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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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Human capabilities of datanterpretation and analysis
set the bar high in terms of precision, adaptiaeilities
and overall quality. If technolgg could replace the
manual labou of collecting and interpreting data it
remote or developing areas, that would open up gre
possibilities for an effective coastal managemetit.
could save time, man powemnd noney, while
providing objectivity and consistency exceeding humr
capabilities. The ultimate goal is to mimic the hum
interpretation skills, while adding the benefits of &
objective automated assessment procedur
Technology still has a long way to gefdre it can rival
with our own interpretation capabilities, but ai
automated CHWmethodology could potentially show
one of the directions to do so.
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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).
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Figure 5: The elevation in meters above mean sea level +based on SRTM elevation data (USGS,
2007)

6.2 Climate
Bangladesh has a semi tropical, monsoon dominated clim&&ED{ 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. Themossoon and winter

period, respectively Octobedovember and Decembdfebruary are dry (about0% of the annual
rainfall) and relatively cold. The preonsoon period (MarctiMay) 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; Bijlmakers, 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 inFgure®6.
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