatated Of  AaS&a FFNB | LILX ASR (2 &f2LAy3
distinction between these two classes might be arbitrary, but a threshold value of about 25%
vegetation cover is used to defingegetaed areas.

¢ KGra® OF 6S3A2NE A& FLIWKEASR (G2 O2Nlt NBSFaod ! NBI a
AYFEdzSYydAalrt F2NJ GKS KFETFNR OtahyQdef F GA2Y gAfE FI £ f

Sediment balance

The sediment balance is an important morphodynamic parameter, determining whether there is a
net accumulation, removal or balance of sediment. Mohesive, sandized sediment plays an
essential role in exposed and moderately exposed coastlines, wheasetitinsported along the
coastline, mainly due to the wave height and incidence angle. The finer cohesive sediment goes into
suspension in these environments and only plays a role in protected coasts, generally vegetated with
mangrove or marsh vegetatioMéngor, 2004).

AAAAA
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simplification is that taking into account the expected sea level rise, both areas with a sediment
balance as a deficit are likely to suffsom retreating coastlines unless new sediment sources

emerge.

Storm climate

Tropical cyclones include extreme windvave and precipitation conditions that can have a
significant impact on the coastal dynamics and the inherent hazard levels. Whetpéralr cyclones

can occur is merely based on geographical location, they can only develop over tropical seas where
the water temperature exceeds 2@. Figur® gives an overview of the areas where tropical cyclones
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can occur. The CHW only differentia@sS 1 6 SSy (1 62 yd® aladBOA WEAKISA STANG 1jWizS y
tropical cyclones is not incorporated.

7.2 Inherent hazard definitions

Ecosystem disruption
The ecosystem disruption hazard is based on the complexity, sensitivity and expected response to
climate change of a particular ecosystem associated with a certain generic coastal environment.

Littoral mastal environments with an exposed or moderatelyp@sed wave climate will generally
have a low hazard level as these environments are often hostile environments for biotse The
coastlines have a limited flora, while fauna is mainly composed of manrd meiofauna living
beneath the sand surface. This kes them relatively protected from changes in sea level rise and
increasing water temperatures, though they may be, to some degree, be sensitive to beach erosion.

Protected coastal environments usually have more diverse and complex ecosystems such as,marsh
mangroves or tidal flats, especially environmentswith a large tidal rangeTidal flats and marshes
often provide nursing grounds for a range of animal species, and often arlaoge bird
populations. Furthermore marshes are characterizgd a hidn primary production and species
diversity. Mangroves are highly complex ecosystems and among the most productive in the world,
and provide organic matter th&brms an important energy source for marine live. This complexity,
with all its interspecies rations and linkages, makehese environments more susceptible to
changes sincevery alterationtriggers other processes to changes well

Coral reefs are among the most diverse ecosystemgshenplanet, and also among the most
vulnerable. Though thre is no general consensus on thexact reason, increasing ocean
temperatures correlate to large scale coral bleaching and mortality. Furthermore, acidification of
oceans due to an increased Qdptake reduces the calcification rates of marine organismstitigi
coral growth.

Gradual inundation

The gradual inundation hazard reflects the possibility of submergence of a coastal environment due
to climate change. Contrary toofdding it is a gradual procesthat occurs when the sediment
deposition cannot keepp with sea level rise.

The sediment balance is a crucial factor for the gradual inundation hazard assessment. If enough
sediment is available, marshes, mangroves and tidal flats are expected to keep up with sea level rise
through vertical accretion. Detenvironments are more sensitive to inundation processes. A lot of
deltas have decreased sediment supplies doeupstream damming activitieand are subsiding.

Other human activities such as the abstraction of groundwater and fossil fuels enhance the
subsidence rates, creating environments that would even be problematic without sea level rise.

Though coral reefs have a vertical growth rate of abod0Imm/y, rapid sea level rise can lead to
drowning of corals, and especially coradblls are at risk ofsubmerging Exposed littoral coastlines

23



are expected to respond to sea level rise through a different equilibrium profile. If no additional
sediment is supplied, this new equilibrium will be land inwards, causing erosion rather than
inundation.Sloping costlines are for obvious reasonst at highrisk of inundating.

Salt water intrusion

The hazard of salt water intrusion reflects the possibility of salty sea water penetrating into coastal
surface waters and groundwater aquifers. The intrusion of saliaemcan pose a big threat to the
fresh water availability, agriculture and ecosystems. While the salt water intrusion of coastal surface
waters and the intrusion of groundwater aquifers are two different processes, and furthermore are
largely related to bhbman water abstraction, the CHW combines both of them in a single hazard
evaluation based solely on the natucdaracteristics of a coastline.

The risk of salt water intrusion depends on different factors such as coastal geology, aquifer
dimensions, groundwater withdrawal, surface water recharge, submarine groundwater discharge
and local precipitation.Flat coasts are typically more susceptibler fsalt water intrusion as
inundation, erosion and retreating shorelines increase the land inwards effect that high sea levels
and waves have, and reduce the area available for groundwater recharge. Deltas and estuaries are
extra at risk, due to changingytirological regimes with more extremes and subsidence processes.
Especially areas with a sediment deficit will be at risk. Small islands are expected to face increased
problems due to depleting fresh water lenses, caused by groundwater extraction, s¢aisevand

limited recharge.

This being said, saltwater intrusion is a complex process, strongly related to human water extraction
and interventions in the natural system, which are not included in the CHW.

Erosion

Coastline erosion depends on multiphatural factors, with geological layout, coastal slope, wave
energy and presence of vegetation being the most important o8ewslogical layouts of sedimentary
origin have a higher erodibility than hard rock coastlines. Coastlines with a low slope generall
retreat faster than steeper coastlines, although soft rock cliffs are expected to face increased erosion
rates in the future due to a rising sea level, higher groundwater levels and possibly more extreme
precipitation events.

Barrier coastlies might migate landwards due to sea level rise, and can even breach due to
overwash and sediment loss. Since barriers form an important protection for the lagoon or coast
behind it, this would have major impacts for the erosion and flooding hazards.

In exposed littoal environments, erosion is a key parameter for sediment transport. High wave
energy causes largeugntities of ofEhore and longshore sediment transport, and in case of a
sediment deficit, this will lead to a retreating coastlirfgéea level rise will inease the required
amount of sediment to sustain the location of the coastline, and an increased frequency of extreme
weather events will lead to more episodic erosion events. In protected coastal environments, the
erosion processes are dominated bye tides and presence of vegetation. Marsh and mangrove
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vegetation can trap sediment and protects the soil during extreme events. Vegetation also plays an
important role on sloping coasts, decreasing runoff, and reducing the wave impact.

Reduced calcificatiomates may lead to a reduced coral stability, which may lead to more wave
energy reaching the shore. The expectation is that rising sea levels combined with increased storm
intensity will lead to significant erosion of coral islands.

Flooding

The inherentflood hazard reflects the possibility of a sudden and often dramatic inundation of a
coastal environment due to a short term increase in water level. For a large part, this is determined
by the geological layout, especially the elevation. Low lying aneels as coastal plains, barriers,
deltas and coral islands have a relatively high vulnerability. Especially deltas, where the high water
levels can come from both the sea as from extreme peak river flows, have a high flooding hazard.

The tidal range alsafluences the flooding hazard. In general, the flooding risks will increase with
decreasing tidal range8ecause the probability that a storm will occur exactly during high tide is
relatively low, macro tidal often have a larger buffer zone before waer level will exceed the
normal high tide level. In micro tidal environments there usually is very little space to intercept the
increased water levelSince tropical cyclone intensity is predicted to increase, this will increase the
flooding hazards.

Marshes and mangroves are often flooded as part of their natural dynamics, and havekaaovatl
protective function for the hinterlandDegradation of these systems, due to natural or human
induced processes, will create a more vulnerable situation.

7.3 Hazad management options

The CHW evaluates the applicability of 16 coastal management options frequently used all over the
world, based on the physical characteristics of a certain generic coastal environment. Higives

a matrix that provides the managemt options for each of the 131 coastal environments and which
hazard type they primarily address. By combining this matrix with the hazard maps, or any specific
area of interest, the most suitable coastal management options can be identified. Anothettiakse
parameter in the design of a coastal management strategy is the financial aspect. The costs of certain
measures can vary significantly for different locations, due to differences in local labour costs,
material costs and construction technigues. Téfere a reliable cost estimation is not possible to
include. Only a rough, quantitative indication is given in the section below. Among the coastal
management options are hard protection measures, soft protection measures and accommodation
approaches, whit are defined as follows:
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Hard protection measures
¢CKS GNIRAGAZ2YLFE aSYIAYSSNAYy3IE | LILINRIF OK® ¢KS dza S
resists wave and tide energy and limit the leseh interaction.

Breakwaters shoreparallel structures positioned just offshore the surf zongs
to interceptincoming waves. By reducing incoming wave energy, they maifss
address the erosion hazard and to a lesser extent the flooding hazard. They® ’
lead to sand deposition in the lesde of the structure, but they to be
relatively large and robust, and may letw erosion further downstream the
littoral drift.

Groynes hard structures perpendicular to the coast to trap longsho
sediment transport to address erosion. The downsides are the possibility
sediment starvation downstream, and the formation of ripremts adjacent to

the groynes that can lead to sediment loss and dangerous situations
swimmers.

Jetties Very comparable to groynes, but constructed at river mouths 3"
stabilize one or both sides from shifting position and prevent sand frcg
blockingthe inlet. Usually bigger in dimensions than groynes, the can lead
major setbacks in the coastline downstream.

Revetments shoreparallel, sloping structures constructed landwards of th
beach in order to protect the coast against wave impact. They esddthe
erosion hazard, and depending on the design also the inundation and flooc™
hazards. :

Sea walls Vertical or sloping, shosparallel structures designed to addres:
erosion and flooding hazards. Vertical designs cause more reflection
incoming wae energy and may lead to scouring of the beach in front of tl;.’;.-;-‘
wall, while sloping designs are more capable of disseminating the incong
energy.

Dikes Shoreparallel features, often build of unconsolidated material, main g
to address the flooding hazard low lying areas. They might be combined wit : : b
harder protection structures such as revetments to prevent erosion.

Storm surge barriersLarge scale, movable fired structures in river mouths,
tidal inlets and harbors which can be closed during extreme water levels
prevent coastal flooding. They can be easily integrated with other aefe
structures but have very high construction costs.

Figure 12 Different

Not only are the cds of measures highly depended on their dimensiortypes of hard coastal

design and physical context, they also vary highly between different countﬁ[?fcuon measures.

Hillen et al. (2010) compared the costs of sea dikes in different countries around the globe, and
estimated the total engin6 NRA y 3 O2 & (i e HoMSSico SYSAYE feAn2 Yk 1Y F2NJ SOSNE
AY (GKS DbSOKSNIeWMERAXNAKYR 2 RIVYp AY *ASOYyl YD Ly 3¢
constructions require both relatively high investment costs and operation and nmentee costs.
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Often projects executed by international companies can bes% more costly in developing
countries because they are regarded as having a higher business risk.

Soft protection measures

Soft protection measures provide a more holistic approdabhn the ad hoc hard protection
measures, and are designed to fit in the landscape without intervening in the natural dynamics of the
system that may cause problems downstream.

Beach nourishmentsthe artificial deposition of sediment on the beach othe nearshore zone. The
natural dynamics will cause the sediment to spread gradually over the coastline, addressing erosion,
gradual inundation and flooding hazards. A vielbwn form of building with nature.

Dune construction/rehabilitation The use of fieces or vegetation to trap aeolian sediment
transport, and to stabilize the soil from washing and blowing away to reinforce dune formation.

Cliff stabilization reducing cliff erosion due to precipitation, groundwater seeping and wave impacts.
By plantingvegetation, improving the drainage of precipitation and groundwater, and possibly
terracing, cliffs can be reinforced and erosion hazards decrease.

It is difficult to compare the cost of soft protection measures with hard protection measures, since

they do not result in the same reduction in hazards. They work in different ways, but since soft

protection measures generally use local building materials and use the natural dynamics to do a large

LI NI 2F GKS a62NJ] ¢ 00 dzh f RAlghar cabta thak the Hardl dabjifeéring ( K S &
approaches.

Accommodation approaches

aSladNBa GKIG R2 y2G NBRdzZOS (GKS AYyKSNByd KFIT I NF
ability to cope with the effects of extreme events are called accommodationoagpes. Since the

very diverse natures of the different accommodation approaches, it is not possible to give a proper

cost estimation.

Wetland restoration By intercepting wave and tidal energy and trapping sediment, wetlands,
marshes and mangroves canrioan important firstdefenceline during extreme events. A very cost
effective way to mitigate ecosystem disruption, erosion and flooding hazards.

Flood warning systemEarly detection and preparation of flood events. These systems allow the
public and redvant institutions to take appropriate measures and therefore reduce the exposure to
flood events.

Flood proofingd wSRdzOAy 3 GKS AYLI OGa 2F Ff22RILBPEYKE 2
to allow flood water to easily access and exit a structarerder to minimize damage, to use water
NBaAradlyd 2N Ff2F0Ay3 YIFEOGSNRAIf & LOLYNR | 0CXK €S tASD MRS YA
structures water tight or impermeable.
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Coastal zoningDepending on local conditions, a coastal area is dividddfarent zones where
certain activities can be allowed, allowed with permission, or forbidden. Coastal zoning can be used
in relation to economic development, tourism and conservation.

Two other management strategies that are included in the CHW butctratot be captured in the
categories above are groundwater management and fluvial sediment management. Groundwater
management, which can be both enhancing (artificial) groundwater recharge or regulating the
groundwater abstraction, is vital to address that water intrusion of groundwater aquifers.
Managing fluvial sediment deals with silted up rivers and reinforces river banks, coastlines and
deltas, and therefore reducing the erosion, inundation and flooding hazards.
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8. Choice of Gednformation software

While the CHW methodology is designed to be applicable in developing countries where resources
and knowledge can be very limited, bofirevious case studiesn Djibouti and Indiawere still
performed manually with ArcGIS, commercial Gaformation softvare. This requires both a license

as expertise, and comes with certain restrictions which could pose obstacles for a successful and
convenient application of the CHW. A lot of free and open so@eelnformation GJ) software
alternatives exist, which eoe with several user benefits besides the gain of not having to pay license
fees (Steiniger & Bocher, 2009). An automated version of the CHW system should be able to work
with different data sources, and be capable of executing terrain analysis, imagsficédion,
interpolation- and overlay tools, and raster calculations. Furthermore it should be relatively user
friendly and able to process large datasets.

Quantum GIS (QGIS) is generally considered as one of the most promising open source alternatives
for commercial software, offering a broad spectrum of analysis and visualization capabilities
(Steiniger & Hay, 2009; Netelet al., 2010; Blake & Morse, 2016). Furthermore it has the advantage

of a robust network of developers, continuing to improve thelgations and keeping up with new
developments (Blake & Morse, 2016). QGIS provides an effective interface for the GRASS GIS
package, can be coupled with the statistic software R, offers customization options such as Python
scripting, and has one of thearbest user communities (Steiniger & Hay, 2009). This makes it
technically capabldo do the job, and makes it one of the best documented and tsendlier

options in the field of Géoftware. All the data sources and gabpalysis tools used in this remeh

are compatible with QGIS, improving its potential compared with the commercial ArcGIS software.

The newest development in the field of satellite imagery analysis has to be the emerging cloud
platforms. The enormous growth in satellite data createdrendemands in storage and computation
possibilities, in order to enable analysis of planetsecgle data (Donchgtet al., 2016). The leading
initiative in this field is the Google Earth Engine, a platform for scientific analysis and visualization of
geospatial datasets, both for public benefit and for business and government users. Earth Engine
stores satellite imagery, organizes it, and makes it available for the first time for glcddal data

mining. The public data archive includes historical earthgeny going back more than forty years,

and new imagery is collected every day (Google Earth Engine Team, 2015). Earth Engine also provides
APIs in JavaScript and Python, as well as other tools, to enable the analysis of large datasets
(Mclnerney & Kemperars, 2015). The huge advantage is that all data is stored and processed on
D223fSQa aSNBSNBR® ! AaSNR 2yfeé ySSR |y AYyGSNysSi O
Gthsoftware is required, the analysis could even be run from a tablet or smartphone

The CHW methodology was captured iGamodel. When improvement of input layers required the

analysis of primary satellite imagery products, the Google Earth Engine was used to create the
desired input layers, which were then imported in the model.
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9. Automated multi-hazard assessment

The process of investigating the potential of the Coastal Hazard Wheel as an objectivg (semi
automated model consists out of thrgghases First the usability of existing, reatly-use datasets

which require no or very limited corrections or adjustments will be investigated. For each input layer,

the mostused suitabledata sources will be presented, and thenain limitations will be dis@sed.

Ct2¢ OKIFINIa 2F GKS Y2RStQa RSOAaA2y (GUNBS F2NI (Fk
found inAppendixA. The second phase investigates possible remote sensing techniques to minimize

or overcome the limitations discovered in phase oBeth the effect on individual input layers as the

effect on the hazard assessment will be evaluated. The final phase is to check whether the model is
applicable and accurate outsid@angladeshBeing globally applicable is one of the strong features of

the Coastal Hazard Wheel, and the model should therefore be tested in different environments.
¢CKSNBF2NBE ! LIIStljdzaadqQa OFasS addzReé Ay 52A062dziA OH

9.1 Input layers
In line with the CHW principles, only open source data is used. An overvaiweéd data and their

sources can be found ifable 1 (page 33 The data collection and processing necessary for
improving the input layers was done in the Google Earth Engine. Results of this analysis can directly
be exported and included in the QGi®del. Different circumstances might require a different use of
model parameters, but all model components were designed in a way that the user only has to
change a few basic threshold values. The Google Earth Engine enables a very user friendly
programmirg interface, and any changes in threshold values can directly be visualized. In this way,
the amount of required expertise remains very low.

Geological Layout

The basis of this input layer has to be a geological/soil map. The Global Lithology Map {&hiM) f

the Environmental Systems Research Institute (ESRI) and Soilgrids from the International Soil
Reference and Information Centre (ISRIC) provide global maps of the rock and sediment types with a
spatial resolution of 250m. Looking at geological laydnis, tresolution provides sufficient detail, and

iKSaS tFr8SN&E OFly 0S5 dzZ2aSR-KIZPRRAFFENBEONS (Gt 0BABSH S

To differentiate between flat and sloping coasts, a Digital Elevation Model (DEM) is required. The
Shuttle Radafopography Mission (SRTM) produceduanivalleddataset of global elevations with a
spatial resolution of 30m (USGS, 2007). Though the standard vertical uncertainty can vary up to 16
meters, an accuracy assessment proved that the average absolute vertical errors are significantly
lower (Gorokhovich & dustianiouk, 2006). Furthermore errors mainly occur on slopes steeper than
10 degrees, caused by the diffuse nature of the reflected radar waves. Since the CHW methodology
distinguishes between flat and sloping areas arourt¥3 (corresponds with a 248 degree slope),

most of the errors will fall outside the areas of interest and are not expected to significantly influence
the classification.

Areas of interest, such as river mouths, coral reefs and estuaries are identified using separate
datasets. USGSyH#oSHEDS offers a global dataset of hydrographic information including rivers
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networks. Locations where the rivers meet the coastline are defined as river mouth. The most
comprehensive global dataset of coral reefs to date originates from the United rdatio
Environmental Program (UNEP), with a spatial resolution of about 500m (WIBFC, 2010). UNEP
also supplies the Global Estuary Database, including all major- @elthlagoon systemsA(der,
2003).

Limitations

Some of the more specific geological chaeastics; barriers, tidal inlets and sand spits, could not be
recovered from open source datasets. Therefore they cannot be included in the automated
classification. These characteristics form generally dynamic landscape features, and the fact that they
cannot be included will lead to an underestimation of the hazard assessment. But since they
generally only make up a small share of the coastline, this underestimation will be limited.

A second limitation is caused by the nature of the SRTM. The radar wagdsto measure the
elevation cannot penetrate through dense canopy cover, causing it to be a surface model rather than
an elevation/terrain modelRigure 13 left). Because a large part of the coastal zone of Bangladesh
has very small elevation differengethis problem becomes very evideRigure 13 right). Errors due

to closed tree canopies are a recognized problem, but not easgrtect(Baughet al., 2013).

Z, elevation DSM
P s

Figure 13: Left : The difference between a surface - and an elevation/terrain model (ACP -EU).
Upper right : Satellite imagery of a typical coastal environment, showing patches of mangroves
and agricultural areas. Lower right : SRTM derived elevation map of the same area in g reyscale:

black resembles MSL, lighter colors indicate relative height

SRTM vegetation removal

Following from the CHW class definitions, coasts that reach an elevation of 8m above MSL in within a
200m coastal zone are classified as sloping. Theref@&edgetation height errors in the DEM cause

a lot of regions to be incorrectly classified as sloping coasts. This will happen only in the areas where
trees occur on or around MSL.

Two interesting DEMorrection efforts were found. Lefsky (2010) createdjlabal forest canopy
height map from moderate resolution imaging spectroradiometer (MODIS) and the Geoscience Laser
Altimeter System data. It predicts the O@ercentile height of tree patches. The aim of this effort
was to map carbon pools, but Baughal. (2013) investigated its potential for DEddrrection. In

this research, conducting hydrodynanmmdellingin the Amazon, it was suggested that subtracting
50-60% of the estimated canopy height would significantly improve the SRTM DEM performance
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(Baughet al,, 2013). Pengrat al. (2015) validated a Landsat derived global reference database for
tree cover with an impressive 30m spatial resolution (Sexbal., 2013). For each raster cell, the
percentage of tree cover is estimated. Pengra concluded\arall accuracy of 90,6% based on a
case study in South America.

Besides evaluating these two existing datasets, an effort was made to derive the areas that were
falsely classified as elevated due to tree cover directly from primary open source imageityof

research on tree detection is being conducted, and high density LIDAR data is generally accepted as
the most state of the art and accurate data source (Estsal., 2015; Ferraet al., 2016; Parigt al,

2016). Unfortunately this is not a viabbgtion for most data scarce areas. Looking at optizded

imagery instead, textureor object based analysis would be the best alternative method, having the
advantage to not only look at pixel based reflection values but also at the spatial contex&(Hay
Castilla, 2008; Jakubowskial, 2013; Lui & Coomes, 2015). The options for object based analysis are
however limited in open source Goftware, most research in this field is conducted using specialized
commercial softwee packages such as eCognit{dakubowskét al., 2013). Therefore the focus was

2y (GUKS dzaS 2F @S3SGrdAz2y AyRAOSad 9@FSNE adaNFIF OS
be captured by multispectral sensor&igure 14). Spectral indices make use of the specific
characteistics of these signatures, and are an easy and commonly used tool to differentiate between
different surface types. The normalized difference vegetation index (NDVI) makes use of the
OKf 2NRLIK&tftQa NBfFGASDBSE & f 2d0MNGm)Hdhigh @fiéctichdf WNB R C
the near infrared (NIR) wavelengths (70000 nm). The NDVI is a value betweé&nand 1, with

higher values indicating a higher vegetation density. Currently the NDVI is mainly applied in precision
agriculture (Wwet al.,, 2009; Penayewtukhiw, 2016).

60— Visible NIR Intermediate Infrared ‘
1 [4l2]i3] | « 5 | 7
'\/‘\
) Soil
5 oy — QIR — red)
= ~ (NIR + red)
o
/\ vow — IR = IR)
Vegetation " (NIR + IR)

T I I I I I I T
1.1 13 15 1.7 1,9 21 23 25

Wavelength (pm)

Figure 14 : Spectral signatures for Soil, water and vegetation (Seos, 2015), the 7 bandwidths
measured by Landsat 7, and the formulas for the Normalized Difference Vegetation Index (NDVI)
and Normalized Difference Water Index (NDWI)

Landsat7 ETM+ imagery was used to derive the NDVI values. In order to account for data gaps due to

Oft 2dzZR O20SNJ F'yR akKIRS&asx (GKS [FyRald 17Qa&a AyTFlI Y2
seasons, weather, and extreme events, data from 135 imagesdeei®010 and 2016 were included

in the NDVI analysis. The derived NDVI value corresponds with the amount of chlorophyll/productive
biomass on the surface, and can be used to distinguish between trees, low vegetation, and bare
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soils/water. The large amourdf images considered should also be sufficient to account for errors
caused by high productivity agricultural fields during the growing season. Since trees in Bangladesh
are evergreen, and the crops (mainly rice) have very distinct growing seasonglatiigely easy to

make this distinction. A tree mask is derived from the NDVI data using a threshold value.

In situations where trees occur on slopes or elevated surfaces, the elevation should still be included
in the slope calculations. Most hills andgé$s will not be completely covered by trees, and will
therefore still be detected. But to minimize any potential errors, all surfaces above 25 meters
elevation are not included in the tree mask, regardless of the NDVI value. Most tree canopies
occurring inareas on or close to MSL will be less than 25 meters high, while most trees on elevated
surfaces will be more.

This adapted tree mask is then used to correct the DEM. Areas that fall within the tree mask are not
included in the slope calculations andfwil 6 S 3IA @Sy (GKS Ot aaAFAOLGAZ2Y Y
the DEM, but should at least contribute to a better approximation of respectively the steep and flat

coasts. The alternative was to fill these uncertain areas in de DEM by interpolatgigbaeiing

cells, but some forest patches were simply too big to do this accurately. Especially in the Sundarban
areas in the South West this would have been impossible.

The three options outlined above are comparedFigure 150 [ ST &1 & Q& Dyteight £ F2 NE
dataset(13.2)proved to be too coarse and inaccurate to use for the BERINNB Ol A2y ® { SE( 2
tree cover dataset has a suitable spatial resolution, but struggles to detect all patches of trees. Either

these tree patches fall below the thsbold value, or agricultural fields start to be classified as trees

(13.3) As indicated by the red circles, the NDVI is able to detect all tree cover, while ignoring the

highly productive agricultural fieldd3.4) The NDVbased method was therefore smited for the
DEMcorrection.
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Figure 15: From top to bottom: 1) satellite imagery of a coastal polder (Rangabali) in the SC
region; 2) Global forest canopy height map (Lefsky et al ., 2010); 3) Global tree cover map (Sexton
et al ., 2013); 4) NDVI  -based tree detection method, created in Google Earth Engine . The red

circles indicate that the NDVI

-based method (4) is able to differentiate between tree cover and

high -productivity agricu ltural fields, while the Global tree cover map is not (3).
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Wave exposure

The leading producer of open source oceanic data is the National Oceanic and Atmospheric
Administration (NOAA) (Hibbets, 2011Since the CHW classification system is based on the
significant wave height, determined with theBBM method (Mangor, 2004), the required data for

this input layer consist out of wind speed, wind duration dre fetch length. Wind duration is not
globally available and therefore proofs to be a limiting dacit would be possible to compute the
AAAYATFAOLIYOH o6 @S KSAIKG o6& R2Ay3I | adGraAradagAaolft
thorough analysis, specialized software and expertise, and is beyond the scope of this research.

The model includs a digital version dfigure9. Some protected wave environments are indicated,
and all swetand trade/monsoon areas are classified as moderately exposed. The remaining areas
have to be determined by the free fetch method, as described by Appel§uibiinaes(2015) and as
applied in previous case studies.

Limitations

Using the free fetch method to estimate the wave exposure involves some manual work. The three
different zones; with respectively a < 10 km, < 100km and >100 km free fetch distance, ned to
assigned by hand. This is however a minor task, that does not require any extensive knowledge of
coastal dynamics or G&bftware other than drawing polygons.

Automated free fetch estimation

An effort was made to automate the free fetch estimati@voiding any manual labour. Only the
coastline features are necessary as input. The model verifies the distance between different land
features, and when they are within a specified range, they will be connected to form one new land
feature. Based on theHWV classes, these distances are defined as 10 km (protected coasts), 100 km
(moderately exposed coasts) and remaining areas (exposed coasts). In this way the model creates 3
new polygons, based on the wave environmerigyre 16).

Default, once differenf YR FSIF GdzNEa | NE W 3IINBIIFIGSRO G23SGK
exposed, its coastline will also be classified as respectively protected or moderately exposed. The
Y2RSt NBO23yAil Sa (KAa FyR gAff | aaidtheidlawd O21 &
appointed by the arrow in Figures® is aggregated as protected land feature, but its west coast still

is assigned as moderately exposed. This approaches a sense of direction, though it is not yet perfect.

36



N

A - Protected

100 Kilometers 2 100 Kilometers

Exposed
- Moderately exposed _' - Moderately exposed

- Protected \ ] - Protected

0 25 100 Kilometers: 0 25 100 Kilometers:,

Figure 16 : The intermediate steps of the automated free fetch estimation. 1) Original  land
features. 2) Land features within 10 km distance are connected. 3) Land features within 100 km
distance are connected. 4) The final classification

Tidal range
No global datasets indicating tidal ranges were found. Again, it could theoretically be derived from
bh! ! Qad GARS 3AFdz3S&a> o6dzii AG ¢2dzxZ R NBIdZANS | €21

time that is beyond the scope of thigsearch. Therefore, the CHW system comes with a map
indicating global variation in tidal ranggsgure 10). The model contains a digitized version of this
map, preventing the need of manual actions.

Limitations: In regions where several tidal environtseoccur, there will be no distinctive boundary.
A search for tide tables from local harbors might be a solution in order to estimate this boundary.
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Interpolati on oflocal tide data

To improve the tidal range input layer, tide charts from 12 ports in Blag of Bengal have been

imported, analyzed and interpolated in QGIS. This included some ports outside Bangladesh itself, to
SyadaNB | aSyaroftS Ayl SNLI T Hglrd 27y Spihé Iwdk) usetd it I RS 3
interpolation tool, creating a smooth sade while minimizing the overall surface curvatures to

simulate the tidal sinusoidal.

Figure 17 : Locations of the interpolation points used to compute the tidal range

Flora Fauna

Global land cover and vegetation classification entered a new era whit the development of moderate
NBazfdziAzy aLISOGNRNI RA2Y 6tiaS RI2). Beverali datd so8rteblivete H n 1 n
developed, withespeciallyMODIS, SPOT VEGETATION andSviigitlg worth mentioning (Friedt

al.,, 2010). These three satellites have provided valuable global land cover datasets, each with their

own characteristics. Comparison shows general agreement between the different classification
efforts, though spatial ad temporal resolution differs slightly (Get al., 2005; Bontemp®t al.,

2009; Friedetalds HaAaMAn O ® ¢KS RERBISAREA YPDth2 @ Wndre 9guityed® Y R a h &
and although GLOBCOVER has a slightly better spatial resolution, MODIS viied belswuse of its

high accuracy, most recent algorithm refinements and better temporal resolution (Fetedl.,

2010). This dataset has a spatial resolution of 500m, and differentiates between 16 different
vegetation classes (excluding water and undfessbareas) (Friedit al., 2010; Channaat al., 2014).

By combining this dataset with the coramangrove, geological and tidal data Table 1), all the

information required for the CHW classification is accounted for.

Limitations

Looking at land c@r dynamics on a global or national scale, a spatial resolution of 500m provides
enough detail, but looking at a small coastal strip such as the CHW system does, it results in
problems. A lot of raster cells that fall partially in the ocean and partialliand will be classified as
water, causingbig data gaps in the coastlindNot all coastal categories of the CHW require
information about the flora/fauna, but nonetheless it is a big limitation.
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Filling data gapswith satellite imagery analysis

Themain limitation of the Flora/Fauna input layer is the data gaps caused by the coarse resolution of
the MODIS dataset. Looking at the different flora/fauna classes defined by the CHW system, the only
required information to fill the data gaps is whether tkeis land or not, and whether this land is
vegetated or not. With help of the mangrove dataset and geologigave, and tidal input layers

the final classification can be determined. A similar approach as the-dE®ction method is
chosen. Just as kdrophyll, water and bare soil also have their own spectral signat(Fiegire 1).

Using Landsat 7 ETM+ imagery, the Normalized Difference Water Index (NDWI) was derived to
differentiate between water and land, and the NDVI was derived to identify thetaggd areas. The
wavelengths used for the NDWI are respectively 860 nm for the-Méi@red (NIR) and 1240 for the
Infrared (IR).

This results again in values ranging freinto 1, with higher values representing water surfaces. A
threshold value willbe set to differentiate between land and water surfaces. Taking a similar
approach ashe SRTM vegetation removahe spectral indices were derived from a large quantity of
satellite images. Besides the removal of clouds and striping, it is necessapmemrsate for
fluctuations in water levels. However, wet mud and tidal flats can remain challenging areas to define
the landwater boundary.

Sediment balance

TheGBMriver complex transports huge amounts of sediment. But within the system, local shortages
and erosion spots occur. Predicting local erosion and sedimentation hotspots requires extensive
knowledge of the system, and is not a feasible option in data scarce areas. The CHW methodology
suggests looking at past coastline trends using Google Eadhitartimeline function. For each
coastal section, the timeline function can be used to visually evaluate satellite imagery from different
moments intime. This is an extremely labointensive method to detect coastline movements, and
furthermore Google ENIi KQa GAYStAYS TFdzyOGA2y KlFa | @GSNE
locations, only a few images of varying quality are available. This gives the method a very high
uncertainty due to the relatively high impact of different tidend wave conditionsseasons, and

water levels. Therefore this was not included in this case study. Because there are no datasets to
support a reasonable assumption, all areas were classified as having a sediment balance/deficit, the
Wg2NERG OF aS & 0Sy anNessimation Kfxhé erasidrind floddiBgihdzbrds. A y

Mapping coastline developments

The mapping of coastline developments was automated with use of the Google Earth Bygine.
making multiple surface water masks of different moments in timajor coadline movements can

be easilyobserved. The coastline developments were determined by comparing a surface water
mask based on data from 2000 with a surface water mask of data from 2009, both derived from
Landsat 7 ETM+. These years were selected becheageviere the years with the most clotcee
images of the coastal districts of Bangladesh. Precautions need to be taken when determining the
coastline based on imagery, since waves,-tated weather conditions can have big influence on the
horizontal loc#éion of the sealand boundary, especially on flat coasts (Donsleytal, 2016). To deal

for this uncertainty, the surface water masks of both 2000 and 2009 were constructed from 22
different images. The temporal resolution of these images is 16 days, spread over the whole year,
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making it safe to assume that they contain difiet tide- and weather conditions and filter out
extreme events. Th&sBMis a very dynamic area, which makes it possible to detect significant
coastal developments over ay@ar period.

The CHWmethodology only differentiates between a sediment surplusdaa sediment
balance/deficit. Therefore it is sufficient to identify the areas that convert from water to land, and
define these as sediment surplus. All other areas automatically fall in the balance/deficit category. A
minimum areathreshold was used to ake sure that only the significant coastline changes were
included in the input layers. In this way, small errors due to minor water table fluctuations or
georeferencing are filtered out.

Storm climate

The model determines the storm climate by uskigue 9. The main simplification of this method is
that it only identifies areas where tropical cyclones can occur, but it does not include the intensity
and frequency of tropical storm events. However, doing so would require a whole new hazard
methodology, wich is beyond the scope of this research. Therefore this is not included in this case
study.

Validation

¢KS FTR@GFyar3aS 2F o0SAy3 LINROfIIAYSR aGKS 3IANPRdzyR
for environmental research. Numerous efforts have been made to understand the impact that
climate change will have on the coastal zone of Bangladeatdy are these reports leading to any
concrete implementationsbut nonethelesshey are a useful means to validate our mttitzard
assessment. Though different site visits have been made, time constraints and the security situation
did not allow for a fied campaign as a way to validate the hazard assessment. Therefore the
validation will be based on an extensive literature review for each of the hazards. Additionally, the

N

model performance will be teste y 5 2 A 0 2 dzil Thi@ daseGt®dy aill oS 1 KS Y2 RSt Q

accuracy with a manual classificatidone by Appelquist (2014and test the model in a different
coastal environment.
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Table 1: An overview of the different input layers, their data requirements and the main

open source datasets

CHW classes

available

Geological Layout

Data requirements\ Available open source datasets*

Sedimentary plain

Flat hard rock coast

Sloping soft rock coast

Sloping hard rock coast

Tidal inlets/sand spits/river mouth
Delta/low estuaries

Barrier islands

Coral islands

Geology map
Soil map
Elevation map

River dataset
Delta dataset
Coral dataset

GLiM (ESRI, 2013)
Soilgrids (ISRIC, 2016)
SRTM GDEM2 (USGS, 2007)

USGS HydroSHEDS8Hhneret al., 2006)
Global Estuary Database (UNBEMC, 2003
GlobalDistribution of Coral Reefs, (UNEP
WCMC, 2010)

Wave exposure

Exposed coastlines
Moderately exposed coastlines
Protected coastlines

Wind speed
Wind duration
Free fetch

National Oceanic and Atmospheric
Administration (NOAA)

Tidalrange

Macro/meso tidal ranges
Micro tidal ranges

Tidal information

Map provided by Appelquist (2015)

Flora/fauna

Intermittent marsh
Intermittent mangrove
Marsh/tidal flat

Land cover
Mangrove dataset

MCD12Q1 MODIS land coveiSGS2012)
World Mangrove atlas (UNBRNCMC,
2010)

Mangrove Tidal information Map provided by Appelquist (2015), no
Marsh/mangrove global datasets available

Vegetated Coral dataset Global Distribution of Coral Reefs, (UNEP
Nonvegetated WCMC, 2010)

Corals

Any

Sediment balance

Surplus Coastline No global datasets available
Balance/deficit movements

Storm climate

Yes Geographic location| Map provided by Appelquist (2015)

No
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9.2 Model performance in a different coastaénvironment
One of the big advantages of the Coastal Hazard Wheel methodology is that it is applicable in any

coastal environment around the world. Even though the model makes use of globally available
datasets only, the design is based on a case studyliny 3f | RS&aK® =+ f ARFiAy3 GKS
in Bangladesh only is not sufficient to evaluate its potential as a globally applicable coastal multi
hazard assessment method. The coastline of Djibouti was selected to test the applicability and
performanceof the model, for a number of reasons.

The most important motivation to select the coast of Djibouti is that it was subjected to an earlier

case study of the Coastal Hazard Wheel, in which the author classified the coast manually based on
visual interpretéion of different maps and datasets. This offers the possibility of objectively
O2YLI NAy3I (GKS Y2RStQa OflFaaArFAOLIGAzy SAGK | YI
O2YLI NR a2ys O2yOfdzarazya OFy 06S RNI gy nadudldzi GKS
mapping process. An additional advantage is that it prevents the necessity of an extensive literature
study, which would have been impossible within the time frame of this research. Furthermore,
Djibouti is a country with a completely different caasenvironment than Bangladesh. Thisproach

will show whether the model is applicable under different circumstances. A case study of the
coastline of Karnataka, India, was an alternative, but the contrast with the coastal environment of
Bangladesh woulbave been less.
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10. The CHW as coastal planning tool

10.1 The fit with local water management practices
A good start to evaluate the measures proposed by the Coastal Hazard Wheel is to compare them

with the traditional water management practices in Bangladesh. Building upon local knowledge and
experiences is vital for successful projects. Furthermore, wagsources management and water

safety are collective issues that should involve local communities and be complementary to their way

of life (Dungumaretald> HAnnov®d® LT YSI&dz2NE R2 y2i NBALISOG 2N
they will probaby not bring resilient and sustainable solutions (Varghesel.,, 2006). But the

discussion about toplown versus bottorrup water management solutions is a touchy one, also in

the coastal belt of Bangladesh (Dewanh al., 2014). Integrated approaches anavélving local
communities can be both a source of success as of failure (Roeitlatd 2014; Dewart al., 2015).

But in any case, knowledge of the social environment and lessons learnt from successful and failed
former coastal management projects aa indispensable part of any successful masterplan.

The main developments and traditions in water management in the coastal belt of Bangladesh will be
analyzed based on literature, experienadsthe Embassy of the Kingdom of the Netherlaimdshe

field of water management and consultations with local experts. This will give a valuable context that
will help to evaluate the measures suggested by the Coastal Hazard Wheel.

10.2 Similarities and differences with the Bangladesh Delta Plan 2100
The Bangladesh DalPlan 2100 is currently in the final stage of its formulation. Although it is not

completely uncontroversial, it is arguably the most elaborate, topical and holistic analysis of the
impact of climate change on Bangladesh and provides an elaborate miastevth several shoft

and long term strategies. In no sense is it the aim of this research to come to an analysis or
management strategy that is in any way the equivalent of the BDP2100. The comparison is made
solely in order to see how the suggestiorssed on a low tech tool as the Coastal Hazard Wheel
relate to a multisectoral masterplan developed by 10 different (international) consultancies, at the
cost of millions of euros, having all possible expertise and research facilities to their disposal.

Futhermore, since the BDP2100 is an official project of the General Economics Division of the
government of Bangladesh and comes with an elaborate investing plan, it is reasonably likely that it
will at least to some degree outline the direction the coastanagement in Bangladesh will move

in. This provides a unique opportunity to really evaluate the potential of the Coastal Hazard Wheel as
management and planning tool.

Since the BDP2100 plan accounts for the entire country, and involves different ssatibssenarios,
only the relevant water management strategies for the coastal region will be discussed. This is only a
(small)component of the entire BDP2100.
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The automated CHW methodmy consists out of two
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combination of coastal hazaldvels. The other one i
to evaluate a range of management options, includi
hard and soft measures and accommodati
approaches, and to list the most suitable ones bas
on the physical characteristics. As such, a compl
overview of the climate inducedoastal hazards anc
their management options is given in an objective a
reproducible manner.

P wddl §i

Photo courtesy: Carel de Groc






11. Automated multi-hazard assessment

This chapter consists out of three different sections. First the constructed input layers of the CHW

will be described. Besides the general layadlg focus willbe onhow the limitations of the datasets

affect the input layers, and whether these limitaris couldbe overcome. Maps of all input layers can

be found inAppendixB. Secondly, the five computed hazard maps will be described, and evaluated
GAGK  fAGSNI GdzNB aiddzRe 2y S lzddKclaificatiGnKd® Djikok@ial NR & ®
coastline is compared with the manual classification done by Appelquis#)20kis willenlighten

the ability of the model to mimic human interpretation and how wellpgrforms for different

coastline types.

11.1 Input layers

Geology Layout

The GBM delta doinates the coastal belt of Bangladesh. The delta covers the erdinth $Vest,

South Central, $uth Eastand Btuary andRver regions, and due to its complex coastline and many
islands it covers over 92% of the total coastline. Only thetdfn Hill region falls outside the
delta/estuary island category. This region has a sandy coast, only intersected by river mouths. It is a
palette of sedimentary plains (4,9%) and sloping soft rock (1,56%), depending on the slope. The third
category in the &stern Hill region is the tidal inlet/sand spit/river mouth category (1,3%). A
Yy2USge2NIKe FSF{Gdz2NE Aa {dd al NIAYyQa LaftlyRZ
makes up for 0,11% of the entire coastline.

Ay

The correction of the Digital Elevation Maldthe removal of errors due to tree canopies, only had a
very minor impact on the final classificatiofable 2). In fact, the method was quite effective, with
about 76% of the areas originally classified sé@ping being corrected toflat. But becausehe
correction occurred almost entirely within the delta region, where the classification system does not
differentiates between different slopes, this is not reflected in the final classification. Inasters

Hill region, where due to its topology reiaely few areas occur where trees grow on or around sea

level, the difference was minimal.
Table 2: Occurrence of coastline categories in the geological layout input layer

Readyto-use input dataset

Improved dassification

Coastline categories Coastline % of total Coastline % of total
length (km) coastline length (km) coastline
Coral Island 9 0,1 9 0,1
Delta/low estuary island 7526 92,1 7580 93,6
Sedimentary plain 400 4,9 325 4,0
Sloping soft rock 127 1,6 83 1,0
Tidalinlet/sand spit/river mouth 107 1,3 101 1,2
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Wave exposure

Due to the complex layout of the delta, with its many islands and chars, the vast majority of the
coastline falls under the protected categoiyaple 3. Only the far south of the delta, directigcing

the Bay of Bengal, and parts of thaskern Hill region are classified as having an exposed wave
climate. Moderately exposed wave conditions are mainly found in the ER area, where the chars and
islands are relatively sheltered from the Bay of Bénlgat still face large patches of open water.

The process of automating the process of the free fetch estimation proved challenging. While the
identification of protected coastlines is relatively simple, the exposed coastlines require more
finesse. Wh# the model recognizes whether other land features are within a certain range or not,
including a sense of direction is more difficult. This is illustratdébure 18. Even though the islands

are well within a range of hundrekilometresof other land f@turesand are therefore classified by

the model as moderately exposed, certain parts of the island still face the open Bay of Bengal,
stretching for hundreds okilometresp ! £ 82X aAyOS LYRAIFIQ&a YR aélyy
included in the input dat, some errors were observed near the borders.

Table 3: Occurrence of the coastline categories in the wave exposure input layer

Readyto-use input dataset

Improved classification

Coastline categories Coastline % oftotal Coastline % of total
length (km) coastline  length (km) coastline
Exposed 493 6,1 128 1,6
Moderately exposed 1114 13,7 515 6,4
Protected 6502 80,2 7466 92,1

Exposed

Exposed

Moderately exposed
- Protected

Figure 18 : The manual (left) and automated (right) free fetch
indicates a possible wave direction

Moderately exposed
- Protected

estimation. The white arrows

Tidal range

According to the map provided by Appelquist (2015), the entire coast of Bangladesh is classified as
macratidal, which given the topological layout of the Bay of Bengal is to be expected. But within the
delta, the influence of the tide will decrease whewmirgg up north due to the topology and opposing

river flows. Interpolating tidal data of all main ports of the country led to some contradicting
observations. First of all, according to the port data only a minor part of the coastline would fall into
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the caegory macro tidaTable 4). Furthermore, these macro tidal areas were not located at the
open coast but were observed in the Sundarbans, over 50km away from the Bay of Bengal and
upstream the Meghna river. The tidal range is influenced by a lot of fgcsoich as river discharge,
bathymetry, river width and many more. Also the method asfalysingthe tide data from port
measurements (extreme events versus long term averages/quartiles, return periods) is not described
in the CHW methodology. Properly @stigating these observations would require an amount of data
collection and modelling beyond the scope of this research, and therefore no satisfactory
explanation of these observations can be given at this point.

Table 4: Occurrenc e of the coastline categories in the tidal range input layer

Readyto-use input dataset  Improved classification

Coastline categories Coastline % of total Coastline % of total
length (km) coastline  length (km) coastline
Macro tidal 8110 100,0 964 11,9
Meso tidal 0 0,0 7053 87,0
Micro tidal 0 0,0 94 1,2

Flora/Fauna

The coastal belt shows some very distinct vegetation zones, the most remarkable being the
mangroves of the Sundarbans in theugh Westregion. The &uth Central, Rvers andEstuariesand

South East regions show a relatively consistent image of marshes and tidal flats, with patches of
mangrove forests occurring on the southern islands. JaadierEasternHill coast deviates from this
image, with a mosaic of vegetated and Reegetatedareas. The flora/fauna layer has relatively
many data gaps. Especially thizd®s andEstuaryregion, where most morphological dynamics take
place, proofs to be a difficult are&igure 19), but also the &sternHill shows significant data gaps.
The coars resolution of the MODIS land cover dataset, and the fact that datasets of different ages
do not overlap properly in dynamic regions lead to a total of almost 18% of coastline that could not
be classified.

10 20 30 40 Kilometers 10 20 30 40 Kilometers

Mo data No data

Mangrove

Not vegetated Not vegetated

Figure 19:The majority of the data gaps in the first attempt (left) were reclassified with use of Landsat
7 ETM+ data (right)
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TheLandsat analysigas able to recover information for 65% of the data gaps, leaving a total of 6,3%
still unclassified. Despite this sifjoant improvement, it still is the input layer with the most
classification problemsTéble 5). Coastal stretches that miss necessary information to complete the
decision structure of the CHW (Figure 8) will be classified as no data in the final hasssshaant.

Most of the previously unknown areas were reclassifiedhassh/tidal flat Since these areas usually
occurred in morphologically active areas this seems very plausible. But these dynamic areas remain
very challenging for remote sensing, espdgialhen different data sources need to be combined

Table 5: Occurrence of the coastline categories in the flora/Fauna input layer

Readyto-use input dataset  Improved classification

Coastline categories Coastline %of total Coastline % of total
length (km) coastline  length (km) coastline
No data 1457 18,0 511 6,3
Mangrove 2459 30,3 2676 33,0
Vegetated 44 0,5 62 0,76
Marsh/tidal flat 4050 49,8 4705 58,0
Not vegetated 6 0,1 157 19

Sediment balance

Since no reliabl LISy a2 dzNDS aSRAYSyid RI(Ha&EHSQ sBINBF & Al A
simply assuming the worst case scenario. A lot of improvements could be made using land masks
derived from Landsat 7 ETM+ data. Tlait8 West, Suth Central and EsternHill coaglines were
classified as relatively stable, while a lot of land dynamics seem to occur itividrs Bnd Esturaries

and Suth East regions FEgure 20).

Large stretches of riverbanks of the
Meghna are subject to erosion, while
chars and islands appear the river

itself and in front of its river mouth.

Over time the chars seem to be moving
downstream, eroding on their upstream

side and growing on their downstream

end. The high sediment load of the
Meghna creates high potential for land
reclamation, and th project area of the

Dutch funded Char Delgpment and
Settlement Projectis clearly visible
(marked by the 1).

Figure 20: Land developments in the
river mouth of the Meghna. Red
indicates a conversion from land to
water, green from water to land. 1)
Area with Land reclamation projects.
2) Chars are observed moving down
stream
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Table 6: Occurrence of the coastline categories in the sediment balance input layer

Readyto-use input dataset  Improved classification

Coastline categories Coastline % of total Coastline % of total
length (km) coastline length (km) coastline

Balance/deficit 8110 100,0 3358 41,4

Surplus 0 0,0 4753 58,6

Storm climate

As explained in the methodology, nmprovements have been made to the storm climate input
layer. The entire country is subjected to cyclone activity, and frequency and intensity are not
included in the hazard classification.

A total of 37 coastal types were observed in the Bangladesh, foatl@1 possible CHW categories.
The 10 most occurring classes can be fountiabie 7. Together they make up for 93.3% of the total
coastline.

Table 7: The top 10 most occurring coastal environments in Bangladesh

Geolo Wave Flora/fauna Sediment Storm CHW Length % of
9y exposure balance | climate class (km) coastline

Delta/estuary Meso/ | Marsh/ Balance/ DE

island Protected macro | tidal flat deficit ves 17 2329 28,8

Delta/estuary| o iocted | M€Y | Mangrove | B3N/ | vos | PE | 5115 | 261

island macro deficit 21

Delta/estuary| o octeq | MeSO/ | Marsh/ g i | ves | PB | 1237 | 153

island macro | tidal flat 19

Delta/estuary| Moderately | | o Surplus |Yes |DE7 | 527 | 65

island exposed

!Delta/estuary Moderately Any Any Ba[apce/ Yes DE5 517 6.4

island exposed deficit

- - . - . Yes | N° | 266 | 33

data

P elt/estuary Protected Meso/ Mangrove | Surplus | Yes DE 176 2,2

island macro 23

i[;g:]aéestuary Exposed | Any Any Surplus | Yes DE3 153 1,9

Set;hmentary Protected Meso/ Marsh/ Surplus | Yes PL: 129 1,6

plain macro | tidal flat 19

?IZ?rI]mentary Exposed | Any | Any Surplus | Yes PL3 | 103 1,3
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11.2 Hazard evaluation
This chapter describes the five different hazard assessments, discusses how the improved input

layers changed the final hazamassification, and evaluates the hazard maps with findings in
literature. Only the improved hazard assessment maps are displayags d the initial hazard
assessmentbased on primary data onlgan be found imPAppendixC This Appendix also gives the
improved assessments and accompanyihgnge tablesproviding more insight in how the improved
datasets changed the final hazard classification.

Ecosystem disruption

A clear distinction is visible between the delta area and th&ténHill region(Figure21). Almost the

entire delta is classified as having a very high hazard for ecosystem disruption, with only the sea
FIOAYy3 az2dziKSNYy SR3ISa 2F (GKS RStaGF KFE@Ay3a w2yt
islands are typically marsh/tidal flat coastscdombination with a sediment surplus. This environment

is capable of keeping up with the SLR. During each flooding event, a new layer of fine sediment is
deposited, causing the marsh/tidal flat to rise together with the sea level. Vegetation is usdally sa
resistant, making these relatively stable coastal ecosystems. The more inland parts of the delta on
the other hand does not have clear expanding land features, and was therefore classified as having a
sediment balance/deficit. Thisindersthe wetlandsto rise at an equal rate as the SLR. Enormous
stretches of wetlands and mangrove forests are therefore in danger of slowly disappearing, giving
them a high ecosystem disruption hazard. The sarabteEnHill coast is classified as a quite stable
environmen, with mainly low or moderate ecosystem disruption hazards. Only river mouths are
classified as vulnerable.

The improvements of the input datasets mainly reducedribedataand veryhigh hazardareas. In

general these areas were reclassified as havimpderate hazard levell@ble8). The reduced data

gaps in the flora/fauna layer and the improved sediment balance were responsible for these changes.
Remarkable is that even in the improved classification, the Sundarbans remain almost entirely
classifiedas very vulnerable to ecosystem disruption due to climate chafigare?21).

Table 8: The distribution of ecosystem disruption hazard levels

Hazard level for Readyto-use input dataset Improved classification
ecosystem Coastline % of total Coastline % of total
disruption length (km) coastline length (km) coastline
No data 1413 17,6 266 3,3
Low 204 2,6 497 6,1
Moderate 752 9,3 2816 34,8
High 0 0,0 0 0,0
Very high 5730 70,6 4520 55,8

This image is reflected by the scientific literature on environmental issues in Bangladesh. Most of the
attention goes out to the Sundarbans. Partially because it is a unique area in the world and a global
priority for biodiversity conservation, but als@@ause it simply is very vulnerable (P&yal., 2016).
Salinity has severely threatened the health of the mangrove forests, and is directly linked to the top
dying disease (Rahma al., 2010; Mahadevia & Vikas, 2012). Sea level rise, subsidence amhero
cause wetlands to slowly disappear, and erratic monsoon raining patterns are damaging the ecology
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m No data

Low hazard

Moderate hazard

I High hazard 0 25 50 75 100 Kilometers
Very high hazard | ] | | |

Figure 21 : The spatial distribution of the ecosystem disruption hazard levels

(Mahadevia &Vikas, 2012; Payet al., 2016).These are worrying observations since mangroves form
an important defense system during cyclones and storm surges, ®aésu predicted to increase
due to climate change (Englart, 2013).

This being said, another importanbservation from scientific literature is that even though climate
change is indeed a factor of biodiversity loss, other factors are likely to play a more important role
(Mamunet al., 2016). Especially anthropogenic developments such as deforestatiogaehment

of agricultural fields, pollution, industrialization and ineffective institutions are expected to put
severe pressure on the ecosystems. Mainly driven by population pressure, industrial development,
high economic interests and limited biologicknowledge, these threats are not expected to
decrease in thénean) future (Islam, 2005Rahmaret al, 2010).

Gradual inundation

As to be expectedFigure 2), the low lying delta itself is very vulnerable to gradual inundation,
especially in areas with sediment deficit, while the more elevateadternHill region is considered

more robust. This hazard classification shows a lot of similarities with the ecosystem disruption
hazard. This is because inundation is considered one of the biggest threatse tovatland
ecosystems, and is in fact the main cause of the high hazard level. Therefore they are both very
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interlinked, and have similar hazard mapgygre 22). This similarity is also reflected by the changes
due to the improved input layers. Areas idified as having a sediment surplus cause the inundation
hazard to decrease from very high to moderate, and likewise reduced data gaps in the flora/fauna
layer cause a lot of no data areas to be classified as having a moderate Natded).

m No data

Low hazard
Moderate hazard )

Bl Hich hazar 0 25 50 75 100 Kilometers
Very high hazard L1 1 1 1|

Figure 22 : The spatial distribution of the gradual inundation hazard levels

Table 9: The distribution of gradual inundation hazard levels

Hazard level for Readyto-use inputdataset Improved classification
gradual Coastline % of total Coastline % of total
inundation length (km) coastline length (km) coastline
No data 1413 17,6 266 3,3
Low 61 0,8 208 2,6
Moderate 69 0,9 2377 29,3
High 112 1,4 128 1,6
Very high 6445 79,4 5121 63,2

Several processes increase the inundation risk, with river bed siltation and a back water effect due to

sea level rise being the most important ones (Awal, 2014). The drainage problems due to siltation
AYONBIFASR aAyO0S (GKS f I ési§nedivdpterindastiuctivd, drogddamsRird (2 ¢
decreased river flow (De Die, 2013ED, 2016 The areas that are most vulnerable to long periods of
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water logging are the areas adjacent to the main rivers, the haors in the north east, and the Satkhira
and Khulna districts, directly north of the Sundarbans (Isktnal., 2010, CSIRO, 201@ED, 2016

The direct coast area is less sensitive, possibly due to a higher sediment load from the Meghna. The
hazard map shows a similar pattern, though the predicteddnd level in the inland of theoGth
Centralregion seems to be slightly overestimated. Existing river embankments could be a reason why
this area does not show severe inundation events in flood maps and literature, since human
interference in the naturbsystem is not included in the CHW.

Salt water intrusion

Bangladesh is a country very vulnerable for salt water intrusion. The hazard map is more
homogeneous than the previous hazard classification, with roughly the ertinth SVest, Suth
Central, Rvers andEstuariesand $uth Eastregions classified as having a very high hazard, and the
Eastern Hill as having a high hazard for salt water intrusiéigre 23). Remarkable is that the
improved input data did not change any of the hazard classifieatmut only filled in the data gaps
(Table 10; AppendixQ). Though it convincingly shows the vulnerability of Bangladesh to salt water
intrusion, it is not a very useful hazard classification in terms of prioritizing certain areas.

m No data

Low hazard

Moderate hazard

- High hazard

Very high hazard

Figure 23 : The spatial distribution of the salt water intrusion hazard levels
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Table 10 : The distribution of

salt water intrusion hazard levels

Hazard level for Readyto-use input dataset Improved classification
salt water Coastline % of total Coastline % of total
intrusion length (km) coastline length (km) coastline
No data 1413 17,6 266 3,3
Low 61 0,8 105 1,3
Moderate 0 0,0 0 0,0
High 267 3,3 534 6,6
Very high 6358 78,3 7194 88,8

The homogeneity of thaalinity hazard is contradicting findings in literature. Practically all models
identify a higher salt water intrusion in theo®h West region than in other regiongFigure 2)
(Bashar& Hossein; Mohait al.; Bhuiyan & Dutta,2012; CSIRO, 20GED, 2016 Obviously, SLR
would have a big impact on thealt waterintrusion, but other factors such as decreased river flows,
land conversion to shrimp farming and groundwater exploitation cannot be disregarded. Salinization
in the Suth Westis directly linked tahe river flows, and the relatively high salt water intrusion in
the Suth West seems to be contributed to the decreased dry season flow of the Ganges (Bashar &
Hossein). While other regions also receive water from the Brahmaputra and Meghna catchment
areas, the 8uth Westis fed by the Ganges only. Increasing water demands in the Ganges tributaries
therefore lead to an increased vulnerability in theuh West
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Figure 24 : Salinity intrusion in south -west Bangladesh (CSIRO, 2014)

While the climate change driven SLR and more extreme drought periods are taken into account in
the CHW methodology, and could very well be homogenous within the delta, it misses anthropogenic
factors such as upstream water use and land use conversidherefore the CHW does not
differentiate between the Gangded South West and for example mainly Meghdad Suth East
regions.

55



Erosion

The erosion hazard has a different geographical pattern than the other hazards, which typically have
a very highclassification in the delta and a low classification in thst&nHill region. The erosion
hazard is the highest in the river mouth of the Meghna river, and along the exposed southern
coastline of the EsternHill region. Large parts of the delta haver@derate to high erosion hazard,

and only the protected coastlines along tBasternHill region are classified as not vulnerablgg(re

25). The improved input data led to a shift from a high to a moderate erosion hazard, mainly in the
South Central region {Table 11). These are the areas where a sediment surplus was observed,
obviously decreasing the erosion hazard.

Low hazard
Moderate hazard

Il igh hazard 0 25 50 75 100 Kilometers
Very high hazard L1 1 1 |

Figure 25 : The spatial distribution of the Erosion hazard levels

Table 11 : The distribution of erosion hazard levels

Readyto-use input dataset Improved classification

Hazard level for

- Coastline % of tqtal Coastline % of tc_:tal
length (km) coastline length (km) coastline
No data 1413 17,6 266 3,3
Low 0 0,0 144 1,8
Moderate 32 0,4 1520 18,8
High 5727 70,5 5356 66,1
Very high 928 11,5 813 10,0

Scientific literature confirms the high erosion processes in tiverRandEstuaryregion EHgure 26).

Note that the net land erosion is illustrated in blue, not red. There is no general consensus on the
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erosion rates, with maximum estimations ranging from 2200 m/y (Sarwar & Woodroffe, 2013;
Vidal, 2013; Brammer, 2014). The erosion locations fanrkégure 26 correspond with the hazard
assessment, with vulnerable areas on the east coast of the Bhola island, north side of the Hatia island
and large parts of Sandwip island. Other parts of the delta appear to be more stable, with some
exceptions alondghe southern edge of the Sundarbans. This was also concluded from the hazard
classification. It is important to note that despite these high erosion rates, a net accretion is observed
in the Bay of Bengal, partigldue to land reclaation projects in théSouth East and $uth Central

region (Sarwar & Woodroffe, 2013, Brammer, 2014). Along the riverbanks however, erosion rates
significantly outpace the accretion rateSED, 2016

No solid literature evidence was found for erosion rates along the soutBestern Hill coastline,
implying that erosion is not a very large problem. The hazard assessment identified the high hazard
because of the exposed wave climate combined with no clear sediment surplus, a combination likely
to cause erosion due to wave imgaespecially during extreme events. This however cannot be
confirmed by literature.
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Figure 26 : Gains and losses of land in the Bengal Bay (Brammer, 2014)

Flooding

Of all assessed hazards, Bangladesh is the most vulnerable for flooding and storm surges, with 92,7%
classified as very vulnerable. Not only the delta but also almost the efsternHill region was

given a very high hazard levéidgure 27). The combiation of its low elevation with major river
systems and a cyclone climate proof to be a dangerous combination. Even thoughstieen Hill

coast is located outside the delta, its exposed coast and occurrence of cyclones cause it to be very
vulnerable to sorm surges. The improved input data did not significantly changed the hazard
assessment but mainly filled the no data gapab{e 12; AppendixC).
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Table 12 : The distribution of flooding and storm surges hazard levels

Hazardlevel for

Readyto-use input dataset

Improved classification

flooding and Coastline % of total Coastline % of total
storm surges length (km) coastline length (km) coastline
No data 1429 17,6 266 3,3
Low 61 0,8 105 1,3
Moderate 0 0,0 0 0,0
High 87 1,1 222 2,7
Very high 6542 80,6 7507 92,7

m No data
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Figure 27 : The spatial distribution of flooding and storm surge hazard levels

Very high hazard

Other than the case of the homogenous salinity intrusion hazard, this classification is actually largely
reflected by literature. It is beyond doubt that the coastal belt of Bangladesh is vulnerable to storm
surges and that climate change is likely to fient increase this vulnerability (Karim & Mimura, 2008;
Mirza, 2012; Lee, 201%BED, 2016 Actually a lot of recent research is dedicated to strategies to
cope with this reality, rather than confirming the high vulnerability (Sarwar & Wallman, 2005;
Ahamed 2013; Ahmecet al., 2015; Hossaignt al., 2015; Hossain, 2015pet al,, 2016). One aspect
however was not recognized by the hazard assessment: the protective effect of the Sundarbans
against cyclones and storm surgé&gy(re 28). Mangrove forests form a barrier between the coast
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and the inland, stabilize the soil, and increase resilience and protection from storm surges (Alongi,
2008). The area north of the Sundarbans is therefore less vulnerable than the other coastal regions.

Figure 28 : Storm surge hazard map (expected inundation depth at changed climate in 2050)
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11.3 Model performance in a different coastal environment
The multthazard assessment of Djibouti serves two goals. It checks whether the majmllicable

in a different environment than Bangladesh, and secondly, thanks to a previous case study
(Appelquist, 2011 it provides a possibility to check to what extent the model can replace human
interpretation. Unfortunately, no digital data from ¢hprevious case study was available for this
GKSarAad ¢KSNBEF2NBE GKS 2yteée glre G2 QFrtARFGS GKS
with the hazard maps made by Appelquist.

Hazard analysis

Figure 29 compares the manual ecosystem disruption hazassessment with the automated
assessment created by the model. Even though some differences are observed, the main high and
f2g NARA]l FINBlFra O2NNBALRYR ljdzZAdS ¢Sttt [221Ay3T A
coastline have a very tighazard for ecosystem disruption. This is mainly caused by the extensive

coral reef systems in the high north and the coastal stretch between Obock and the southern border.

A 0 10 20 30 40 50 Low High

Km
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Figure 29 : Manually classified ( left ) versus automated  classified ( right ) ecosystem disruption hazard
levels for the coastline of Djibouti
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These coral systems become interesting when looking at the other hazard classifickigure28
compares the manual and automated hazard assessments for graduahimumd

R/f’ Djibou

2 a2 4 8
A »

Hazard Classes:
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Figure 30 : Manually classified ( left ) versus automated classified ( right ) gradual inundation hazard
levels for the coastline of Djibouti

The same coral si@ns now cause big differences in the hazatdssification, for example in the
highlighted area. According to the CHWéthodology(Fgure 8), all types of coratoasts have a high

or very high gradual inundation hazard, mainly based on tropical atolls and coral islands which are in
danger of being submerged by SLR. In this case
the author of the manual classificatiof i
recognizel that this coral coast is not relest |
for the inundation hazard of Djibouti becaus®
the land behindthe coral reefsconsists out of
hard rocky mountains. The automated approac
does not take this spatial context in account a
gives it a high hazard. According to the C
methodology, coral coasts are relatively
vulnerable to most hazards, and therefotiais
has major implications for the overall hazarg
assessment. Therefore the model was desig
in a way that if it detects a coral coast, it alg. “
assigns a hazard for the land behind it. Zamgn S "" R
in to the highlighted areas shows thatetinland rigure 31 : Impact of coral reefs on~ manual ( above )
areas correspond reasonably well with thandautomated (- below ) gradual inundation hazard
manual interpretation Figure 31). In the manual assessments
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interpretation, the coral system was disregarded for all hazard assessment but ecosystem disruption.
Therefore when comparing the remaining hazard mapdsigure 32 & 33, being salt water intrusion,
erosion and floodingthe coral reef areas were masked for displaying purposes. In this way the coral
system does not distract from the automated classification of itiend, which is the classification

that should be compared with the manual classification.

Hazard Classes:

A 0 10 20 30 40 50 — Low High
Km

= Moderate Very high

Figure 32 :Manually classified (left ) versus automated classified ( right ) salt water intrusion hazard
levels ( top ) and erosion hazard |  evels ( bottom ) for the coastline of Djibouti
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