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Abstract

Coastal areas of the world are physically dynamic in natureThe present study
contributes new knowledge to studies on coastal land dynamicsand land
susceptibility to erosion. This study developed a raster Gl®ased model namely, Land
Susceptibility to Coastal Erosion (LSCE) to assess erosion susceptibility of coastal
lands under hydro-climatic changes. The devised model was appliedo the entire
coastal area of BangladeshThe model required the characterisation of the nature of
land dynamics (i.e. erosion and accretion)Theanalysisshowed a net gain of 237 km2
of land over the past thirty years but, constant changes in land dynamics were
observed in the area. The study then applied the LSCE model to measure the existing
levels of land susceptibility of the coastal area to erosion. The validated model outputs
were then usedas a baseline for generating four possible scenarios of future land
susceptibility to erosion in the coastal area This allowed the model to ascertain the
probable impacts of future hydroclimatic changes on land susceptibility to erosion in
the area.Additionally, the study assessed seasonal variati@of land susceptibility to
erosion by using the same model. The model outputs showed that 276.33 km?2 of
existing coastal landsclassifiedas highly and very highly susceptible to erosionwould
substantially increasein the future. Using a Fuzzy Cognitive Mapping (FCM) approach
the study elicited expert views to evaluate the model scenarios and to address
uncertainties relevant to erosion susceptibility. This study could allow coastal
managers and policymakes to develop effective measures in managindighly erosion

susceptible coastal lands in the area.
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Chapter 1: Introduction

Coastal areas form a dynamic part of the world and exhibit as a muftinctional
complex system (Ramieri et aJ.2011). As a functional region, coastal areas are subject
to several natural disturbances. Coastal erosion and accretion are natural processes
that are key tounderstanding land dynamics in coastal area Coastal erosion is the
physical process of removingmaterials from the coast (British Geological Survey
[BGS], 2012 that causes alandward retreat of the shoreline That is, coastal erosions
the encroachment of land by the seaHUROSION2004) predominantly asa result of
natural factors (Feng et al. 2009; van-Vliet, 2011). However, human actions and
interventions bring into play substantial influences onthe process ofcoastal erosion
(i.e. Hallsands in Devon, England) @n-Vliet, 2011). In the past coastal erosion was
considered less threatening tohuman livelihood because of lower erosion ratethan
present and the affected areas were primarily used for recreational purpes
(Furuseth and Ives, 1987). Currently, a AT T OEAAOAAT A DPAOAAT OACA
population (i.e.nearly 37%) lives within 100 km distance fromthe coastline (United
Nations [UN], 2017). The impactsof coastal erosionpose a threatto the communities

living in theseerosion-prone areas.

The term susceptibility indicates the degree ofresistance capacity of asystem in
response topotential changesin the fundamental componentsof that system (Nunn et
al., 2014). Susceptibility differs from hazard and vulnerability and hence, ti is
important to define the connotations of hazard and vulnerability in studying coastal
land dynamics (i.e. erosion and accretion) and land susceptibilityp erosion. A hazard
is a phenomenon, condition, substance or human activity which has thmotential to
cause damagdo life, property, livelihood etc. (United Nations International Strategy
for Disaster Reduction[UNISDR], 2009, 2017; Sultana and Hussain, 2016 In the
literature , coastal erosionis identified as a natural hazardevent (Boruff et al., 2005,
McLaughlin and Cooper, 2010Mujabar and Chandrasekar, 2013Islam et al.,2016).
Vulnerability is a measure of thepotential harm to a system due toa hazard (Cutter et
al., 200Q Mujabar and Chandrasekar, 2013; Rashid and Paul, 2Q1#hereas, risk is
the probability of harmful consequences thatdepends onhazard, vulnerability and
coping capacity(Sotic and Rajic, 2015)However, the susceptibility of coastal lands to
erosion determines the nature and level of resistance capacity of those lands to
erosion (Ministry for Primary Industries [ MPI], 2017). A low resistance capacityof a

coastal system means that the cosstal land is highly susceptible to erosion



(Alexandrakis et al, 2010). On the other hand, a high resistance capacity reduces
erosion susceptibility of coastallands and consequent risk originating from erosion

(Figure 1a).

Erosion
Risk

Resistance
Capacity

Coastal Erosion
Susceptibility

Figure laz Interrelationships of resistance capacity and erosion risk with erosion
susceptibility within a coastal system|[Modified after: van Beek, 2006 and Balica et al.,
2012]

Coastal erosionis a global problem (Feng et al.2009). Coastal erosion idreated as a
morpho-dynamic hazard (Addo et al.2008) in different coastal zones of the world
such as Wamberal of New South Wales, Santa Barbara of California and Holderness of
Yorkshire. The geological controls, geomorphic processeand climatic drivers vary
substantially from one mastal area to another (Naylor andstephenson 2010). Trends

in coastal erosionare difficult to determine due to the interconnected coastal physical
processes (e.g. changes in bathymetry, wawetions etc.) and climatic variables (e.g.
rainfall, wind, water discharge etc.) (Gornitz1991). This dynamic nature of erosion
considerably affect the development gfand changes incoastal landscape (Dimou
2014). The coastal area of Bangladesh isighly dynamic (Brammer, 2014). More
specifically, the coastal lands aregeomorphologically active due to the ®nstant
processes of erosion and accretionn the coastal area The dynamic nature of the
coastal areais closdy associated with the formation process of the Bengal delta in the
GangesBrahmaputra-Meghna GBM) river basin area (Figure 1h The formation of
the coastal area of Bangladesh can be traced back 11,000 years within the large Bengal
basin in Asia (Kuehl et aJ.2005; Mikhailov and Dotsenko, 2007). However, the delta



development process in the GBM basin was accelerated by the supply of huge
sediments from the Himalayas through the Ganges and the Brahmaputra River during
Holoceneepochwith a subtle balance of sea leveise evidenced in the late Quaternary
period (Umitsu, 1993; Goodbred andKuehl, 2000a, b; Allison andKepple, 2001).
Currently, however, natural and humaninduced forces are responsible for the
dynamic nature of land(i.e. erosion and accretion) in the castal area of Bangladesh
(Goodbred et al. 2003; Sarkeret al, 2011; Brammer, 2014; Hussain et al. 2014a, b.

Figure 1b- The formation of the coastal areain Bangladeshalong with the changes of
river courses through time.During the last 250 years, major changes ithe land have
been observed in thecentral coastalzone of thearea.[Source: Rennel1778; Sarker et
al., 2015]



1.1 Theoretical underpinnings

Literature suggests gveral methodological approachesthat are available to study
coastalland dynamics (i.e.erosion and accretion) from different perspectives such as
shoreline retreat, land loss and gain susceptibility and exposure to erosion hazard.
This section first outlines the geospatial approaches used to sty coastal land
dynamics beforeconsidering semiquantitative approaches It comprisesof areview of
the relevant approaches(i.e. an assessment of existing coastal land dynamicdo
assessthe suitability of the approachesto the present studyand to ascertain specific
knowledge gaps in assessing coastal land dynami&snally, this section considershow
to construct future scenarios of coastal land dynamicsln each subsection, a review of

the current state of literature with regards to Bangladesh igiven.

1.1.1 Assessment of existing coastal land dynamics

Previous studies suggest thatland dynamics incoastal areas around the worldwere
evaluated by using several geospatial methods and technigse Moreover, the studies
indicate the potentiality of using semiquantitative methods to study coastal land
dynamics.Hence, this section first discussethe theoretical aspects of several methods
and techniquesof geospatial approacles that were applied in previous studies. This
sectionthen identifies the relevant studiesand methodsthat were usedto assess land
dynamics in the coastal area of Bangladeshhe various advantages and disadvantages

of each geospatial techniquare then discussed

1.1.1.1 Geospatial approach

4AEA OAOIACBERE ORAATT OAO CAIT COAPEEAAI T U OAEAOAT A
longitude) that are associated with a particular location on earth (McCall and

Verplanke, 2008). In recent years technological advancements havebrought

substantial changesin geospatial science(United Nations Conference on Trade and

Development [UNCTAD], 2012)Geospatial data are now enhanced by the use of

Geographical Information System (GIS) and satellite imageBhe geospatial approach

of studying coastal land dynamicscomprises the methods and techniques that use

geospatial science, technology andeographical data. Several studies assessed the

issues of coastal land dynamics by applying different geospatial methods and

techniques



Empirical field study techniques

Several empirical field study techniques were employed to assesscoastal land
dynamics. The field techniques include manual field surveyaerial photography and
photogrammetry, GPS/GNS§Global Positioning SysterhGlobal Navigation Satellite
Systemn), LIDAR (Light Detection and Ranging) Terrestrial Laser Scanner (TLSand
Structure from Motion (with Multi View Sereo) etc. For instance,Duc et al. (2012)
conducted an empirical field survey along the Vietnam coastto observe the rate of
coastal erosion Using aerial photographs Ferreira et al. (2006) developed an
integrated method to determine set-back lines for coastal erosion hazard foa sandy
shore of Portugal. By using GP8aptista et al. (2011) studied the rate of shoreline
changes for the two sites in Portugal. Inrecent years, LIDAR (Kuhn and Prifer, 2014;
Earlie et al., 2015 0Obu et al.2016), Terrestrial Laser Scanner (TLS)Nontreuil et al.,
2013; Feagin et al.2014), Unmanned Aerial Vehicle (UAV)Rapakonstantinouet al.,
2016) and Structure-from-Motion (Brunier et al., 2016; Westoby et al., 2018)
techniques have beerwidely used to identify the coastal changes The LIDAR is a
survey method that emits laser lights from an airborne source (e.g. aircraft) and
measures the reflected pudes of those lights by a sensor (Richter et al., 2013)
Similarly, the TLS is a grounébased method of survey thatises the same procedure as
LiDARdoes In combination with GPS, the LIDAR and TLS provide fully georeferenced
data and are capable ofapturing time-series measurement otopographical changes.
The UAV uses vertical takeff and landing of an aerial vehicle to capture high
resolution orthophotos (i.e. geometrically corrected aerial photograph)Unlike UAV,
Structure from Motion is a ground-based photograply technique to monitor the
changes of shoreline position for different periods.The SIMMVS is an advanced
photogrammetry that uses overlapping images from cameras set at ground control
points in identifying topographical changes (Smithet al., 2015;Carrivick et al., 2016).
The study byWestoby et al. 2018) followed the STIMMVSmethod to monitor the rate
of erosion in the coastal area oMarsden Bay England.However, the results of the
study were more precise thanthe TLSbased study conducted for the same coastal

segment(Westobyet al.,2018).



Indexbasedmethod

Coastal land dynamics have been partially assessedusing the framework of coastal
vulnerability assessmentSeveralstudies were devoted to analysng the influence of
shoreline retreat on coastal vulnerability due to sea level risen different coastal areas
around the world. The studieshowever, usedsomeindexesin the assessmentsuch as
Coastal Vulnerability Index (CVI), Coastal Sensitivity Index (CSI) and C@adstultural
Resources Vulnerability (CRV) indeXRamieri et al., 2011).The Coastal Vulnerability
Index (CVI) and Coastal Sensitivity Index (CSI) atbe widely acceped methods for
coastal researchers and coastal planners to study coastal vulnerability (Islam et al.,
2016). The CVI is a mathematical approach of calculating the degree of harm by
ranking the coastline into different levels of vulnerability to reflect the mtential
influences of various factors (both physical and humamduced) affecting
vulnerability (Kunte et al., 2014. The first step of deriving a CVI is to identify the
potential factors of coastal vulnerability followed by a quantification of the factos
usually under five categories in which, 1 represents very low and 5 represents very
high vulnerability. The categorised factors thenmneed to aggregateinto an index by
using square root of the product mean gorithm (Islam et al., 2016).Gornitz (1990)
first formulated the Coastal Vulnerability Index (CVIbased on physical parameters to
assess the impats of sea level rise on coastlineulnerability and applied it to the east
coast ofthe USALater, the basic numerical algorithm of CVIwas applied by different
authors (e.g.Pendleton et al.2004; Boruff et al., 2005;McLaughlin and Cooper, 2010;
Le-Cozannet et al.2013) to assesserosion-induced coastal vulnerability around the
world. Sudies on erosiorrinduced coastal vulnerability in South Asia using CVI are
also evident inthe literature (e.g.Kunte et al., 2014; Islam et al., 2016)[he Coastal
Sensitivity Index (CSI) in lieu of Coastal Voérability Index (CVI) is used in studies as
an alternative for vulnerability only. For instance,Shaw et & (1998) first used the
assessing erosiorinduced coastal vulnerability. Moreover, the study by ReedeiMyers
(2015) used Cultural Resources Vulnerabty (CRV) index to assess erosioinduced
vulnerability of coastal archaeological sites in the United Stateklowever, similar to
CVI, the Coastal Hazard Wheel (CHW) metheds also used to identify the coastline
vulnerability (United Nations Environment Programme [UNEP], 2012). For instance,
the study of Stronkhorst et al. (2018 applied CHW method to identify thelevels of
erosion hazard forColombian coastlinein which, the influences of relevant factors on

erosion hazardwere evaluated by arranging them into a wheel



GIS and remote sensing techniques

In recent years, the applicatiors of GIS and remote sensing techniquesre becoming
popular in monitoring, mapping and analysing coastal land changegd.an et al., 2013).
The techniquesare particularly useful to detect shoreline changes and to identify
dynamic coastalland areas(Kumar and Jayappaa?010; Naji and Tawfeeq, 2011)The
GIS and remote sensing techniques of studying shoreline and lamtianges make
extensive ue of satellite images Table 1.1.13. The changes in shoreline positions are
possible to identify by using multitemporal satellite images and aerial photographs
covering a particular segment of coastaravanaret al., 2014). Digitizing the shoreline
positions from the images provides the changing positions of the shoreline for
different time-slices (Kumaravel et al, 2013). Similarly, the GIS and remote sensing
techniques are useful to detecareal changes in landdy separating water bodies from
multi -temporal satellite images and then by digitizing the changes in lands between
the images (discussed in chapter 2: section 2.43everallocal-scalestudies applied GIS
and remote sensing approach of studying shorelinehanges and land dynamics by
using satellite images (Table 1.1.1a). Moreovehe studies on coastal land dynamics at
large spatial scale (e.g. regional and global) by using GIS and remote sensing

techniques arealsoavailable in literature (Table 1.1.1a)

Several types ofGIS and remote sensingnethods and techniquesare available to
assess coastal land dynamics.h€ DSAS (Digital Shoreline Analysis Systerhas been
widely used as an extension of ArcGlSoftware to identify the changing rates of
historical shoreline statistics (i.e. timeseries of shoreline position) by using satellite
images Sheik and Chandrasekar, 2030yedotun, 2014). The DSAS calculates the rate
of changes by identifying historical polylines and placing t polylines into a set of
transects. For instance, he works of Hashmi and Ahmad 2018) and Stanchev et al.
(2018) identified the shoreline retreat in Sindh (Pakistan) andnortheast Bulgaria
respectively by using DSAS. The use of GIS is also evident ineasgg cliff instability.
The study by Andriani and Pellegrini (2014) applied Cliff Instability Susceptibility
Assessment CISA) method to assess theonditions of cliff instability in the Murgia
coastline of Italy. The CISA method used 28 parameteraffecting cliff instability
including geomechanical, morphological, metemarine and anthropogenic
parameters and segmented the coastline into five instability classesy using GIS.
Combined with GIS, theuse of processbased numerical models (e.gSoft Ciff And

Platform Erosion-SCAPEXbeach, multiscale climate emulatorMUSCLIE (Brown et al.,



2005; Antolinez et al., 2016; Ramakrishnaret al., 2018) and heuristic equilibrium
models (i.e. static and dynamicequilibrium models) (Toimil et al., 2017) are als
evident in the literature to assess shoreline evolution and shoreline instability. The
processbased models include a set of smaficale coastal physical processes relevant
to shoreline changes(Dean, 1995). On the other hand, the heuristic equilibrium
models use beach evolving hypothesis to identify an equilibrium state under steady
state forcing conditions (Jara et al., 2015) by considering the Bruun Ru(ee. response

of shore profile to sea level risg (Bruun, 1962).

Studies on erosion susceptibility and erosion riskusing GIS and remote sensing
techniques is very limited in the literature. The EUROSION (2004) study was
conducted mainly to identify the levels of erosion risk for the entire European
shoreline. Moreover, Sharpleset al. (2013) prepared several mapdasedon shoreline
erosion hazard bandsof Tasmania by using secondary datasets on geological and
geomorphological characteristics of the shorelinen GIS Fitton et al. (2016) studied
the coastal erosion suscefbility of Scotland by using Coastal Erosion Susceptibility
Model (CESM)The CESM is raster GISbasedmodel in which, the levels of underlying
physical susceptibility of the area to erosion was assessed by interpreting the entire
land area as a colle@abn of cells (i.e. pixel) and identifying weighingand classifyingthe
ranges of cell valueof the selected physical parameters in the model. The study used
ground elevation, rockhead elevation, proximity to open coast and wave exposure as
model parametas to assess underlying physical susceptibility of the coastal lands.
Later, Fitton et al.(2018) modelled the risk of erosion in Scotland by combining the
outputs of Coastal Erosion Susceptibility Model (CESM) and Coastal Erosion
Vulnerability Index (CEV). The final scores of erosion risk were then calculated by

combining the exposure and vulnerability obtained from CESM and CEVI respectively.



Table 1.1.1a- Summary of methods relevant to the previous studies on coastal land
dynamics by using Gl&nd remote sensing techniques. The table provides the spatial
and temporal scales along with other important aspects such as the types of GIS
approach (i.e. vector and raster), inclusion of hydralimatic factors and the subjectof

the studies. The list also includes some other literature thas discussed in the later

part of this chapter (i.e. section 1.2.2).

Scale Eros- | Accre- | Raster | Hydro- | Tempor-
(local, ion tion (R) or | climatic | al scale:
Study regional, | [Yes |[Yes | Vector |factors | Past(P); | Subject
reference national, | (Y) or | (Y)or | (V) includ- | Current | of study
global) No No ed? ©);
(N)] (N)] [Yes Future
(Y)or (F)
No (N)]
Dolan et al. | Regional Y N V N P,C | Shore
(1980) line
Li (1993) Local Y N Vv N P,C | Shore
line
White and | Regional Y N Vv N P,C | Shore
El-Asmar line
(1999)
Shifenget Regional Y Y Vv N P,C | Shore
al. (2002) line
Azab and Shore-
Noor Regional Y N \% N P,C line
(2003)
Wang Local Y N Vv N P,C | Shore
(2003) line
Shoreli
EUROSION | Regional Y N Vv Y C ne
(2004) erosion
risk
Brown et al. | Local Y N Vv Y C Shore-
(2005) line
Ferreiraet | Local Y Y V Y C Setback
al. (2006) line
Zoran and Erosion
Anderson Local Y Y Vv N P,C |and
(2006) accretion
Lantuit and Shore-
Pollard Regional Y N \% N P line
(2008)
Boori Regional Y N Vv N C Shore-
(2010) line
Jimmy Regional Y N \% N P,C Shore-
(2010) line




Prabaharan Erosion
et al. (2010) | Local P,C |and
accretion
Duc et al. Local C Shore-
(2012) line
Burkett and Shoreli
Davidson Local C ne
(2013) erosion
risk
Chowdhury Erosion
and Local P,C |and
Tripathi accretion
(2013)
Hinkel et al. | Global F Land
(2013) loss
Sharpleset | Regional C Shore
al. (2013) line
Andriani Cliff
and Regional C instabili -
Pellegrini ty
(2014)
Dissanaya
ke and Local C Beach
Karunarat- erosion
hna (2015)
Fitton et al. | National C Suscept
(2016) ibility
Fitton et al. | National C Risk
(2018)
Beach
Luijendijk Global P erosion
et al. (2018) and
accretion
Martinez et | Regional P Shore-
al. (2018) line
Mentaschi Erosion
et al. (2018) | Global P and
accretion
Stancioffet | Regional P,F | Shore
al. (2018) line
Stanchevet | Local P Shore-
al. (2018) line
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1.1.1.2 Application of geospatial approach in Bangladesh

The geospatial approach has been extensively used to study land dynamics in the
coastal area of Bangladesi&udies mainly dealt with the analysis of shoreline changes
and the loss and gairof coastal landsby applying GIS and remote sensing techniques
The use of empirical field study techniques is also evident in the literatureThe
geomorphological characteristics distinguishthe coastalareaof the country into three
zones: western, centraland eastern(discussed in sectionl.2.4) (MoEF, 2016).Hence,
this sectionidentifie s the application of geospatial methods and techniqueshat were

applied for the entire coastal area as well as fahe three coastd zonesof the country.

There is nocomprehensive assessmentfahe dynamic nature of lands for the entire
coastal areaof Bangladesh However, the work ofSarwar and Woodroffe (2013)is
regarded as the only study thatissessedhe changing positiors of shoreline along the
coastal areaof the country (Table 1.1.1b) The study analysed_andsat satellite images
over a 20year period from 1989 to 2009 and identified that the retreat rate is
substantially high in the central coastakzone (i.e. up to 120 m/year) compared to the
western and eastern coastal zones (i.e. up to 20 m/yearp very limited number of
studies were conducted by using the geospatial approachto identify the
morphological changesin the western coastal zone (Table 1.1b). Similar to the
western coastal zone, the use of geospatial approach in studying shoreline retreat and
morphological changes in the eastern coastal zone is also very limited (Table 1.1.1b).
Studieswere largely devded to identifying shoreline changes andand dynamics(i.e.
past rates of erosion and accretion)n the central coastal zone by using empirical field
observation and GIS and remote sensing techniques (Table 1.1.1b). Morphological
changes of the major offisore islands in the central coastal zone are also studied by
applying field survey and GIS and remote sensing techniques. The studies suggest that
morphological changes irthe central coastal zoneare comparatively muchhigher than

the changes identified ér the westernand easterncoastal zone of the country.
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Table 1.11b z Summary ofgeospatialmethods and techniquesused for the previous
studies relevant to land dynamics in the coastal area of Bangladesh. The table
indicates that most of the studis were conducted for the central coastal zone of the
area. Most importantly, exceptfor a few empirical field surveys, all other studies
applied GIS and remote sensing techniques bysing Landsat satellite images. The
subjects of study varied from shoreline/ coastline change detection to sediment
concentration and land dynamics (i.e. erosion and accretion) for the threeoastal

zones in which the study on eroson susceptibility and risk wasabsent.

Vector
Spatial | Study Subject Data Method/ | (V)/
limit reference | (and location) used technique | Raster
of study (R)/Not
Applicable
(N/A)
_ | Sarwar Landsat GIS and
.g @ |and Shoreline change satellite remote
5 8 | Woodroffe images sensing Vv
(2013)
Rahman et| Land dynamics Landsat GIS and
al. (2011) satellite remote V
images sensing
GIS and
Landsat remote
o Rahman Shoreline change satellite sensing \%
§ (2012) images (Time-
c series
% analysis)
= Islam et al. | Shoreline change and | Landsat GIS and
(2013) land dynamics satellite remote Vv
(Kuakata) images sensing
Rahmanet | Shoreline change and | Landsat GIS and
al. (2013) | land dynamics satellite remote V
(Kuakata) images sensing
BWDB] Sediment Field Empirical N/A
(1997) concentration observation | field
(Meghna estuary) survey
L | Krantz Erosion Field Empirical N/A
Q | (1999) (Bhola Island) observation | field
® survey
£ | BWDB] Sediment Field Empirical N/A
O | (2001) concentration observation | field
(Meghna estuary) survey
CEGIS Land dynamics Landsat GIS and
(2009) (Meghna estuary) satellite remote \%
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images sensing
Alam and| Land dynamics Landsat GIS and
Uddin (Offshore islands) satellite remote Vv
(2013) images sensing
Taguchi et| Coastline changes PALSAR GIS and
al.(2013) | (Urir Char) satellite remote Y
images sensing
Brammer | Land dynamics Landsat GIS and Y,
(2014) satellite remote
images sensing
PALSAR ang
Hussain et| Coastline changes Landsat
al. (Offshore islands) satellite GIS and \Y;
(2014a) images remote
sensing
Uddin Sedimentological Landsat GIS,
(2015) Characteristics satellite remote Vv
and erosion images sensing
(Sandwip) survey data | gnd field
survey
Emran et | Shoreline changes ang Landsat DSAS and
al. (2016) | land dynamics satellite \Y,
(Sandwip) images NDWI
Hossain et| Land dynamics Landsat GIS and
al. (2016) | (Domar Char) satellite remote Vv
images sensing
Hassan et | Land dynamics Landsat GIS and
al. (2017) | (Meghna estuary) satellite remote Vv
images sensing
Scenarioof |[" 0001
Islam et Land loss estimation | sea level rise | Rule
° al. (1999) | along the coastline and field N/A
S measurement
; Islam et al.| Shoreline change Landsat DSAS \Y,
5 | (2014) (Kuakata) satellite
i images
w Rahman Land dynamics Landsat GIS and
(2015) (Kuakata) satellite remote Y,
images sensing
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1.1.1.3 Strength and weakness of geospatial approach

The different types of geospatial methodshat are described in the preceding section
(section 1.1.1)were appliedto study several aspects of coastdhnd dynamicssuch as
shoreline position, erosion and accretion erosion susceptibility and erosion risk
(Table 1.1.1aand Table 1.1.1h. However, the capabilities of all the methods are not
equal in assesing coastal land dynamics; especially in assessing coastarosion.
Fotheringham and Rogerson(1993) described eight impediments that may arise in
spatial analysis of a complex system of interesthe impediments are (1) modifiable
areal unit, (2) boundary, (3) spatid interpolation, (4) spatial sampling, (5) spatial
autocorrelation, (6) goodnessof-fit, (7) context-dependent results and norn
stationarity and (8) spatial aggregation. The table (Table 1.1.1c) indicates the
capabilities of different geospatial methods andechniques used to assess coastal land

dynamicsto overcome the impediments

Table 1.1.1c z The strength of different geospatial methods and techniques to
overcome impediments in spatial analysis of coastal erosioand accretion Based on
the literature reviewed in this section (section 1.1.1)jt is identified that the raster GIS

is the only method that enables with the capacity to address all the mentioned

impediments.
Capacity toovercome
impediments
Categor . . The numbers are the
f oy Specific methods and techniques . ( . . .
0 impediments mentioned in
approach section 1.1.13)
112 |3 |4 |5|6 |7 |8
o Remote &nsingimages(vector) VIV |V |V
é;’; DSASvector) V Y
L CISA Vv
e 0
5 T Processbased models Vv Y,
©
= Heuristic equilibrium models
n
O Raster GIS VIVI|V|V|V|V|V]|V
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Aerial photography and V|V |V |V

-~ photogrammetry
e}
2 GPSIGNSS v v
O]
T S
2 g LiDAR \Y V |V
-
_S D Terrestrial Laser Scanner \Y/ V
L%' Unmanned AerialVehicle \Y vV
SfMMV'S V |V vV vV
Coastal Vulnerability Index V|V \Y, \%
§ Coastal Sensitivity Index vV |V Vv
C
Coastal Hazard Wheel V |V V

The methodsand techniques of geospatial approachave some advantages as well as
some disadvantages in assessindifferent aspects of coastal land dynamics (i.e.
erosion and accretion). The methods such as€CVI, CSI and CR#re not capable of
assessing land susceptibility to coastal erosion. This is beithebasic structure of
the indices was designed to assess coastal vulnerability by whichthe impacts of
shoreline erosionon coastal vulnerability are addres®d only (Kunte et al., 2014).The
CVI is particularly useful to identify the exposure of coaBhe to coastal hazards
(Bevacquaet al., 2018) that does not necessarily assess the resistance capacity of
coastal lands to erosion.Additionally, the use of CVI iseffective and important for
OAT PET ¢ O £&E 00 Of coabtdl &rdsionkRadidi@Gl., 24110, Similarly, the
CHW is only suitable to objectively identify the degree of shoreline erosion hazard in a
situation where the availability of digital data is limited (Micallef et al., 201§.
Moreover, the use ofprocessbasedand equilibrium numerical models are principally
suitable to reconstruct the response of shoreline to climate change and coastal forcing
(e.g. waves, storm surges, tides etc.). For instance, the numerical models used two
types of approaches (i.e. deterministic and probabiligc) in which, the deterministic
approach is useful to analyse the evolution of shoreline. Whereas, the probabilistic
models are only suitable for predicting the likely outcomes of changes in shoreline
morphology due to natural variability (Panzeriet al.,2012). Additionally, the empirical
field study methods by using different techniques such as LIDAR, GPS/GNSEBIMVS
and UAV are only beneficial for identifying the changes in shoreline position and the

rates of erosion and accretion ina coastal area. Mreover, the empirical field
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techniques were applied locallyby which, analysis of erosion for a large segment of
coastal areais impractical. In contrast, araster GISbased method is highly suitable to
deal with the spatial aspects of land susceptibility for both offshore and inland
conditions (Fitton et al., 2016). However, the use of a raster Gl$®ased method
depends on the availabilityof sufficient spatial data. More specifically, a raster GIS
based modelling work largely relies on the model parametersand requires the

validation of the model results Burrough, 1996).

1.1.1.4 Semi-quantitative approach

A emi-quantitative approachis useful to understand a dynamic systemand to clarify
the possible solutions of a problemby disentangling and sharing group knowledge
(Voinov and Bousquet, 2010)Semi-quantitative methods are becaming popular in a
variety of fields such as envionmental managementagricultural decision makingand
climate change perceptionyCash et al., 2002; Seppelt et al., 201The methods are
extensively used in the field of sociaécological systems (SES) (Lynam et al., 2007;
Sandker et al. 2010 in a flexible mannerbecauseof their ability to establish feedback
relationships between variables (Gray et kg, 2015). This section discussedifferent
types of semi-quantitative approaches along with their advantages and disadvantages
so that the bestsemi-quantitative approach to studying coastal erosionand accretion
is identified. Moreover, potentials of the approach in studying land dynamics in the

coastal area of Bangladesh are also discussed in this section.

1.1.1.5 Types of semi-quantitative approach

Several semi-quantitative methods are evident in the literature (Borjeson, 2006).
Depending on howknowledge is being collected, thesemi-quantitative methods are
categorised into twotypes: individual and participatory. The individual methods such
as interview, questionnaire and Delphi are commonly used methadto evaluate a
system of interest. Semiquantitative data are obtained from individuals by way of
conducting interviews. Alternatively, a questionnaire survey is useful to obtainthe
opinions of individuals. In contrast, the participatory approach of collecting
knowledge iswidely used by the scientific community due to its free association of
knowledge (Gray et al., 2014)The participatory approaches are capable of converging

both the perspectives of science and of practice (Bergold and Thomas, 2012
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Delphi

Delphi is an indirect participatory method to elicit and synthesize expe©6 OEAx O 11
particular topic of study (Raubitschek, 1988) The method comprisef a structured

group of individual experts(i.e. the number of experts are pregplanned) which is more

precise than those ofan unstructured group of individuals (Rowe et al., 1991; Rowe

and Wright, 1999). The Delphi method is highly stable to reduce the postle
influences ofpowerful members on the outcomes by way omaintaining anonymity in

the process (Linstone and Turoff, 1975). However, due to the individual collection of
feedbacks from a structured group of experts, this method takes comparatively more

time than other methods (Jairath and Weinstein, 1994).

System Dynamics

The System Dynamics (SD) methgoermits the involvement of potential experts in the
process to understand dynamic systems and to define scenario¥|( et al., 2011
Mavrommati et al.,2014). The method disentangles the causal relationships between
different components of a system by using stocks, flows, causal loops and feedbacks
(Ford, 1999; Schmitt-Olabisi et al., 201). However, the method lacksrigour in
ensuring the accuracy of theesults in the event of faulty assumptions and lack of data
for validation (Mallampalli et al.,, 2016). Further, the methodis difficult for
participants engaged in the studyto learn due to its complex way of visualization
(Caulfield and Maj, 2001).

Analytical Hierarchy Process

The Analytical Hierarchy Process (AHP) is a method based on mtdtiteria decision
mapping which is suitablefor integrating the opinions of experts in a more structured
way (Malczewski, 2006; Chakar, 2006). The method usespairwise comparison of
parameters selectedfor a particular topic (Barredo et al., 2000). The weighting of the
parameters follows a rating systemby using a scale proposed by Saaty (2008).he
method has been testedy integrating A @D A O O 6 @ diffeleft ffiefd b df study such
as hazard and risk zoning (Ayalew et al., 2005; Gorsevski et al., 2006; Yalcin, 2008;
Ercanoglu et al., 2008)landslide susceptibility mapping (Barredo et al., 2000; Ayaw
et al., 2005; Komac, 2006Akgun and Bulut, 2007),soil erosion hazard mapping
(Rahman et al., 2009)flood mapping (NguyenMai et al., 2011; Chen et al., 201 FXc.
However, the AHP method has its major drawbacks in terms of its inability tolentify

future possible system dynamics(Mallampalli et al., 2016).Due to the defined scale,
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the possibility of generatinga free association of knowledge couldlso be hanpered
(Abildtrup et al., 2006).

Bayesian networks

The Bayesian Mtworks (BN) method is capable ofillustrating human reasoning
graphically. The method was first formulated by Pearl (1985jo addressthe cognitive

knowledge of experts (Marcot et al., 2001 Barton et al., 2012. A BN system is useful to
identify influence diagrams to visualize the underlying interatons between different

components of a system.The application of BN is substantive for a system with
uncertainty (Russell, 2003). However, BN haslimitation in integrating feedbacks into
the system (Jensen, 200an-Vliet et al., 2010.

Fuzzy sets

Fuzzy sets is a translation method of human language by using mathematical functions

(Mallampalli et al., 201§. The idea was first proposed by Zadeh (1965) and later on

Goguen (1969) to use the knowledge from stakeholders and experts asdirect

parameterization in the system. The methods also usefulto generate policy choices

and prospective AAOET T 08 | OEI EI AO EETA T &£ PAOOEAEDPAODT OL
views is qualitative probabilistic networks (QPNs). The QPN method is capable of

visualizihg A@GDAOOO6 ETT xI AACA OEOT OCE TMHéwevei OEO j +1 Ox
these fuzzy sets and QPN methods are limited only tbeing able to integrate

guantifiable parameters and do not permit feedbacks in the systemdMallampalli et

al., 2016.

Focusgroup dscussion

A Focus Group Discussion (FGIY regarded as a simple form of participatory method

in which perceptions from a targeted group are obtained by designing carefully
planned discussion on a subject of studyKrueger, 1998). The pioneer work on
designing FGDwas conducted by Merton and Kendall (1946). The advanced useof
FGDare categorised into two groups: focus groups as lay groups and focus groups as
experts panels Chioncel et al., 2003)The benefit of using FGD relies on its quick and
easy way of collecting information from a group Gorman and Clayton, 2005).
However, it is difficult to gather all the desired participants at a time (Gibbs, 1997).
Further, some vocal participantsmay dominate the whole process which then limis

the scopefor other members to participate in the discussion.
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Q-methodology

The use of @methodology allows a semi-quantitative analysis to be formed from a
subjective study on a particular topic in participatory research (Logo, 2013). It
requires a participant to complete a @sort on the selected topic by ranking statements
(McKeown and Thomas, 1988Hagan and Williams2016). The method has been used
in different fields of study such as global environmental changeNjemeyer et al.,
2005), environmental problems (Ray, 2011),environmental awareness (Logo, 2013)
and marine biodiversity conservation Hagan and Williams,2016). However, the
method is extremely timeconsuming (McKeown and Thomas, 1988 Moreover,
generalization of information and biasin selecting responses by the researcher in the

process of @sorting can limit the quality of a study (ogo, 2013.

1.1.1.6 FCMas a participatory method

Fuzzy Cognitive Mapping (FCMis becominga popular participatory method since its
ability to generate transparent graphical models of complex systems (Gray et al.,
2015). Fuzzy cognitive mappings regarded as asemi-quantitative model to identify
variables of a system of studyas well as to visualisehe causal relationships between
the identified variables (Ozesmi andOzesmi, 2004) (discussed elaborately in chapter
5: section 5.3.2 and section 5.3.3)The pioneer works ofOzesmi andOzesmi (2004)
focused on eological models where they investigated the perceptions of different
stakeholders on an environmental conflict (i.e. dam project) through a multi-step
fuzzy cognitive mapping. Fuzzy Cognitive Mapping has been widely uséa study
agricultural decision making and policy design (Markinos et al, 2007; Christen et al.,
2015; Sacchelli and Sottini2016). The FCMmethod has beenextensively applied to
assesOOAEAET I AA OO -Bclinatk ChAngdpMuBihgivedi ei al, 2011; Reckien

et al, 2013; Reckien, 2014Singh and Nair,2014). For instance, Gray et al. (2014)
conducted a study on asseing OOAEAET 1 AAOOG cdaghad Alikh&iOE T 1
vulnerability by using Fuzzy Cognitive MappingMoreover, Alvin and Petros (2015)
studied on vulnerability and adaptation to floodng risk of a coastal river basin
ecosystem in Nadi, Fijislands.The use of FCM faces two challenges (Kok, 2009): first,
it requires a long time to carry out the study and second, there is a chance of
comparing incomparable factors by the participants in the FCM procesdHdowever,
available literature suggests that therds still a great scopefor using FCM approach to

generate participatory knowledge on different aspects of coastal erosicand accretion
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since, the method is highly efficientn eliciting AGDAOOOS6 OEAxO 11

(Jetter and Kok, 2014. Jetter, and Schweinfort (2011) and Yilmaz (2013) identified
several evaluation criteria of semiquantitative and qualitative methods in which, FCM
fulfils most of the criteria (Table 1.11d).

Table 1.11d - Comparison of major semiquantitative participatory methods in which,
FCM fulfils most of the evaluation criteria. [Source: Delphi(Rowe and Wright, 1999;
Linstone and Turoff, 2011) System dynamics(Schmit-Olabisi et al., 2010) AHP
(Abildtrup et al.,2006; Chakar, 2006) Bayesian Networkg(van-Vliet et al., 2010) FGD
(Chioncel et al., 2003Gorman and Clayan, 2005); Qmethodology (Nijnik and Mather,
2008; Logo, 2013)and FCMJetter and Kok, 2014; Gray et al., 2014)

Semtquantitative approach
Evaluation Delphi | System | AHP Bayest | FGD | Q- FCM
criteria dynam- an meth-
ics netwo- odol-
rks ogy
Feedback V V V
Dealing with \Y Vv V
complex system
High level of \Y, Vv
integration
Communicability V V V V
Linking with \Y Vv V
model
Less time V
Easy with \Y Vv V
dynamic system
Integration of \Y \Y Vv Vv Y Vv Vv
experts
Generation of Vv \Y, Vv Vv
scenario
Identification of \Y Vv V
driving forces
Ability to include V
new components
General Vv Vv V
consensus
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1.1.1.7 Application of semi-quantitative approach in Bangladesh

The literature suggests that a study applying semi-quantitative approach to land
dynamicsis absentfor the coastal area of Bangladesfihe semi-quantitative methods

such as Delphi, FGD and)methodology EAOA AAAI OOAA O A0«
perceptions on community copingpractices (Parvin et al., 2008) hazard perceptions

(Kabir et al., 2016) and water scarcity (Rahman et al., 2017)The uses of FCM are

evident to study food and agriculture systemand crop intensification in the coastal

area of the country For instance, the study byralukder and Palmer (2013) used FCM

method to study food and agriculture system sustainability at Dumuria swalistrict of

Khulna. The study utilizel fuzzy cognitive mapping to model the interaction among
sustainability indicators of food and agriculture system.The work by Shahrin (2016)

assesed FAOi AOO6 DAOAAPOEITO 11 AOI B EIT OAT OE &I
the country by using FCM methodHowever, there isscope for studying different

aspects of land dynamics in the coastal area of Bangladesh by using sequantitative

methods including FCM

1.1.2 Future scenario of coastal land dynamics

Due to climate change, sea level rise and extreme weather events, coastal systems are
continuously being affected by natural hazards andre responding in different ways
(Balica et al, 2012). It is predicted that the future rate of erosion might be increased
due to likely changes in hydreclimatic scenarios(Fitzgerald et al, 2008). Hence, he
generation of future erosion scenarios is vital to comprehend the likely impacts of
hydro-climatic changes on coastal landsScenario planning is highly suitable for
climate changestudies (Symstad et al., 2017xonsidering a wide variety of uncertainty
with limited control (Peterson et al, 2003).Firstly, this section describe the basic
methodological approaches of generating future scenarigsfollowed by previous
studies and methods used to generate future scenarios relevant to coastdnd
dynamics. Finally, in this section, the need foraddressingfuture coastalland dynamics

of Bangladesh is evaluated.
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1.1.2.1 Scenario generation

Scenario generation is an emerging approach for a divers number of study areas
during the last few decades $ymstad et al., 201). Scenariogenerationis a useful tool
to plan for future uncertainties (Martelli, 2001). Scenariogeneration provides a set of
possible, plausible, probable, preferable and justifiable future conditions (Figure
1.12a) (Symstad et al., 2017).However, iterature suggests that the number of
scenariosin scenariobuilding processmight range from at least two (\an Der Heijden,
1996) to six (Durance and Godet, 2010)Several methodological approachesxist to
develop future scenariosthat can be segmented into two typesqualitative and
guantitative (Varum and Melo, 2010). The methodological changes in scenario
generation have emerged from a recent paradigm shift from a more quantitative
approach to qualitative and processoriented approach (Mietzner and Reger, 2005).
The usefulness othe quantitative approachin generating nearfuture scenario relies
on the fact that current conditions are very likely to change in future (Pillkahn, 2008).
Relying heavily on quantitative data for generating future scenarios is often
problematic becausethe data required is collected from historical observations and
may not represent theuncertainties that are in a simple future trend (Gordon, 1994).
However, nstead of having some weak links between thapproaches (i.e. qualitative,
guantitative) (Kok and van Delden, Q09), they are complenentary to each other
(Symstad et al., 2017)Application of more than oneapproach might enable future
scenariosto be created in a more robust way (Figurel.12a). Further, the combination
provides outputs that are highly suitable for future policy planning Mallampalli et al.,
2016). The application of mix methodological approachis not new for future studies
(Alcamo, 2008) that is evident in a variety of fields including more recent uses in
climate changestudies (Byrd et al., 2015).However, the generation of scenarios by
using GlSbased geospatial model is evident in the literature (Lwin et al., 2012). The
vector GIS supports qualitative assessment where, there is a potential to develop
guantitative models by applying raster Gl$®ased geospatial approachLwin et al.,
2012).
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Figure 1.12a - A schematic representation offuture scenario generationby using a
future cone.The probable and preferable scenarios are more reliable fa short time
period in the future whereas, the generation of plausible future scenarios might be
suitable for a long time-period (Figure a). The quantitative descriptions are more
applicable for current and nearfuture scenarios along with qualitative descriptions
(Figure b) whereas, qualitative scenarios are more effective than quantitative

scenariosfor far-future . [Adapted from: Voros, 2003 Amer et al., 2013]

1.1.2.2 Studies on future coastal land dynamics

Sudies of the potential impacts of future hydro-climatic changeson coastal land
dynamics (i.e.erosion and accretion)are very limited in literature . The study byNunes
and Nearing (2011) theoretically discussed theoverall likely impacts of future climate
change on erosionMoreover, me noticeablestudies (Burkett and Davidson, 2013;
Dissanayake andKarunarathna, 2015) did not consider land suseptibility to coastal
erosion while assessingthe likely impacts of climate changeon the coastal areasAt

the local spatial scaleReinen-Hamill et al. (2006) assessedhe probable impacts of sea
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level rise for the next 100 years orbeach erosion susceptibilityfor selected beaches in
Auckland coastal area ofNew Zealand The global scalestudy by Hinkel et al. (2013)
assessed the likely effects of future sea level rise on erosion of sandy beaches in the
world by using the Dynamic Interactive Vulnerability Assessment (DIVAj@s an
extension in ArcGIS software.However, in practice, there is still a lack of
understanding in the use of Gl$hased modelling efforts in generating future scenarios
of coastal land susceptibility to erosionThe work of Fitton et al. (2016) assessethe
existing condition of coastal erosion susceptibility only by using a GISbased model
The potential impacts of future hydro-climatic factors on erosion susceptibility were
not addressed in the assessmentHowever, the assessment of future land
susceptibility to erosion might allow coastal planners and coastal managers to better
prepare for future coastal erosion. There isn opportunity to apply raster GlSbased
guantitative modelling approachto generating future scenarios of land susceptibility
to erosion (Table 1.1.1a (Hinkel and Klein, 2007; 2009; 2010.

The semi-quantitative approachesto coastal land dynamicshowever, are devised with

the ability to reflect individual sGperceptions on future scenarios of environmental and

human concerns.The literature review indicates that there is a potential for using

FCMbased mertal modelling approach to conducta participatory study on future

aspects ofcoastal erosionand accretion Fuzzy Cognitive Mapping (FCM) is a suitable

i AOGET A O1 Al EAEO A obAaD @619 thétiid eohvAnded Aor j © OA U
predicting future aspects of a system (Jetter andok, 2014). The approach has already

been usedfor some studies (Biloslavoand Dolinsek, 2010; van-Vliet, 2011; Salmeron

et al, 2012;Soler et al, 2012) in assessing futwe aspects of climate change and natural

disasters. Recently, Fuzzy Cognitive Mapping has been used toterpret future
vulnerability, risk perception and scenario development for different hazardous

events. For instance, he study of Erolet al. (2013) focused on participatory fuzzy

cognitive mapping analysis to evaluate the future of water in the Seyhan Basin,

Turkey. More recently, thestudy by / 8 . AEI 1 AO Ai 8 jcmpud OOAA
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1.1.2.3 Future coastal land dynamics in Bangladesh

Available literature (Table 1.11b) suggests thatthe study of future scenarios of land
dynamics (i.e. erosion and accretion)in the coastal area of Bangladesh is absent.
However, it is predicted that the coastal area of Bangladesh will bieeavily impacted
by the likely changes in future climate and associated sea level rise due to its flat and
low terrain (Minar et al., 2013; Rawat et al., 2016; Davis et al., 201&jor instance, a
1.5 m rise of meansea level may inundate approximately 22,000 km2 of coastal lands
of the country (Fitzgerald et al, 2008). The impacts of predicted sea level rise would
worsen under changing rates of sediment supplyn the coastal area (Sarker et al,
2015). Similarly, the amount of rainfall in the GangesBrahmaputra-Meghna (GBM)
river basin area isprojected to increase by 1%, 4%and 6% for 2030, 2050 and 2080
time-slices respectively(Yu et al, 2010). The predided increases inrainfall may lead
to increasing amouns of water discharge in the area.Mirza (2002) indicated a
probability of 6.4% and 21.1%increases of river water discharge in the GBNbasin
area due to the increases 0fLl0.2% and 13%rainfall respectively. These chages in
mean sea levelrainfall and water discharge might exert substantial influences on
future erosion susceptibility in the coastal area of the country. However, uncertainties
associated with future changes in hydreclimatic forces and the likely impacs on land
susceptibility to erosion in the coastal area remain unanswered. Uncertainties also
exist on the extent of hunan interferences such as largacale polderization cross dam

projects andtheir impacts on the fluvial and tidalcharacteristics in thearea.

1.2 Research specifications

1.2.1 Research gaps

The review of literature contained in this chapter (section 1.1) provides a clear
understanding of some considerable research gaps in which the present study aimed
to contribute new knowledge:
A There is no previous study availableglobally that addressed hydro-climatic
factors in assessingexisting land susceptibility to coastal erosion.
A There is a lack of understanding on the likely impacts of hydro-climatic
changes on future scenariosf land susceptibility to coastal erosionworldwide .
A There is no prior work in evaluatingexisting land susceptibility and generating

future land susceptibility to erosion in the coastal area of Bangladesh.
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1.2.2 Objectives

Based on the reviewed literature concetual background and impending research
gaps this study considered the following research questions in fixing specific
objectives:

A What patterns of land dynamics exist in the coastal area of Bangladesh?

A How best to assess land susceptibility to coastat@sion?

A What are the current and possible future scenarios of land susceptibility to

erosion in the coastal area othe country?
A How to address the compelling aspects of coastal erosion susceptibility in

Bangladesh?

To find out the best postble answersto the identified research questions, the present
study aimed to accomplish four speci€ objectives.The first objective was to analyse
the pattern of land dynamics forthe entire coastal area of Bangladesh by assessing
historical trends of morphological changes observed in the areahe study then aimed

to devise a best possible method of assessing land susceptibility to erosiom
evaluating the impacts of hydreclimatic factors on erosion susceptibility. The study
then decidedto apply the devised method in the coastal area of Bangladesh as a case
study to identify the existing land susceptibility of the coastal area to erosion and to
generate future possible scenarios o&rosion susceptibility in the area. Finally, the
study aimed toelicit erosion susceptibility andassociateduncertainties in the coastal

area of the countryfrom a humanistic point of view.

1.2.3 Methods

Depending on the appropriateness of the relevant approachesdiscussed in this
chapter and the anticipated objectives, the present study applied a mix-method
approach of studying land dynamics and land susceptibility to erosion in the coastal
area of Bangladesh. The methodmd techniquesinclude both the geospatial and sermi
guantitative approach. More specifically, the trends and pattern of land dynamics in
the coastal area of the country were analysed by applying GIS and remote sensing
techniques. To assess existing land susceptibilitpf the coastal area, this study
developed a raster Gl$®ased model namely, Land Susceptibility to Coastal Erosion
(LSCE) and applied the model in the coastal ared the country. The LSCE model is

capable of integrating both underlying physical elements ahhydro-climatic factors of
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land susceptibility to erosion in the model domain and hence, the same model was
applied to generate futurescenarios ofland susceptibility to erosion in the areawith

an aim to address the probable impacts offuture hydro-climatic changes on land
susceptibility in the coastal area. Additionally, to address thebroad aspects of land
susceptibility to erosion in the coastal area, this study appliethe FCMbased semi
quantitative participatory approach. The details on he rationale and application
procedures of the methods are discussed in the consecutive sectiof@lowed by the

details on the study area

1.2.4 Study area

The entire coastal area of Bangladesh was selected for theesent study that coversa
total area of47,200 km2 including waterbody (Ministry of Environment and Forests
[MoEH, 2016). As mentioned, lasedon geomorphological characteristics, the coastal
area is divided into three zones: western 27,150 km?), central (12,040 kn?) and
eastern 8,010 km?2) (Pramanik, 1988; Program Development Office for Integrated
Coastal Zone Management Plan [PDIGZMP], 2006; MoEF, 2016). However, on the
basis of exposure to the Bay of Bengal, the coastal aiesssegmented into two parts:
interior (23,265 knr) and exposed 23,935 knr) (Figure 1.24a) (Islam et al., 2006;
MoEF, 2016). The motivation behind selectingthe study areawas due to the dynamic
nature of coastal lands(Brammer, 2014) and likely impacts of hydro-climatic factors
in the coastal areain future (Centre for Environmental and Geographic Information
Services [CEGIS], 2014)This study included both offshore islands and inland areas
attached to theshoreline. Sincea coastal area is a physical entity, the landward limit of
the coastal area was fixed o the basis of tidal movementpropagation of waveand the
extent of delta development processe$Shibly and Takewaka, 2012; Brammer, 2014
MoEF, 2016. The inclusion of inland coastal areas under the present assessment
provides scopes of generatinduture scenarios of land susceptibility to erosionn the
coastal area. Therelevant physical and human aspects of the study area along with

mapsare provided in the consecutive chaptersn detail.
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Figure 1.24a z The entire coastal area of Bangladesthat includes both interior and
exposed coastallands. The three coastal zoneswestern, central and eastern are
marked by using different colours. Azoomedin map (Figure 1.24b) is provided to
identify most of the offshore islands and newly accreted larglin the central coastal
area. [Data source: BBS, 201%and BWDB, 2016 (important place); MoEF, 2016

(coastal zones and margin between interior and exposed coast)]
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the locations of offshore islands and newly accreted lands in the Meghna estuary area.
[Data source: BBS, 2015 and BWDB, 2016 (important place); MoEF, 20X@rtral

coastal zone andhe margin between interior and exposed coast)]

1.2.5 Data availability

Bangladeshis recognised as a datascarce country (Islam et al., 2016)The study
aimed to identify the availability of data which wasindispensable for the intended
methods.However, depending on thedata available for the coastal area(Table 1.25a),

this study identified alternative suitable methods where necessaryto fulfil the

objectivesset for the present study.
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Table 1.2.5a z Data availability for the study. The shortages of datain several areas
were closely associated with the limitations of the presenstudy (discussed in chapter

6). Moreover, the available data on defence structures required to check the validity

by conducting groundtruthing survey before using the data in the model

2100, National Adaptation Plan of
Action, Priority Investment Plan
4. Project: National land zoning

Technical | Available data Unavailabledata
topic
m 1. Landsat TM (1985, 1995)
(&)
- % 2. Landsat ETM+ (2005, 2015) | 1. Landsatlevel 1 data product
L% % (early 2016)
1. Policy: Integrated Coastal Zone
ManagementCoastal Zone
Q Policy, Land use policy, National
= water policy, National forest 1. Poligy on land dynamics
3 policy
[3] 2. Strategy. Coastal development | 2. Plan of BWDB for 25 years
> strategy
§ 3. Plan: Delta development plan | 3. Detailed gan and program

relevant to mangrove vegetation

Underlying physical element
Surface elevation, surface
geology, bathymetry, soil
permeability, shoreline distance

Hydro-climatic factors
Water discharge, rainfall, MSL,
Wind speed and direction

Underlying physical element
Soil consistency
Geomorphic features (partial)

Hydro-climatic factors
Longshore current
Wave height and propagation

Moderator
Moderator Rate of sedimentation
Accretedarea Areal extentof mangroves

Hard defence structure
Soft defence structure (limited)

Risk assessment| Existing land susceptibility

Administrative boundary-wise
total number of population

1. Location of each
property/household /settlement

2. Location-specific population
distribution
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GHG trajectory based scenario
2 (overall)
S A1B, RCP2.6, RCP4.5, RCP8.5 | GHG tajectory based scenario
'g (seasona)
2 GHG tajectory based scenario RCP2.6, RCP4.5, RCP8.5
7 (seasona)
o AlB GHG tajectory based scenario
K] temporal
g GHG tajectory based scenario 2025/2030/2100
= temporal
L 2020, 2050, 2080

1.2.6. Methodological rationale

This section discusse the rationale behind selectingspecific methods and techniques
to accomplish theaims of the study However, the method detailssection (section 1.3)
elaborates on how the particular methods were applied foreach empirical part ofthe

present study.

1.2.6.1. Coastal land dynamics

Since land dynamics is a broad term, this study defines land dynamics as the changes
in land areas by the processes of erosion and accretidPrevious studies suggesthat
comprehensiveassessment dland dynamics for the entire coastal are@f Bangladesh
is absent (Table 1.11b). However, the assessments of land dynamicin different
coastal areas around the worldwere efficiently conducted by using GIS and remote
sensing techniques (Table 1.1.1a and Table 1.1.1h. Hence, @pending on the
availability of satellite images(Table 1.25a), this study aimed to identify the dynamic
nature of lands for the selected coastal area by using GIS and remote sensing
techniques There were some considerable reasonsfor assessing the trends of land
dynamics in the studyarea. First it was vital to assessvhether the coastal land area is
highly dynamic or notsince, the assessment of erosion susceptibility brings ncesults
for a considerably less dynamic coastal areAdditionally, it was essential to check the
consistercy of independent historical datasets used for validating the model results on
erosion susceptibility. This study analysd the pattern of land dynamics in the study
area for the past 30 years from 1985 to 2015 bypplying GIS and remote sensing

techniques. Moreover, this study conducted anin-depth review of coastal land
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management and policy aspectsthat addressed human interventions on land

dynamics in the area.

1.2.6.2 Existing and future | and susceptibility to coastal erosion

The land susceptibility to coastal erosion largely depends on the underlying physical
elements (e.g. soil characteristics, geomorphic features etc.) and preparatory factors
(e.g. defence structures, development activities etc.) of a coastal ar€ghérpleset al.
2013; MPI, 2017). rirthermore, the severity of land susceptibility to erosion relies on
the triggering factors such as rainfall, sea level rise, wave action and discharge of
water that are greatly influenced by the changes in hydralimatic conditions
(Saundersand Glassey2007; Prasad and Kumar, 2014; MPI, 2017). Moreover, the
assessment ofand susceptibility to coastal erosionrequires both inland and offshore
areas of the coastover time are included (Fitton et al., 2016). Therefore, the
methodological implication is to incorporate both spatial and temporal aspects of

erosion susceptibility (van Westen, 2000; Boori, 2010).

The review of available literature suggests that the methods girevious studies on
coastalland dynamics (discussed in section 1.1.1were mainly applied for asseseg
the changes inshoreline position, erosion exposureand to identify the rate and extent

of eroded and accreted lands for the selected coastal areas (Table 1aland Table
1.1.1b). Although methodological advancements a evident to assess coastline
vulnerability (i.e. vulnerability indexes), the assessment of coastal erosion was limited
typically to analysing the changes in shoreline, coastal morphological changes and to
some extent,susceptibility and exposure The previous studies(Table 1.1.1a and Table
1.11b) alsosuggest that the assessment of land susceptibility to coastal erosion under
hydro-climatic changes is absentThere is a clear knowledge gapthat exists in
developing a method to assess land susceptibility to coastal erosion by addressing the
impacts of hydro-climatic factors in the assessmentThe work of Fitton et al. (2016)
studied coastal erosion susceptibility for Scotland but, without integrating hgro-
climatic factors in the model.More specifically, the influences of hydreclimatic factors

on the severity of erosion susceptibility were not evaluated in the assessmeiit. sum,
the assessment of existing land susceptibility and generation of futurecenarios of
land susceptibility to erosion by evaluating hydreclimatic factors for the coastal areas

around the world are absent in the literature.
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Based on the availability of data (Table 1.3a), the present study developed the raster
GlSbased LSCE nuel and appliedit to the coastal area of Bangladesh to assess
current condition and future scenarios of land susceptibility to erosion. The are
important reasons justifying the use of raster Gl$ased model in assessing land
susceptibility to erosion. The vector-basedGIS and remote ansing techniques such as
DSAS and ClSare only effective for assesfng the retreat of shoreling cliff instability
and morphological changesln contrast, the framework of a raster GISbasedmodel is
capable ofassessing parameters quantitatively by representing them aspixel values
(Boori, 2010). Hence, araster GISbased model providesa way of developing a
quantitative geospatial model (win et al., 2019. Compared to other available
geospatial methods and techniques(discussed in section 1.1.1.3: strength and
weakness of geospatial approach)the compatibility of a GlSbased method is highly
efficient to analyse the spatio-temporal aspects of coastal erosion (Table 1.IclL
Except for the study by Fitton et al.(2016), the practice of using raster (i.e. cell or
pixel) GISbased modelling approach to assess land susceptibility to coastal erosion is
very rare (Table 1.1.1a) However,asa powerful tool, GIS is capable of addressing the
consequences of hydreclimatic changes (Woodruff et al., 2018) GIS is highly useful
for layering, querying, analysing and visualizing data relevant to climate change
(Gemitziand Tolikas 2007). Hence, there is a potential scope of studyingpth offshore
and inland erosion susceptibility of the coastal area by using raster GiBased LSCE
model. Moreover, along with underlying physical elements and preparatory factors,
the possibility to integrate hydro-climatic factors in the LSCE modelprovides
pathways in evaluating the existing and probable future impacts of hydro-climatic

factors on erosion susceptibility in the coastal area

The study performed a Sensitivity Analysis (SA) for the LSCE model taest the model
validity and to make therecommendationsbased on themodel results more credible.
There is a growing trend ofconducting SAto validate and communicate with the
results of quantitative modelsin asseséng environmental issues (Pianosi et al., 2016).
SA is the process of investigating how the variation in the modéhput parameters
impacts the outputs (Sarrazin et al., 2016). SA is essential to investigate the model
behaviour by way of changing parameter values. The SA is an important task of
modelling a system of analysigluring its result processes The SAprovides insights
into the relative importance of the inputsand these inputshave substantialimpacts on

the sources of uncertainty of the model outputs Crosetto and Tarantola 2001).
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Moreover, SA is the most effective way of informing the validity of model re#is to
decision makers Pannell, 1997). However, the performance of SA in GHased
modelling efforts reliant upon several decisionr-making processes which will
determine the reliability of the model outputs (Crosetto and Tarantola 2001). A GIS
based model requires a variety of spatial data that may produce a number of
uncertainties originating from type, source, scale, collection methods and
measurement errors (Crosetto et al., 2000) Hence,it was an essentialtask of the
present study to conduct SAfor the GISbased LSCE model tovalidate and

communicate the model results in a more edfctive way.

1.2.6.3 Semi-quantitative assessment of erosion susceptibility

Several physical and humafinduced factors are involved in oastal land susceptibility
to erosion (EUROSION, 2004Prasad and Kumar, 2014). The scope of addressing
gualitative aspects of coastal erosion ira quantitative geospatial approach is very
difficult (Crosetto et al., 2000) Moreover, data unavailability $ an added factor in
dealing with the model (Table 1.2.5a). Hence,he integration of a large number of
parameters in the LSCE model is limited in assessitige existing condition and future
scenarios of land susceptibility to erosion in the coastal areaf ®angladeshHowever,
as indicated in thepreceding sections the use of qualitative and/or semiquantitative
approach is highly suitable to address the data limitéabns and qualitative aspects of a
system. Further, qualitative discussiors enhance the moel outputs with regards to
future scenarios by addressing uncertainties relevant to the field of stud¢detter and
Kok, 2014).

The review of literature on available semiquantitative methods suggests that lie
broad aspecs of coastal erosionis possibleto addressfrom humanistic viewpoints
since, human value judgement ian important criterion for coastalstudies (Green and
McFadden, 2007. Expert opinion, as a reliable source of informationis useful for
expanding knowledge oncoastalerosion and itsassociated uncertainties(Hargreaves
et al, 2003, Climate Change and Marine Ecosystem Reseaf€@LAMER, 2011). Expert
judgementis regarded as an important source of information when the system faces
an uncertain future (Meyer and Bookeer, 1991; Duranceand Godet, 2010).The
evaluation | £ A @welOidGallel to the model outputs is vital to enhancethe

model results in a structured way (Fairbanks and Jakeways, 2006; Vinchon et al.,
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2009; Hanson et al., 2010)Moreover, theelicitation of expertsopinion along with the
physical datasets of GIS is of great importance in establishing model parameters
(Abdolmasov and Obradovig1997). Eliciting expert views thus is an efficient way to
address the impacts of hydreclimatic changes on future land susq#ibility to coastal

erosion.

The FCM approactoffers OAOAOAT AAOAT OACAOG ET Al EAEOQEIT
susceptibility. FCM based study facilitates debates and dialogues among potential
experts to understand the problem and to find outthe best possible saltions
(Soetanto et al., 2011)These debates and dialogues opeup opportunities to realise
future scenarios oferosion susceptibility in the area The semi-quantification of the
problem bridges the gap between storylines and modelsvan-Vliet, 2011). Moreover,
the generation of future scenaridby using FCMss possiblein an efficient manner by
adding new componentsto, and removing existing component from, the steady state
condition. The FCMs detect the future system states and system instabilities (Jetter
and Kok, 2014).Considering the issue of model complexityand less-availability or
unavailability of data, a multistep FCM based modelling approach is capable of
generating new knowvledge which is based on perception and reasing (Ozesmi and
Ozesmi, 2004) Moreover, FCM has the potential tenhance the outputs ofjuantitative
models. FCM based modelling approacts easy to understand, has higher level of
integrational ability and able to provide a system descriptionin an effective manner
(van-Vliet et al., 2010).Moreover, FCM is highly suitable to generateemi-quantitative
scenario on environmental issues(Kok, 2009). The available literature discussed in
the preceding section(section 1.11.6) clearly indicates that thereis scopefor using an
&#- APDPOI AAE O AIEAEO AgPAOOOG DPAOAADPOEITI
climate change. Considering the advantages ofthe approach over other semi
guantitative participatory methods (Table 1.11d), the present study selected FCb
address broad aspects of erosion susceptibility in the coastal area of Bangladesh by

Al EAEOCET ¢ AgbAOOOG6 1T PETEIT O8
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1.3 Method details

1.3.1 Assessment of coastal land dynamics

1.3.1.1 Landsat data analysis

The study usedGIS and remote sensing techniques to identify the dynamic nature of
land (i.e. erosion and accretion)or the past 30 years from 1985 to 2015 in the coastal
area of Bangladeshi{Table 1.3a) The study collectedmulti-temporal Landsat satellite
imagesfor the years 1985, 1995, 2005 and 2015 to identify the changes in the rate of
erosion and accretionbetween the selected yearsThe satellite images were cdlected
from United States Geological SurveyUSG$ Global Visualization Viewer for the
concerned years Due to the unavailability of therequired number of standard USGS
Landsat kvell imagesin early 2016, this study then pre-processedthe available
imagesby applying atmospheric, radiometric and geometric correctiongdiscussed in
chapter 2). The reason behind thefact is that USGS started to compile the levdl
products in the year 2016and made available for download atater times of the same
year (USGS, 2018)The advantage ofusing levell products is that the industry
standard geometric, atmospheric and radiometric correctionsare already applied for
the downloadable imagesand do not require further pre-processing tasks on the
images.However, the present study applied Dark Object Subtraction (DOS) methéat
atmospheric corrections DOSis an imagebased method of removing atmospheric
haze from satellite images Chavez, 1999. It is assumed that there is a possibility of
having some black pixels which are dark. These black pixels (% reflectance) are
termed asdark objects in the imagegMustak, 2013). The dark objectsre clear water,
shadow etc. whose DNDigital Number) values are zero (0) or close to zerolo check
the consistency of thecollected images with the real world, a gometric correction was
performed by conducting a grounetruthing survey. By using Magellan Global
Positioning System (GPS) data logger (model 320)e survey collected 16 Ground
Control Points (GCPs) from the land areasvhich had previously experienced no
erosion or accretion events A Ground Control Point GCP) denotes the horizontal (x,
y) and vertical (z) measuremens of a location in the real world (Kunapo, 2005)
whereas,Root Mean Square ErrofRMSE)is a measure of the differences between the
calculated and observed values usetbr spatial analysis (e.g. identification of GCPs)
(ShellyandWade, 2006). To select the unchanged location on lands, previous
reference maps collected from Survey of BangladesfSoB) Local Government

Engineering Department (LGED) and Water Resources aRhing Organization
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(WARPO) were usedFinally, the demarcations between land and watefor the images
were performed by obtaining DN of band 4 0.76z0.90t m) Near Infrared (NIR) images
by Erdas Imagine remote sensing softwaréd DN indicates relative reflectance value of
a raw satellite image (Eastman, 2001)The study used raw quantized calibratedDN
values (Dewan et al.,, 2017; Ahmed et al., 2018) to identify land dynamics by
separating the land areas from the water bodies The study excluded mudflats from
land areas because of their diurnal inundation and appearance during winter and
complete inundation during monsoon seasonManual digitisation was performed to
extract the separated land areas fronthe water bodies Theresults on eroded and
accreted lands obtained from the images were validated by caleding error matrix,

overall accuracyand kappa coefficient.

While assessingi AT A AUT AT EAOh OEA OOOAU EAAT OEZEEA
coastal area ofthecoud OU8 4 EA OA Olandvi Bchréidd labdiarkdtiials O A O
formed by the deposition of sediments in the coastal area of the country (Sharmin,
2013). A number of char lands are evident in the central coastal zone such as Latar
Char, Sona Char, Bodnar Char and Urir Char (Figure 41%). The study defines some
terminologies such as land reclamation, polder and cross darhat are essential to
discussng government interventions and policy implications of land dynamics in the
coastal area.For instance, &nd reclamation is the activity of recuperating and
improving a land area thatis not accessible to usan its present form (Banglapedia,
2018). The present study definedand reclamation as a project that aims to acquire
new lands from the coastal area by way of constructing engineering structures suas

dam and embankment.Relevant to land reclamation activity, goolder is a lowlying

tract of land enclosed by embankmerg (Consultative Group for International
Agricultural Research [CGIAR], 2018 A crossdam is a hard engineering construction

that builds across a channel or river to stopthe free flowing of water in order to

promote land reclamation in the areaKhan, 20B).

The principal causesof land dynamicsin the areawere analysedby conducting anin-
depth review of relevant literature. The method in this regardwas to find published
articles, books and periodicals from national and international sources. Additionally, a
number of unpublished documents from different departments of the government

such as Bangladesh Water Development Board (BWDB), Water Resources Planning
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Organization (WARPO) and Bangladesh Inland Water Transport Authority (BIWTA)
were consulted.The reliability of the identified causeswas cross-checked with theraw
data on relevant parameters collected from BWDB, WARPO, BIWTA and Bangladesh
Meteorological Dgartment (BMD).

1.3.1.2 Policy appraisal

To analyse the policy relevance of land dynamics in the coastal area of the country, a
number of government policies, plans, strategies and projects were reviewed for the
present study. In dealing with the policies fromseveral ministries, agencies, institutes

and departmentsof the government,the study followed thestepsbelow:

>\

Identifying key sources

>\

Fixing the way of abstracting the documentsi.e. online or hard copy)

>w

Visiting the source if necessary

>w

Searchingfor relevant information

>\

Assessing the documents

To identify the key sources, the study selected five relevant ministries, their
departments and affiliated institutions. The ministries are: Ministry of Planning,
Ministry of Water Resources,Ministry of Land, Ministry of Environment and Forest
and Ministry of Agriculture. The data and information regarding Coastal Zone Policy
(CzZP), Delta Plan 2100, National Adaptation Plan of Action (NAPA), Coastal
Development Straegies (CDS) and Priority Investment Plan (PIP) were collected from
the ministry of planning. The policies on Integrated Coastal Zone Management (ICZM),
National Water Policy (NWP), crosslam, polder, land reclamation projectsand coastal
defence structures were collected from BWDB, WARPO and BIWTA under the ministry
of water resources.Comprehensive information on the national land use policy and
national land zoning projects were collected from the ministry of land. Moreover, the
data and information on rational forest policy and the total area of mangrove forests
were collected from the ministry of forest and agriculture whereas, data on national
agricultural policy and plans (relevant to coastal land zoning project)were obtained

from the ministry of agriculture.
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1.3.2 Assessment of existing land susceptibility to erosion

The assessment of coastal land dynamias the study indicates that the processes of
erosion and accretion areconstant phenomena in thecoastal area of the country
Having explicit patterns of erosion and accretionthis study then aimed to analys
existing land susceptibility of the coastal area to erosiorby developing the raster GIS
based Land Susceptibility to Coastal Erosion (LSCE) model amgplying the modelin

the coastal area of Banglades{igure 1.3a).

The LSCEmodel considered offshore islands and inland conditions of the coastal area
in identifying the current levels of land susceptibility to erosion. A total number of
nine parameters were selected § in-depth review of literature on site-specific factors
of erosion susceptibility and then included in the model domain. Among the selected
parameters, five are underlying physical elementsi.e. surface elevation, surface
geology, bathymetry, soil permeabiity and distance from shoreline) and the remaining
four are hydro-climatic triggering factors (drivers of change) (i.e.coastal river water
discharge, mean sea level, rainfall and wind speethd direction). The justifications of
selecting the mentioned paameters are discussed in chapter section 3.3.2: model
parameters) in which the influences and interrelationships of the parameters on land
susceptibility to erosion in the coastal area of the countrare evaluated However, to
find out the existing shoreline, this study usedhe Normalised Difference Water Index
(NDWI) method (Mcfeeters, 1996)in separatingthe land areas from the water bodies
The use of NDWI methodwas more convenient for OLI_TIRS sensor (Operational Land

Imager_ Thermal Infrared &nsor) images (Li et al., 2013) than DN values.

The LSCE model required individual raster surfaces for each parameter to evaluate the
impacts of the parameters on land susceptibility to erosion. Hence, the study prepared
nine raster surfaces based on theéata collected for each parameter(Figure 1.3a and
Figure 1.3b) The raster surfacesof the five underlying physical elements were
prepared by using raw raster surfaces and data collected from different sources. To
prepare raster surfaces based on point ata (i.e.location-specific four hydro-climatic
parameters) the study applied two types of surface interpolation techniques: Inverse
Distance Weighting (IDW) and Kriging. The IDW is a deterministic technique that uses
measured values surrounding the prediton locations in which, the values of the
measured location diminish with distance (ESRI, 2018)Kriging is a geostatistical

interpolation technique that uses spatial autocorrelation in measuring the unknown
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values surrounding the measured locations (ESRR018). The present study usedhe
IDW technique to interpolate rainfall and wind speed and Kriging technique to
interpolate water discharge and mean sea level. The reason for using two types of
techniques for the parameters is that thedata on water disharge and mean sea level
are attached to spatially correlated distance and directional bias in whicliKriging is a
suitable interpolation technique to addressthe spatial behaviour of the phenomenon
by using Zvalues (ESRI, 2018).The values of the rater surfaces then scalednto five
susceptibility classes in which 1 represents very low susceptibility and 5 represents
very high susceptibility to erosion. To classify the raster surfaces, tHecation-specific
literature and opinions from local experts were consulted. The reason behind
following this procedure is that the selected parameters are sitgpecific and hence,
local experts should be familiar with the fundamental characteristics of the
parameters and their impacts on erosion susceptibility inhe area.The decision inthis
study to classify thelevels of erosion susceptibility into five classesis based onother
similar regional as well as globattudies that were conducted for coastal vulnerability
(Islam et al., 2016), risk (EUROSION, 2004) a@rsusceptibility (Fitton et al., 2016)
asessment. After classifying the raster surfaces, individual parameters were given
xAECEOO AU Al 111 xET QterAadng OsCaleé andE Wédighidd AT O8
parameters, the LSCE model was run by using model builder extensiam ArcGIS
(version 10.3) to obtain the results on land susceptibility to erosion under five
susceptibility classes.
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Figure 1.3 - Simplified workflow of the LSCEmodel that starts with selecting five
underlying physical elements and four hydreclimatic factors. The generated
databases were used to prepare raster surfaces for eaplarameter. The moderators

(i.e. buffer zones for defence structures andccretion) were integrated with the nine
weighted parameter values for baseline susceptibility assessment. The validated
model outputs were the bases for future scenario generation follomg A@DAODOOS

judgement.
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The LSCE model used two sets of moderatorsgi buffer zones) to address the impacts
of human interventions and sedimentation on erosia susceptibility: one for defene
structures and another for accretion (sedimentation).The study followed a specific
method of identifying the number and types of mderators and applied the
moderators in the LSCE model. After collecting the data on the number of hard (i.e. sea
wall, dykes) and soft (i.e. polder, damyefence structures from BWDB, WARPO and
BIWTA under the ministry of water resources the study conduded a number of feld
visits in the three coastal zones to identify the existence and current conditions of the
structures. To match the locational data obtained from the said sources, the study
conducted a graind-truthing survey by collecting real-world locations of 5 hard
defence and 10 soft defence structures. The study founan exact match of the
secondary data onhard defence structures with the real world. Havever, the study
found about an 80% match of thesecondary data onsample soft defence strictures
with the real world. The probable reason 020% mismatchmight be due tothe regular
maintenance of the polders and embankmentsthat is required after having
considerable damage during monsoon seasons. The study finally selected a total
number of 26 hard defence structures (from 30 recorded structures) and 60 polders
and embankments (from 117 recorded structures)in the three coastal zones for the
LSCE model on the basis of their existence and effectiveness as coastal defence
structure. However, toidentify the moderators for sedimentation, the study used the
results of land dynamics for the last ten years from 2005 to 2015 and identified 38

accretedareas in the three coastatonesof the country.

The study identified the seasonal variationof land susceptibility of the coastal area to
erosion. Thiswas done because the selected hydralimatic factors varied for most of
the prevailing seasons in the coastal area. Assessment of land susceptibilty
segmenting the overall ssceptibility into four seasons (i.e.winter, pre-monsoon,
monsoon and postmonsoon) provides insights into the seasonal influences of the
hydro-climatic factors in the coastal area. However, annventory map of land
dynamics was preparedto validate the outputs of the LSCE modelof current land

susceptibility to erosion in the coastal aregdiscussed in chapter 3).
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The study conducted a SAotidentify the importance and influences of the individual
parameters in the LSCEmodel and to analyse the regional vaability of the input
variables. However, the study applied the moderators in the SA followed laysimilar
method as for the general (overall) assessent. The results of the SA wereompared
with the results obtained for the general assessment of existintand susceptibility to
erosion. Several methodological approaches of SA are available suchlasal versus
global, qualitative versus quantitative andOne-At-a-Time (OAT) versusAll-At-a-Time
(AAT) (Pianosi et al., 2016).Depending on the nature of the LSE model, thisGIS
based spatial modelling study designed the SA into thragpes and applied for overall
baseline conditions of existing land susceptibility to erosion

A Weightings between parameters

A Distribution of parameter values

A General vs regional modis
The details of the methods, results and interpretations of the results obtained frothe

SA are discussednd placedasan annexin the third chapter of the thesis.

1.3.3 Generation of future scenarios on land susceptibility to erosion

The study used validated outputs othe LSCE model as a baseline condition of land
susceptibility to erosion in generating future scenarios by using the same model
frame. The aim was to address the impacts of pbable changes in hydreclimate
factors on future land susceptibility to erosion in the area The study usedscenario

data for the selected hydreclimatic drivers of the LSCE modelobtained from
secondary sources The source datawere based onfour Greenhouse Gas GHQG
concentration trajectories (i.e. AlB, RCP2.6, RCP4.5 and RCP8Ble GHG
concentration trajectories are pathways adopted bythe Intergovernmental Panel on
Climate Change (IPCC) in their Special Report on Emissions Scenarios (SRES) in 2000
(Nakicenovic etal., 2000). The IPCC adopted four pathways such as A1B, A2, B1, and
B2 as a first instance The pathways describe possible future climate depending on the
probable amount of GHGthat x ET1 I  AA Al EOOA AandEDppedE@Ded O A | |
2004). Later, IPCC adoptedour Representative Concentration Pathway$RCPs) such

as RCP2.6, RCP4.5, RCP6, and RCP8.5 in fifitirAssessment Report (AR5)n 2014
(IPCC, 2014). The new pathways (i.e. RCPs) supersede the SRES pathways adopted in
2000. The four pathways used in this study are A1B represents businessas-usual,
RCP2.6 represents low scenario, RCP4.5 represents moderate scenario and RCP8.5

represents high scenario.The study generatel both RCPbased low, moderate and
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high scenarios and SRES Allgased moderate scenario of erosion susceptibility by
applying secordary data in the LSCE modeThis enables thestudy to compare A1B-
based results with thelatest RCP4.5ased results The scenarios were segmented into
three time-slices: near future (2020), future (2050) and far future (2080). Due to data
scarcity, this study generated seasonal variatiorof erosion susceptibility based only
on A1B trajectory. The scenarios of land susceptibility to erosion are named as the

four Greenhouse Gas@HQ concentration trajectories selected for the present study.

1.3.4 Addressing the broad aspects of coastal land susceptibility

The present study applied Fuzzy Cognitive Magping (FCM-based semi-quantitative
approach to justify the LSCEmodel outputs, to evaluateother relevant factors that
were not possible to address by the LSCE modahd to apprehend uncertainties
relevant to future land susceptibility to coagal erosion by eliciting expertO Siews
(Figure 1.3band Table 1.33.

The study identified four challenges while conducting FCM based study on land
susceptibility to erosion in the coastal areaThese were

A The number of experts needed for the workshops

A Selection criteria of the experts

A The way of generating and disentangling their knowledge

A Methods of validating the FCMs

As literature suggests Morgan and Keith, 1995), there is nalefined rule of selectinga
particular number of experts for a particular study (discussed in chapteb). However,
it is imperative to select exyerts from relevant fields to capture diverse knowledge on
the topic of study. Considering the nature of the topic, the study identified5lexperts
from several relevant fields. To identify the suitable experts, this study used the
following selection criteria. First, the study decided to generate FCM based knowledge
on coastal erosion susceptibility from traditional experts.The distinction between
traditional and non-traditional experts is discussed in chapters. The involvement of
non-traditional experts (e.g. stakeholders) in the FCM might benore suitable for
participatory planning purposes. However, the reason behind seleting traditional
experts is that they have conceptual and technical expertise on the issuef land
susceptibility to coastal erosion. Moreover, the traditional experts easily capture the

idea of generating new knowledge by way afising the FCMbased appoach Second
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the study prioritised the fields of study of the potential expertsthat matched with the
present study topic. Hence, this study classified the fields of expertise into two broad
categories: coastal physical processes and coastal human aspedéier instance, the
fields of study of the selected experts includecoastal geomorphology, coastal
sedimentation, meteorology, climate change, soil science, land use policy, land
management etc.Third, after selecting the fields of study, the study focusedn
OOEOAOGEI T A AoPAOEAT AAS T £ OEA Agwdadd Ol
defines threshold experience as the minimum satisfaction level of xpertise the
experts need to behold. The present studyfulfiled such level of satisfaction by
accounting their total yearof expertise and by reviewing their publications.In case of

years of expertise, this study assumed fyears as a minimunrequirement.

After selecting a total number of 15 relevant experts, the study faced the challenge of
gererating and disentangling FCM based knowledge from the experts by way of
arranging workshops (as a participatory method). The first workshop was segmented
into three interfaces: concept mapping, matrix and scenarioBefore starting the
interfaces for future erosion susceptibility, the experts were provided with the
scenarios of hydroclimatic factors usel in the LSCE modehlong with other relevant
data and informaton (discussed in chapter $. The aim was to povide an overview of
future scenarios that guided them to identify the interrelationships of the future
components of erosion susceptibility.Furthermore, based on thegiven information,
the experts were provided with severalO x ERA8 OEOOAOEIT 1 O O AEAA
on each interface.In concept mapping interface, the experts identifiegeveral physical
and humaninduced factors of erosion susceptibility as concepts. In matrix interface,
the experts identified the positive and negative interrelationships between the
components by assiging valuesin an adjacency matrixranging from (-1) to (1). The
adjacency matrix is a matrix table for the directed graphs (inks between the
components of the FCMsin which, in-degree of a vertex (i.e. connection)s computed
by summing the correspondingcolumn and the outdegreeis computed by summing
the corresponding row for each of the componentsin scenario interface, the experts
identified future components and their interrelationships. As mentioned, the experts
were selected from a number of releant fields and hence, it was certain that their
participation for the three interfaces of generating FCMs were varied in naturef-or
instance, in concept mapping interface, relevant concepts (i.e. factors) were provided

by the relevant experts in the work$iop based on their field of expertise. By this way
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it was possible in the workshop to check the inclusion of irrelevant components in the
FCMs from irrelevant experts. The same procedure was followed for the matrix and
scenario interfaces of the workshopsin sum, the experts identified the current and
potential future components of land susceptibility to erosion and mapped the causal
relations between the factors by considering the impacts of hydralimatic changes in
the study areathroughout the entire process Moreover, the uncertaintiesin giving the
degree of relationships between the componentsvere also addressedby the experts

by providing their confidence ratings in theFCM process
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Figure 13b - Overview of theresearchframe applied for the current study.The enire
process of assessing landusceptibility to erosion was segmented into two types of
methodological approaches: quantitative (geospatial) and semtiquantitative.
Additionally, the assessment of land dynamics ithe coastal area was accomplished to
prepare the inventory map. Both the quantitative and semguantitative methods were
used to provide a consistent and justifable assessment on land susceptibility to

erosion in the coastal area.
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Table 1.3a- Matrix of research methods.Based on the research questions, the study
aimed at fulfilling the research objectives. To accomplish, the studgllowed several
sequential steps fixing initial purposes, searchng for data availability and identifying

suitable methods.

Research | Initial Data Method Initial Final
qguestion | purpose output output
What
patterns 1. Rates of
of land Analyzingthe Imageanalysis | erosion
dynamics | trend of by GIS and and
exist in erosion and | Landsat Remote accretion | Assessmer
the accretion Satellite Sensing 2. Cross of land
coastal (land Images software check for | dynamics
area of dynamics) inventory
Banglade map
sh?

Identifying

factors Published In-depth Model

responsible | materials literature paramet-

for land survey ers
How best | susceptibility
to assess | to erosion
land 1.
susceptib- Scaling
ility to A. and
coastal Underlying weighting
erosion? physical model

Developing | elements Land paramet- | Developm
And cell based Susceptibility | ers (raster | ent of LSCE

GIS model B. to Coastal surfaces) | model and
What are | and applying | Drivers of Erosion assessmen
the in the coastal | change (LSCE) model | 2. of current
current area of Analysing | land
conditions | Bangladesh | C. and susceptibil-
of land Moderators mapping | ity to
susceptib- existing coastal
ility to land erosionin
erosion in susceptib- | Bangladesl,
the ility to
coastal coastal
area of erosion
Banglade | Validating Current Validation
sh? the outputs erosion of current

of LSCE inventory ) land

model for map O0$ A COA A| susceptib-

current prepared curves ility to

physical from coastal

susceptibility | historical erosionin

to erosion datasets Banglade

sh
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What are | Generating IPCC and
the future other RCM Future
possible | scenarios of | model scenarios
future land based LSCE model of the Generatk
scenarios | susceptibility | projection model on of
of land to coastal data on paramet- | possible
susceptib- | erosion driving ers future
ility to forces of scenarios
erosion in erosion of land
the Justificati- | susceptib-
coastal Justifying the | Fuzzy %@DAOOB| onof ility to
area of model Cognitive opinion by future erosion
Banglade | outputs and | Mapping arranging land
sh? addressing (FCMs) workshops susceptib-
uncertainties ility to

coastal

erosion
How to
address Factors of
the LSCE mode| erosion
compelli- outputs susceptib
ng aspects| Eliciting Fuzzy Matrix of | ility
of coastal | A @D A O O ( Hydro- Cognitive relations-
erosion views climatic Mapping hip tables | Cognitive
susceptib- factors (FCM) maps of
ility in erosion
Banglade susceptib
sh? ility

Finally, the generated FCMs in the first workshop were validated by arranging a
second workshop comprising of 4 remaining experts from the listqombination of
both physical andhumanistic fields of expertise). This second group of experts were
provided with none ofthe datathat were provided to the first group of experts. This
was purposively designed with an aim to conducen unbiased assessment by the
second group of experts. The desigaf the two consecutive workshops wasn such a
manner that savel time. The first workshop started in the morning and took about 6
hours to accomplish. The second workshop started in late afternoon, after having the
outputs of the first workshop. The first group of experts had some time for
refreshment during the time ofthe second workshop. The modittations of the FCMs
by the second group of experts were accomplished and the validated outputs were

presented to all the 15 experts fofurther modifications and final concluding remarks.
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1.4 Chapter plan

The present studyorganised the full thesis unde seven chaptersthat are logically
connected to each othelFigure 1.4a) The introductory chapter (chapter 1) includes
the review of relevant literature and knowledge gaps. Moreover the first chapter
provides an overview of methodological considerations relevant to the objectives of
the study. The analysis of land dynamics in the coastal area of the country is presented
in the second chapterChapter 3 of the thesis includes the assessment of existing land
susceptibility to erosion in the coastal area of the countryChapter 4 containsthe third
objective of the study(i.e. generation of future land susceptibility to erosion)The fifth
chapter comprises the fourth objective of the study that includes the exp€O &
elicitation on erosion susceptibility by applying Fuzzy Cognitive Mapping (FCM)
approach. The sixth chapter contains the synthesis of the results and the limitations of
the study together with some crosscutting issues of land susceptibilityto erosion in
the coastal area. The concluding chapter (chapter 7) provides further
recommendations and delivers the key messages tie study for policymakers (i.e.
policy deliverables) and local people along with future research needs for the

academic community.
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Chapter 1: Introduction

Literature review
Knowledge gap
Study area

Methodology
Data

Chapter 2: Coastal land dynamics in Bangladesh

« Erosion and accretion of land (1985-2015) by Landsat satellite images
« Zonal variation of erosion and accretion
« Policy relevance of land dynamics by reviewing the literature

Chapter 3: Existing land susceptibility to coastal erosion in Bangladesh

 Development of Land Susceptibility to Coastal Erosion (LSCE) model

« |dentification of site-specific 5 physical elements, 4 hydro-climatic factors and 2 sets of moderators

« Applying the LSCE model in the coastal area of Bangladesh

« Validation by inventory maps and sensitivity analysis J

TN )
J/

Y

~
Chapter 4: Future scenarios of land susceptibility to erosion under hydro-climatic changes

« Application of LSCE model in Bangladesh under A1B and three RCP-based hydro-climatic scenarios

« Seasonal variation of land susceptibility to erosion

« Justification of the scenarios on land susceptibility to erosion by experts' opinions

'R
\.

Chapter 5: Elicitation of experts’ views on land susceptibility to coastal erosion in Bangladesh

« Identification of physical and human-induced factors of erosion in Bangladesh (concept mapping phase)
« Generation of Fuzzy Cognitive Maps (FCM) on existing erosion susceptibility (matrix phase)
« Future erosion susceptibility (scenario phase)

SR

Chapter 6:
Discussion and
limitations

Chapter 7:
Conclusion and further recommendations

Figure 1.4a 7 Chapter plan of the thesis in fulfilling the aims of the present study. The
titles of the chapters are summarised herén the figure. The full titles of the chapters
are given in the relevant papers. The major part of introduction (i.e. epter 1)
contains the review of literature to justify the rationale of the present study. The major
objectives of the study were articulated in the next four chapters (i.e. chapter 2, 3, 4
and 5).
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2.1 Abstract

This paper draws upon the application of GIS and remote sensing techniques to
investigate the dynamic nature and management aspts of land in the coastal areaf
Bangladesh. The geomorphological chacteristic of the coastal areas highly dynamic
where land erosion and accretion with different rates remain a constant phenomenon.
This study focuses on three coastal zones: western, central and eastern that comprise
the entire coastal area of the coumy. At its core, this study usedhe past 30 yea® &
Landsat satellite images. This is the firsttne that the entire coastal area of Bangladesh
hasbeen considered for assessmenthis research reveals that the rate of accretion in
the study area is slightly higher than the rate of erosionOverall land dyhamics
indicate a net gain of 237 km? (7.9 km? annual average) of land in the area for the
whole period from 1985 to 2015. The results also demonstrate that the rates of both
erosion and accretion are higher in the central zone compared to the western atite
eastern zones of the coastal area. This study h&sghlighted some causes of land
dynamics associated with the coastal zones. Rivewater discharge in the Meghna
estuary, prevailing monsoon wind andwave actions tidal variation, anti-clockwise
tidal circulation, cross dam and development projects are considered as major drivers
of land dynamics in the central coastal zone. Moreover, wave actions, mangrove
vegetation, storm surges and polders are the most important factors of land dynamics
for the western coastal zone whereas,soft and unconsolidated soils, rainfall,
development activities anddeforestation are key physical and humatinduced causes
of land dynamics in the eastern coastal zoneThis study recommends that coastal
managers, planners and patymakers consider the identified dynamic trends of
coastal land before opting for any specific measur&he nature and pattern of land
dynamics and the associated causes identified by the present studyght be useful to
identify the nature of interventions needs to be taken foreach zone. Regular
monitoring (e.g. seasonally or yearlyusing GIS and remote sensing techniques would

be a viable managemenoption for this purpose.
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2.2 Introduction

The coasts of the world are dynana systems (Balica etl., 2012)since coastal areas
exhibit constant morpho-dynamic processes as a result of the geomorphological and
oceanographic factors (Cowell et al., 2003a, b). They are also prone to a large number
of hazards (Torresan et al., 2008). Coastal land dynarsicparticularly coastal erosion

is seen to pose serious morphalynamic hazards in coastal areas around the world
(Addo et al., 2008). Coastal land dynamics includes the process of erosion (removal of
materials from shoreline) that results in the loss of castal land and the retreat of
coastline. The deposition of materials removed through the process of erosion leads to

the accretion of land in another place (Gibb, 1978).

Instant and reliable techniques are key to addresthe dynamic nature of coastal land
(Ghosh et al., 2015). Although empirical field studies and aerial photos are generally
used to address the issu¢Papakonstantinouet al., 2016) the techniques are not cost
effective and take a long time to accomplish. However, remote sensing and GIS
techniques provide the opportunity to monitor the dynamic rature of coastal land in a
cost-effective manner (Ghosh et al., 2015)l’he monitoring of coastal land dynamics
around the world by using GIS and remote sensing techniques is not new. In fact, there
are numerous studies conducted for different coastal areas using aerial photographs,
GIS and remote sensing techniqueédiscussed in chapter 1) For instance, Wang
(2003) used Landsat 7 stellite imagery to detect changes irthe shoreline of Delaware
inland bays. Astudy by Chowdhury and Tripathi (2013)identified coastal erosionand
accretion in Pak Phanang, Thailand between 1973 and 2003 using GIS analysis of
maps and satellite imagery.Sudy on shoreline dange detection also conducted by
Zoran and Anderson (2006)and Prabaharan et al. (2010) forthe Romanian Black Sea
coastalzone and Vedaranniyam coast of India respectivelyDepending on thenature of

the coast a number of approaches &#sed on numerical models (Ferreira et al., 2006;
Zoran and Anderson, 2006) have been usedh&re dynamic stability, erosionand
accretion of the shores have been assessed. Empirical field studies (Prabaharan et al.,
2010; Duc et al., 2012pnnd different computer-basedapproaches (Shifeng et al., 2002;

Brown et al., 2005)have also been conductetb assesscoastal erosion.

From geomorphological point of view, the coastal area of Bangladesh is highly
dynamic where land erosion and accretion are taking placet different rates

(Brammer, 2014). The Bengal delta encompasses a large part of the coastal area and is
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the largest delta in the world (Goodbred et al., 2003; Hori and Saito, 2007) which
covers approximately 100,000 km?2 in area. The Bengal delta is driveby the
hydrologic discharges of the GangeBrahmaputra-Meghna (GBM) river system which
carries sediments from upstream (Umitsu, 1993Allison and Kepple, 2001 Sarker et
al., 2019. These three rivers, via the lower Meghna river channel (Sarker et al., %)
carry close to one trillion m3 of water and one billion tons of sediment annually. For
the past 100 yearsconsiderablechangeshave been observed in the courses of major
rivers in GangesBrahmaputra-Meghna (GBM) basin. The changes of the river courses
together with the tidal influence from the Bay of Bengal were the major driving forces
in shaping thecoastal area of Bangladesh@oodbred and Kuehl, 2000a, (Sarker et al.,
2015) and are still considered as the active agents of changes in the coastal area of the

country.

In-depth regional study on coastal land dynamics is crucial for effective management
of coastal lands (Naji andTawfeeq, 2011; Jaysoi@Quashigah et al., 2013). This is
especially true for the coastal area of Bangladesh where a comprehensive and detailed
study is essential to address the potential loss of land and to take effective measures to
minimize that loss. Thechanges in lands are very rapid in the coastal area of the
country which is home to 44.8 million people(Ahmed, 2011). Monitoring dynamic
nature of coastal land, particularly in the coastal area of Bangladesh is important
because it affects the livelihood of the people living in that areaAlthough several
studies have been conducted using GIS and remote sensing techniques on
morphological changes in the coastal areas of Bangladegte Wilde, 2011; Shibly and
Takewaka, 2012; Islam et al., 2013 the studies were limited to deal with the retreat of
shorelines. Some studiesdentified erosion and accretion of lands in the coastal area
but, these studieswere conducted only for specific coastal islands, sections and zones
(discussed in chapter 1) For instane, the study by Ali et al. (2013) identified the
pattern of erosion and accretion of the Manpura Island located in the central coastal
zone of the country. The study identified the land dynamics for the period from 1973
to 2010 and found that the total ar@ of the island has gradually decreased from 148
km2 to 114 kmz2 of land during the 37 years. Tie work of Brammer (2014) identified
the general pattern of erosion and accretion in the Meghna estuary area with lesser
details for the western coastal zone ando analysis for the eastern coastal zone of the
country. The work was primarily based on topographical surveynaps and empirical

field tests where, Landsat satellite images were employed for two yeard.€.1984 and
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2007) to compare the rate of erosion andaccretion between the mentioned years.
Ghosh et al. (2015) identified the changes in coastline of Hatiya Island for the period
from 1989 to 2010. The study used Thematic Mapper (TM) for the years 1989 and
2010 and Enhanced Thematic Mapper (ETM) for thgear 2000. To demarcate the
boundary between land and water, the study used modified normalized difference
water index (MNDWI) algorithm for the selected years. The study identified land gains
in the northern and western pasts and land lost in the southerand eastern parts of
the island. Overall, the study identified a total amount of 64.76 km? of eroded land in
comparison with 99.16 km?2 of accreted land.Some previous studies (Sarwar and
Woodroffe, 2013; Islam et al., 2016) identified the rates otoastal erosion and

accretion by way of analysing theetreat of shoreline only.

This research contributes new knowledge to study on land dynamics the coastal
area of Bangladeshirom several perspectives The current study aimed to identify the
long-term trend (past thirty years from 1985 to 2015) of the dynamic nature of land
for the entire coastal area of the countryThis study consideredthe total land area of
the coast whichhas the threshold limit of tidal movement and has both direct and
indirect influe nces of the Bay of BengaRs such, this research aimetb offer a more
comprehensive picture on the dynamic nature of lands for the entire coastal area of
the country. As far as the authors are aware, there is no complete study on the
comparison of the dynamic nature of land among and between the three coastal zones.
Hence, the present study emphasised on the identification and comparison of rates of
erosion and accretion among the three coastal zones. This studiso evaluatedthe
underlying causes of thevariation of rates of erosion and accretion among the zones.
The study carries essence from the methodological point of view. This study used
multi -temporal satellite images in the assessment wher¢he uses ofsuchimages are
more advantageous to delinege land areas from existing water bodis more
accurately. Moreover, the study addressed the existing policy relevance and
management aspects of the dynamic nature of land and suggested some measures

options for coastal managers and poliapakers to deal with the issue.
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2.3 Study area and data

2.3.1 The study area

The reason for choosing the study area lies on iwdiverse coastal characteristics as
identified by IPCC (2003, b) that brings in most of the natural coastal systems,
namely the beaches, deltasestuaries, lagoons and mangrovesMoreover, the
assessment ofrapid morphological changesin the densely populated coastalarea
(about 949 persons/ km?) is important for the people living in the area(Bangladesh
Bureau of Statistics [BBS], 2015)On thebasis of geomorphological characteristics,
Pramanik (1988) first divided the coastal area of Bangladesh into three zones:
western, central and eastern that covers approximately 27,150 km?, 12,040 km? and
8,010 km? of coastal land area respectively (Figur@.3.1a). These have been used in
this study. The total area of the identified coastal zones is 47,200 km2? (MoEF, 2007
MoEF, 201§ that includes the land areas andvater bodies. This study groups the land
areas into three different categories: eroded, aceted, and unchanged land. The
assessment of land dynics for this research consideredhe dynamic land areas oly
that found from 1985 to 2015 while, the total areasof water bodies were excluded
from the analysis. The inland boundary of the coaat area from the shoreline was
fixed to the threshold limit of tidal movement that has both direct and indirect
influences of the Bayof Bengal Based on the exposure to the Bay, the coastal area can
also be marked as interior coast (23,265 km?2), and exposed coaf3,935 km?)
(Figure 2.3.1a)(PDGICZMP, 2006 and Islam et al., 2008/10EF, 201§. The exposed
coast meets directly with the Bay and lower estuary Nlinistry of Water Resources
[MoWR], 2005, MoEF, 2016, of which this has met the maximum limit of tidal
movement, salinity, cyclone risk etc. (PDOCZMP, 2006).
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Figure 2.3.1a- The three coastal zone of Bangladesh comprise the entire coastal area
of the country were selected for the present study[Data sources:BBS, 2015 and
BWDB, 2016 (important place); MoEF, 2016 (coastal zones and margin between

interior and exposed coast)].

2.3.2 Satellite images

The study analysed multitemporal Landsat satellite images (Table 2.3.2a) to acquire
current and past rates of erosion and accretion in order to assess the dynamic nature
of coastal land in the selected are&his study used multiple images of the same soe
acquired at different times of selected months for specific years. In stiussing the
temporal changes inland dynamics, the past 30 years imagewere split into four
periods and hence images of 1985, 1995, 2005 and 201%ere gathered for analysis.
Landsat Thematic Mapper (TM) imagesvere used for the years 1985 and 1995 which
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are multispectral data obtained from Landsat 4 and 5 missions. Landsat Enhanced
Thematic Mapper Plus (ETM+) imagewere used for the years 2005 and 2015 which
are high resolution nultispectral data obtained from Landsat 7 missior(Appendix A).
The acquired imagesfor those periods were downloaded using the USGS Global
Visualization Viewer which are freely available in 3080 m pixel resolution (USGS,
2016). The selection of such piXeesolution is essential consideringhe spatial extent
of the study area. The TM compriseseven bands whereas ETM+ contains eight bands
(one additional panchromatic band with 15m resolution). Both the bands include the
visible (red: 0.63-0.69 um; green 0.52-0.60 pm; blue: 0.450.52 pum), near infrared
(0.76-0.90 pm), mid infrared (1.55-1.75 pum) regions as well as the thermal infrared
(10.4-12.5 pym) region of the electromagnetic spectrum nited States Geological
Survey USG§ 2013).

Table 2.3.2a Landsat satellite images used for the studyThe study acquired satellite
images having same spatial resolution. The acquisition periods of the images were the

months of January and December during winter seasons. [Source: USGS, 2016]

Year Sensor Resolution Month of image
acquisition

1985 ™ 30x30m January

1995 ™ 30x30 m January

2005 ETM+ 30x30m December

2015 ETM+ 30x30 m January

2.3.3 Policy and management issues

This study madeextensive use of secondary materials to build up and support the
objective of identifying policy relevance and management issues of land dynamics in
the coastal area of the country. To argse the policy implications in managingcoastal
land dynamics, ths study reviewed the available coastal policies along with the
relevant plans, strategies and projects of the gomement (discussed in chapter 1). The
study also evaluatedthe impacts of the policies on coastal land dynamics as well as the

gaps in formulating policies to address the issues of coastal morphological changes.
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2.4 Methods

2.4.1 Pre-processing of satellite images

To analysethe trends and rates & erosion and accretion in the selected areathe
collected raw satellite images went through some prg@rocessing works such as
atmospheric, radiometric and geometric corrections. These processese discussed in
turn as follows. First, the images were atmosphericallyarrected by using Dark Object
Subtraction (DOS)method (Chavez, 1996) to cancebut the presence of dust, smoke
and haze in the images. Second, a normalized radiometric correction was performed
for the images to achieve the real reflectance values of thenages and to remove
sensor noise. Next, individual shapefiles were generated for analysis. Finally, all the
images were then geeectified using the sixteen Ground Control Poits (GCPs) with a
view to acquiring geometrically correct images. By this way, t GCPs yielded an
average value of 0.0013054netre Root Mean Square Error (RMSE) that demonstrates
a good agreement of the selected images with the corresponding locations in the real

world.

2.4.2 Delineation of land -water boundary

The amplitude of tidesin the coastal area of Bangladesh is an important factor in
detecting land and water that vary substantially for the three coastal zones (Islam et
al., 2016). For example, the Ganges deltaic ctalsarea experiences both micretidal
(<2 m) and mesatidal (2 m to 4 m), the Sundrbans area receives only micrdidal
amplitudes whereas the coastal areas of Barguna, Patubkli and Noakhali receive a
mix-tidal characteristics having both meso and micro tides (Isim et al., 2016). The
situation, however, is different for the central (Meghna estuary) and eastern zones of
the coast whereby these vary from 0.5n to 3.5m (Ghosh et al., 2015). The variations
are also visible during monsoon and winter seasons. For this, pgrocessed images
were further analysed to sefarate water bodies from landmasses as a prequisite to
detect land dynamics. Considering the drawbacks pertaining to the delineation tie
foreshore (between high tide and low tide) associated with tidal variations, spectral
signatures from multi-temporal satellite imageswere used to demarcate the common
boundary between land and water. Band 4 (0.76 to 0.9@m) with Near Infrared (NIR)
images were used to achieve this, as this band is notably suitable for separating
landmass from water body (Sarker et b, 2013). These separationsvere performed by

using the Erdas Imagine software with a simple algorithm (Equation 1). A DN (Digital
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Number) value 35identified from the histograms of the imagesyas then applied in
the equation (Equation 1). This number can vary from 0 to 50 and indicates the

threshold value for separatingthe water body from other land covers.

Either (Landsat ETM+) IF (Band 4<36) or O otherwise (1)

2.4.3 Detection of land dynamics

To determine the dynamic natureof erosion and accretion, the preprocessedimages
were resampled to 30 30 m pixel size. To do this, the nearest neighbour resampling
method was appliedby using an algorithm for firstorder polynomial transformation.

To detect the land dynamics, manual ditization was conducted for each image. The
digitised shapefiles for each year were then superimposed on the shapefiles for the
subsequent years to group the coastal land areas into three categories: eroded,
accreted, and unchanged. The results were theguantified and analysed in ArcMap.

Next, the rates of these changes were calculatég using the equation (Equation 2).

i 0 o (2)
Here, r= rate of erosion/accretion
A= Area eroded/ accreted

t=time period

2.4.4 Method of validat ion

To validate the eroded and accreted landmass obtainetbr the selected years, these
data were compared to the referenced data. For reference data, topographical maps
for 1985 and 2005 obtained from Survey of Bangladesh (SoB) were used. The
reference map of 1995 was collected from Local Government Engineering Department
(LGED) of Bangladesh, while a reference map collected from National Water Resource
Database (NWRD) of War Resources Planning Organization (WRPO), Bangladesh
was used to validate the results of 2015. The comparisons weperformed using the
error matrix (Equation 3). The final assessment was done by calculating overall
accuracy (Equation 4) and kappa cosffient (Equation 5). In equations 3, 4, and %
indicates the total number of samples{ndicates the number of rows and columnsi
indicates the total number of observations and "(riQicates the diagonal elements in

the error matrix. Likewise, ¢ 'Qifdicates the major diagonal element of clas€where
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® &ndicates the total number of observations in row'Gand @& @ndicates the total
number of observations in column’™Q A total number of 150 sample pixels were

selected from each imagé¢o validate the results with reference data.

Errormatrix, ¢ B OB ¢ Q0 (3)
Overall accuracy 2 (4)
Kappa coefficienth = 5 (5)

This study conductedan in-depth literature survey to identify the relevant causes
associated with the dynamic nature of land in different coastal zones of the area

studied.

2.5 Results

2.5.1 Erosion and accretion (1985 - 1995)

A total of 987 km? of eroded lands and 1115 km?2 of accreted lands were identified for
the period from 1985 to 1995. It is observed thatthe rate of accretion was slightly

higher than the rate of erosion during this period where the rate of accretion was
111.50 kmz2/year and the rate of erosion was 98.&kmz2/year respectively. The net gain

of land identified during this period is 128kma2. It is important to note that these rates

did not vary substantially, only to an extent of 12.8kmz2/year. Major erosion and

accretion occurred in the central zone of the area for this periodF{gure 2.3.1a and
Figure 2.5.1a).
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Figure 2.5.1a- Areas of erosion and accretion from 1985 to 1995 in the area studied.
The figure shows that land dynamics were mainly observed in thenterior (near

Chandpur) andexposed (ower reach of the Meghnastuary) central coastal area

2.5.2 Erosion and accretion (1995 - 2005)

The rates of erosion and accretiondo not vary remarkably during the period ranging
from 1995 to 2005 in comparison with the previous period. Nevertheless, the results
confirmed that the rate of erosion was lower than the rate of accredn during this
period. A total of 1183 km?2 of land was eroded as compared with 1284 km?2 of
accreted land (Figure 2.5.2a). The rate of erosion was 118.3 km?/year whereabe

rate of accretion was 128.4 km?/year. The net gain of land for this period was 101 km?2
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of coastal land (10.1 km? per annum) which is slighth27 km? less than theprevious
period. Major erosion eventsoccurred in the areas of Meghna estuy and along the
coasts of major islands such as the eastern coast of Bhola, the northern coast of Hatiya
and the southwestern coast of Sandwip whereas, majoaccretions identified at
Noakhali district, Urir Char, Jahajir Char and some small islands in the Meghna estuary
(Figure 2.3.1a and Figure 2.5.2a)
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Figure 2.5.2a- Areas of erosion and accretion from 1995 to 2005 in the area studied.
The figure shows tha the central coastal zone was highly dynamics than the western

and eastern coastal zones during that period.
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2.5.3 Erosion and accretion (2005 -2015)

For the period ranging from 2005 to 2015, a higher rate of erosion of land was
observed A total 1194km? of land was eroded for the period as compared with a total
1175 km? of accreted land (Figure 2.5.3a). The net balance of land lost is estimated to
cover an area of 19 km? (1.9 km2 annual average) during this period. The probable
reason Pr this could be due to the higher rate of erosion as compared to the rate of
accretion during this period. Most of the accretios of land were detected in the
Meghna estuary areas, while most of the erosigrof land occurred along the coast of
Noakhali district (Figure 2.3.1a and Figure 2.5.3a)
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Figure 2.5.3a- Areas of erosion and accretion from 2005 to 2015 in the area studied.
The figure indicates that the major erosion events occurred in the exposed area of the

central coastal zone.
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2.5.4 Overall er osion and accretion (1985 z2015)

Overall, table (Table 2.5.4a) shows that slightly less erosion took place compared to
accretion for the whole period between 1985 and 2015 Kigure 2.5.4a and Figure
2.5.4b). A totalof 1576 km? of land has been eroded fothe whole period from 1985 to
1995, compared to a total 1813 km?2 of land accreted for the same period. The rate of
erosion observed stood at 52.5 km? as compared with the rate of 60.4 km? accretion
annually. The net balance of land demonstrated a gain 0B2 km? (7.9 km2? annual

average) of coastal land for the past thirty years period ranging from 1985 to 2015.

Table 2.5.4a- The overall area and rate of erosion and accretion for the period from
1985 to 2015. The increasing rates of erosion were identigd for all three periods.
Except for the period from 2005 to 2015, the net balance shows a gain of lands in the

coastal area.

Duration Erosion Accretion Net Balance  Annual
Average
Total Rate Total Rate Land Land
(km?)  (km?y)  (km?)  (km?ly) (km?) (km?)

1985-1995 987 98.7 1115 1115 (+) 128 (+) 12.8
1995-2005 1183  118.3 1284  128.4 (+) 101 (+) 10.1
2005-2015 1194  119.4 1175 117.5 (-) 19 () 1.9
1985-2015 1576 525 1813  60.4 (+) 237 (+) 7.9

Note: (+) indicates the gain and-) indicates the lossof land
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Figure 2.5.4a- Areas of erosion and accretion from 1985 to 2015 in the area studied.
The pattern of land dynamics for the entire period indicates that the interior areas of
the western and eastern coastal zone were less dynamic than the exposed coastal
areas. Moreover, both the interior and exposed areas of the central coastal zone were

highly dynamic in comparison with the western and eastern coastal zones.

2.5.5 Zone-wise erosion and accretion

This study identified the variation of land changesfor the three coastal zonesFor the
period from 1985 to 1995, the analysis exhibitsthat both the rates of erosion and
accretion were lower in the western zone of the coast, with eeading 36.9 km?/year
and 32.5 km?year respectively compared to the central and eastern coastal zones.
These rates,however, varied for the remaining periods wherethe rate of erosion
increased to 37.6 km2/ear for the period from 1995 to 2005 and 45.2 km?2/year for
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the period from 2005 to 2015. In contrast, the rate of accretion increased slightly to
33.8 km?/year for the period from 1995 to 2005 and 34.6 km?/year for the period
from 2005 to 2015. The net balance of land for this coastal zone indicates the losses of
44 km? and 38 km?2 of land for the periods from 1985 t01995 and 1995 to 2005
respectively. This study shows a loss of 106 km? of land for the period from 2600
2015. Theimportant outcome of the analysis shows a loss of 150 km? of land (5 km?

annual average) in this zone for the total period from 1985 to 2015.

The rates of both erosion and accretion were founds higher for the three periods in
the central zone of the coast (Table 2.5.5&han the western and eastern coastal zones
However, the rates did not vary extensively for the three periods. The variations of the
amount of annual average land gained were muclesser, where theresults showed
14.7 km?, 14.1 km2 and 12.3 km?2 of land lost for these periods: 1985 to 1995, 1995 to
2005 and 2005 to 2015 respectively. This analysis found a net 13.7 km2 annual

average gain of land in the central zone for the total ped from 1985 to 2015.

Table 2.5.5a- Patterns of erosion and accretion in the central coastal zon&he net
balance shows a constant gain of land that was mounted to 411 km2 of land for the
total period from 1985 to 2015.

Duration Erosion Accretion NetBalance  Annual
Average

Total Rate Total Rate Land Land

(km?)  (km?ly)  (km?)  (km?y) (km?) (km?)
1985-1995 555 55.5 702 70.2 (+) 147 (+) 14.7
1995-2005 709 70.9 850 85.0 (+) 141 (+) 14.1
2005-2015 623 62.3 746 74.6 (+) 123 (+)12.3
1985-2015 885 29.5 1296 43.2 (+) 411 (+) 13.7

Note: (+) indicates the gain and-) indicates the loss of land

The rate of erosion in the eastern coastal zone was 6.3 km?/year for the period
ranging from 1985 to 1995 in comparison with the rate of 8.8 km?/year of accreted
area for the same period. That means, the net balance of land waagain of 25 km?2 of
land (2.5 km? annual average) for the mentioned period. The rate of erosion for the
period from 1995 to 2005 was 3.5 km?/year higher than the previous period which

was higher than the rate of accretion (9.6 km?/y) for the sene period. The results

94



display a sharp margin of 2 km? net loss of land (0.2 km? annual average) for the
period ranging from 1995 to 2005. The rate of erosion (11.4 km?/y) was higher for the
period ranging from 2005 to 2015 than the previous periods. The ultimate result was
the loss of 36 km? ofland in this zone of the coast for the same period. The net balance
shows a loss of 24 km2 of land (0.8 km2 annual average) for the total period from 1985

to 2015 in this eastern coastal zone of the country.
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Figure 2.5.4b- Periodic changes of lands dm 1985- 2015 in the coastal area of the
country. The changes in the map indated both erosion and accretion for the total
period.
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An overall representation of the rates of erosion and accretion for the periods can be
found in the figures (Figure 2.5.4b and Figure 2.5.5a), where higher rates of both
erosion and accretion in the central zone of the coast were observed in comparison
with other zones. Both the rates of erosion and accretiodid not consistently exhibit
an increase or decrease, insteadhey varied over different time periods. This indicates

a dynamic nature of land existed in the coastal area of the country.
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Figure 2.5.5a- Zone-wise rates oferosion and accretion for different periods in the
coastal area of the country. Thdigure indicates high rates of both erosion and
accretion in the central coastal zone. Moreover, the changes in land in the western

coastal zone were comparatively higher than the eastern coastal zone.

2.5.6 Accuracy of satellite images

The identified catgories of eroded and accreted lands were matched with the
reference data. While matching with the topographical maps collected from Survey of
Bangladesh, an overall accuracy of 0.873 (87%) was found for 1985. An almost similar
accuracy 0f0.894 (89%) wasobtained for 1995 that matched with the maps collected
from the Local Government and Engineering Department (LGED) of Bangladesh.
Overall, an accuracy of 0.961 (96%) and 0.982 (98%) were acquired for 2005 and
2015 respectively, both these were much more acrate as compared with those
obtained for 1985 and 1995. All the results have met the minimum standard of 85%

accuracy as suggested by the U.S. Geological Survey (Anderson, 1976).

2.5.7 Policy relevance of coastal land dynamics

Since 1970s, the Governng of Bangladesh(GoB)has been concerned on thessues of

coastal land dynamicsand has formulated many policies that are relevant to the

96



management of dynamic coastal larglin Bangladesh (Figure 2.5.7a). Because of the
lack of an integrated coastal polly, a number of aresspecific plans and initiatives
relevant to coastal land dynamics such as G&hore Islands Development Board
(197771982), UN/ESCAPFGOB Coastal Environment Management Plan for Bangladesh
(1987) and National Capacity Building Plan for IZM (1997) were implementedduring
different periods. The aforementioned plans and initiatives were acted as the
foundation of an Integrated Coastal Zone Management (ICZM) plan initiated in 1999.
The principles of ICZM approach havenanaged to reinforce thecoastal development
and coastal defene strategy of the Government of Bangladesh (MoWR, 2008/ater
Resources Planning OrganizationWWARPQ, 2005). Before the adoption of ICZM in
1999 as a separate policy approach, the Government made several efforts totpct
the coastal area from erosionand to rehabilitate the victims of erosion under the

framework of Comprehensive Disaster Management Plan (CDMP) (Iftekhar, 2006).
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Figure 2.5.7a- Development of coastal policy framework in Bangladest=xcept for
Delta Plan 2100 and BWDB 25 years plan, all other previous plans of the government
relevant to coastal management were executed for shetime periods. [Data source:
MoWR, 2006; CEGIS, 2009; BWDB, 2016; MoEF, 2016]

The formulation and adoption of Coastal Zwe Policy (CZPin 2005 has been a major
step forward towards the proper implementation of ICZM plan for coastal land
dynamics. In the Coastal Zone Policy, coastal erosion is being regarded as a combined
natural and humaninduced hazard along with other dsasters, which has adverse

effects on the lives and livelihood of people living in the area. The framework of the
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coastal zone policy includes different issues under eight broad headings where the
issues relevant to coastal land dynamics such as erosiorgceetion, land reclamation,
rehabilitation, afforestation, land re-distribution have been outlined. Along with the
policy, the formulation of Coastal Development Strategies (CDS) in 2006 can be
regarded as a linking pin (PDAQCZM, 2006) between the goalsfaCoastal Zone Policy
and the concrete interventions. The CDS has prioritised different issues of land
dynamics in the coastal areas. The optimum use of coastal land, balanced reclamation
of new lands and planned and proper distribution of newly emerged lads to the
landless and marginal people under existing land use policy have been emphasized in
the CDS. However, the issues of land dynamics have also been given priority in the
existing 20 concept notes prepared fothe Priority Investment Program (PIP) d the

government.

Along with different coastal policies the issues of coastal land dynamics are being

emphasized in different sectoral policies formulated by different ministries of the

Cl OAOT 1 AT 08 4EA AT OT OOUB0O &I (oA @ID8),NatbnBIAU | p wwTt dh
Water Policy (NWPo0) in 1999(Mustafa, 2002; Islam and Koudstaal, 2003 National

Land Use Policy (NLUPo0) in 2001(Islam, 2006), Draft Shrimp Strategy (2004),

Agricultural Strategic Plan (20022006), National Agriculture Policy (2013) and

resettlement and rehabilitation policy (Mainuddin et al., 2011;Ishtiaque and Chhetri,

2016) have been prepared for different periods to address the issues related to coastal

land dynamics of the country. The issues of coastal land dynamics have alsseip

reflected in different plans and strategies of the government. Coastal issues are

Al PEAOEUAA ET OEA OAOEOAA O. AGEIT 1 AI 300A0ACU =&
2009. Under four strategic goals, the strategic paper identified erosion control, water

resource management, land reclamationchar (newly accreted land) development,

afforestation and land zoning for the coastal areas of the country.

Currently, the government is trying to address the issues of coastal land erosion and

land management unde different long-OA Oi OOOAOACEAO AT A Pl AT 08 4t¢
o1 AT T & " Al GI0AAIA oreparedijfar the articulation of development

visions of the government where longterm strategies relevant to coastal development

have been given emphasis. Thestrategies include coastal water resources

management, operation and maintenance of embankments and polders along with the

issues of land reclamation4 EA  O$ AT OA 01 Aderm planreov@ringetiie A 111 C
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duration between 50 to 100 years. Special emphaspertaining to the issues of coastal
land erosion, coastal agricultural land use and polder management along with other

16 thematic areas of concern has been placed under this plan.

2.6 Discussion

The dynamic nature of coastal land identified by this sty for different time-periods
might be the results of a number of causes. These causes can be grouped into two
broad headings: natural causes (such as sea level rise, variability in sediment supply,
excessive rainfall, wave actions, prevailing southwestern monsoon wind), and
human-induced causes (such as removal of subsurface resourcedeforestation,
reduction of sediment supplies to the littoral zone) (Krantz, 1999).A simplified

relationship of the causes of land dynamics for the periods studied is pressted in the

Climate Change and
Sea Level Rise

Polder Cross Dam

figure (Figure 2.6a).
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Figure 2.6a- Influence and relationships of the drivers of coastal land dynamics in
Bangladesh.Several humaninduced factors such as polder, crosdam and dyke have

direct influences to reduce erosion whereas, tidal currents, storm surges and waves
are key direct drivers of erosion in the area. Moreover, the indirect impacts of climate

change exertconsiderable influences on the dynamic nature of land in the coastal area.
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The variation in magnitude of erosion and accretion in different parts of the coastal
area depends on the different grades of vegetation cover, the variation of forces of
ebb-tide currents, tidal bores, variation in amount of water discharges from upstream
rivers, beach slope gradient, soil compaction and the extent of human interventions
(Krantz, 1999). Hence, his study attempted to identify the causes of land dynamics
based on he three coastal zones of the area studigTable 2.6a). Thestudy found very
less morphological changes (except some small amounts of local erosion) in the
western zone as compared to the estuarine part of the coasFifure 2.5.48. The
reason behind thiscomparative lower rate of erosion in this zone could be due to the
existence of mangrove vegetation that has acted as an actieece of accretion through

a strong interrelationship with the tide and river flow (Warrick and Ahmad, 1996). It
has also creagd barriers to storm surges originated from tropical cyclones, and these
barriers also acted as effective fences against the actions of waves (Umitsu, 199He
likely causes of lower rates of changes in the western zone duringehperiod from
1985 to 1995 were due to the lesser occurences of tropical cyclones in the Bay of
Bengal region and consequent lower degree of wave actions in the zone. On the
contrary, an explanation on the rising rate of erosion in this coastal zone might be the
devastating impa®® | £ OEA OOI PEAAI AUAITTA O3EAO0S

accretion during recent times (Sarwar and Woodroffe, 2013).

The analysis shows that the central coastal area of the country was comparatively
more dynamic (Table 2.5.5a)than other coastl zones. The reason behind this higher
rate of erosion and accretion could be the results of high rate of sediment supply
(Barua, 1997, ebbtide currents (Brammer, 2014), bathymetry (Mikhailov and
Dotsenko 2007, high rate of river water discharges(Ali, 1999; Shamsuddoha and
Chowdhury, 2007, soft and unconsolidated soilswave actions etc. (Parvin et al.,
2008; Masatomo, 2009; Hossain, 2012)The force of ebkide currents in estuarine
channels was the dominating factor (Brammer, 2014) that affected ithe higher rate

of land dynamics in this zone. Tidal motions have also greatly influenced the
movements of water in this central coastal zone which was affected by the refraction
of the incoming tidal wave from the Bay of Bengal (Barua, 1997). The swatch mmo
ground (submarine canyon) (Figure 2.3.1a) stimulated the refraction which has
resulted in high tidal ranges on both sides of the canyon and low tidal ranges at the
head of the canyon. In the Sandwip and Hatiya Channel tides, the funnelling effect was

highly visible. During spring tides, tidal current is observed around 3 m/sec in
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Sandwip and Halya channels (Barua, 1997)created tidal bores in areas north of
Sandwip Island which then merged with Hatiya channel resulting in high rate of
erosion in both the islands. With these, the Bay of Bengal drained a combined
discharge of the Ganges, Bhramaputra and Meghna rivers amounting an average of up
to 35,000 m3/s which accelerated the rate of erosion and accretion in the central

coastalzone (Krantz, 1999).

A crucial assessment was foundbr the central coastal zonewhere constant gains of
lands were observed forthe three periods. Brammer (2014) identified a net gain of
451 km?2 of land (19.6 km? annual average) for the Meghnastuary area by comparing
two satellite images collected for 1984 and 2007. Similarly, the present study
demonstratesa net gain of 411 km?2 of land (13.7 km? annual average) in the central
Meghna estuarine coast. Although the results of the present study for the central zone
are very cbse to the results found by Bramme(2014), the present study usedmulti -
temporal satellite images and hence obtained results which arhought to be more
precise and very much closer to the actual net gain. One of the important reasons
contributing to this highly dynamic nature of land can be observed in the central
coastal zone, which could be due to the frequent occurrences of tropical cyclones that
hit these islands at the first instance, followed by the mainland. The funnshaped Bay
of Bengal intensfied cyclones and associated storm surges in the coastal area
(Rabbani et al., 2010). During the period from 1584 to 2009, 157 recorded cyclones
and cyclone induced storm surgepassed over the coastal area of Bangladegkhan,
2012). The Meghna estuary dfiered from most severe tropical cyclones and storm
surges (Parvin et al., 2008) which has substantially influenced on the changing shapes
of the islands located in the central coastal zone during the periods studied. Another
reason behind these high ratesf both erosion and accretion found in the central zone
could be the action of tidal waves. The tidal waves from the Indian Ocean travel fast
through the depth of the Bay of Bengal and the shallow area in front of the delta
(Krantz, 1999), which continuowsly hit the land areas and cause erosion in one place

and subsequent accretion in anotér place of the central coastal zone.
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Table 2.6a- Major drivers of land dynamics in the coastal zones (including the
islands). The table was prepared based onan in-depth review of literature discussed
in this section. This gives an overview of major drivers of land dynamiabat identified

both physical and humaninduced driversin the three coastal zones of the country.

Major Drivers of change Coastal Zone
Wesdgern Central Eastern

Astronomical tides

Wave action

Variation in tidal range
River discharge

Mangrove vegetation
Monsoon wind
Bathymetry

Circulation of residual flow
Soil characteristics

Storm surges

Rainfall

Polder

Destruction of forest
Dykes

Cross dam

River training ;
Sand mining
Development projects
Legend: Erosiorlll Accretion 8 Both Bo.& Acc.l | Noimpact[ |

Physical drivers of change

Human induced
drivers of change

The islands were foundas extremely dynamic, particularly in the Meghna estuary
coastal area. Although there is aubstantial amount of land gained, there is also a
considerable amount of land lost in the islands of the estuary. These could be the
results of the dynamic nature of the estuarine and offshore islands the central
coastal zone due to the high rate of water dischge from the rivers and the anti
clockwise circulation of tides in the estuary (Sarwar and Woodroffe, 2013). The
present study shows that the existing islands such as Sandwip, Hatiya and Bhola
exhibited a significant rate of erosion, which then contributedo the development of
new islands such as Urir Char, Jahajir char and other small islands in the estuary
(Figure 2.3.1a) A large mass of land named Jahajir Char has developed during recent
times between 2007 and 2013. Rapid and considerable changes in daareas were
observed for the case of Sandwip, Hat@ and Bhola islands. Another dynamic island
observed was Hatiya, situated in the Meghna estuary, where the rate of erosion has

been reported at 400 mereglyear. The reason behind the rapid changes of lanareas
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in the estuarine islands could be the soft and unconsolidated silt and clay sediment
(Masatomo, 2009) of the islands.

The present study shows that the eastern coastal zone is comparatively less dynamic
(i.e. a rate of 6.0 km2 erosion and 3.3 km? acetion per year from 1985 to 2015)than
the central (i.e. a rate of 29.5 km2 erosion and 43.2 km? accretion per year from 1985
to 2015) and western (i.e. a rate of 18.8 km? erosion and 13.8 km? accretion per year
from 1985 to 2015) coastal zones. Therobable reason could be due to the flat and
unbroken coast (Hug et al., 1999and the northerly transportation of sediments along
this coastal zone (Barua et al., 1994). Although the rates of changes were very low in
comparison with the other zones, the ratef erosion were higher than the rate of
accretion in the zone for all of the periods except from 1985 to 1996-igure 2.5.5a)
The process of erosion could be accelerated in this coastal zone by the atickwise
circulation of tidal current that passesthrough the Sandwip channel. The excessive
amount of rainfall due to rising temperature could also be the probable reason for
erosion in this zone whereby the mean annual rainfall ranges between 17%0m in the
north-western coast and >3000mm in the south-eastern coast of the country (Krantz,
1999). The net balance of land for this coastal zone showed a loss of 24 kmz2 of land

(0.8 km2 annual average) during theotal period from 1985 to 2015.

To protect newly accreted lands in the coastal arelkom erosion, government initiated

a number of projects and schemes such as coastal afforestation and polder project
(1966), Char Development and Resettlement Project (1994), Coastal Embankment
Rehabilitation Project (1995), land reclamation projects, Meghna Estuaryt®ly (1986

to 1994), and Estuary Development Programme (1995 to 2001(slam, 2006; MoWR,
2006; Ali et al., 2007; Parvin et al., 2008)Although the goals of the policies, plans,
strategies and projects regarding coastal land dynamics are not fully implemeed,
both positive and negativeimpacts are visible in the coastal area of the country. For
instance, he results of this study demonstrate a slightly higher rate of 111.km2/year
accretion for the period from 1985 to 1995 in comparison with the erosionof 98.7
kmz2/year for the entire coastal area of the country. The likely cause ohis higher rate

of accretion cailld be the reclamation of a considerable portion of landmassat the
lower Meghna estuary. This might be the implication of the coastal policy under which
a number of cross dams were being built in the Meghna river near Laksmipur,
Noakhali and Feni districts by Bangladesh Water Development Board (BWDB). The
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Meghnal cross dam project in 1957 and the Meghn@ cross dam project(Figure
6.3c) in 1964 reclaimed a total 300km? and 600 km? land areas that have connected
Ramgoti island with the mainland of Noakhali district(Figure 2.3.1a) The Muhuri
river cross dam project also yielded a totalof 500 km? of land near Feni district (Khan,
2008). The polder project initiated by the government duringthe 1970s and 1980s
can be also treated as equally important humamtervention in land dynamics in the
coastal area.Severalnew offshore islands have emerged during that period, namely
the Dhal Char, Char Jonak, Nijhum Dwip and Sona Char and some other unnamed small
islands (Figure 2.3.1a) As a probable consequence of the cross dam project, a
substantial amount of landsaccreted (i.e. 88 km2 of land accreted)during 1985 to
1995 time period in the eastern coastal zone of the country. In contrast, the changes in
land areas in the western zone were very low during that period (i.e. 44 km? net loss
of land during 1985 to 19% period) as compared with the central zondi.e. 147 km?2
net gain of land during 1985 to 1995 period) However, followed by the
implementation of the cross dams and poldersa noticeable portion of landswere
eroded as well at Bhatiari, Uttar Jaldi and Mbaeshkhali in the eastern coast during the
period from 1985 to 1995 (Figure 2.3.1a) The northern and eastern coasts of Hatiya
Island also showed a considerableamount of erosion during this period. Similarly, the
eastern coast of Bholadland showed erosim of land inthe areas of Behanuddin and
Tazumuddin subdistricts (Figure 2.3.1a) A sporadic situationwas alsoobserved in
the Sandwip Island during that period, where a gain of land was identified in the

northern front and a loss of land was detected in the southern frordf the island

The policies and strategies also emphasized on regular maintenance of sbdes as
the first line of defene from storm surges underthe existing policy framework. This
intervention had great implications for the protection of coastal landsfor the period
from 1995 to 2005, identical to the previous period from 1985 to 1995. Like before,
more erosion and accreibn were observed inthe central coastal area dumg the
period from 1995 to 2005 yet, the net balance of land yielded 101 km2 of land (10.1
km2 annual average) during the same period. Additionally, during this periodthe
policy encouraged the inhabitantsto engage in social forestry and other forms of
plantations in existing and newly accreted coastal landsGhar Development and
Settlement Project CDSP, 2005). This policy guideline of social forestry could
ultimately be beneficial for the protection of coastal lands from erosion and the

settlement of newly accreted lands in the coastal area. The coastal afforestation
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project of the government with a view to protecing coastal lands from erosion

brought effective results. Forest department claimed 142,83%hectares of mangroves

during the period from 1960 to 2000 through implementing a number of afforestation

projects (MoEF, 2007) The pilot mangrove afforestation project afforested 192,395.24
hectares of mangrove, 8689.53 hectares of nemangrove, 2872.88hectares Nipa, 10.0

hectares Coconut, 40.0 hectares Arica Palm, 280.0 hectares Bamboo and Cane
and12p¢x8poc EI 1T &£ OOOEDP Dl AT OAOEI T O ET #EEC

areas of the coastal zones.

The coastal zone policy formulated in 2005, but most of the goals still remain
incomplete. The Coastal Zone Policy (CZP) emphasized the reclamatiohnew lands in
the coastal area.The ultimate result of land reclamation plan has yieldedabout
100,000 hedares of land in the Meghna estuary area during the last half century (GoB,
2006). However, this study found anincreasing rate of erosion over accretion for the
period covering 2005 to 2015.Currently, the government plans to conduct another
major land reclamation project in the Meghna estuary by connecting Sandwip Island
and Urir Char with Noakhali mainland. Moreover, Bangladesh Water Development
Board (BWDB) aimed at attaining its 25 years future plan from 2016 that includes

strategies to reclaim new lanls in the coastal aredBWDB, 2016)

Instead of having a sound number of coastal policies, strategies, plans and projects of
the government, this research identified some considerable gaps in the existing
policies in managing coastal land dynamics (erosioand accretion) of the country.
First and foremost, the policies, strategies and plans formulated were made without
any detailed and comprehensive study on the dynamic nature of larfdr the entire
coastal area. A study named Meghna Estuary Study (198694) that has been
conducted by the governmentonly covers a specific local area and does not include
the entire coastal area of theountry. In relation to this, the government of Bangladesh
needs to pay closer attention tothe proper implementation of land reclamation
projects. For instance, the current study identified that the implementation of Cross
Dam 1 and Cross Dam 2 projects by the government has yielded a substantial amount
of land near Ramgoti and Noakhali coastal areaé$-igure 2.3.1a) neverthdess the
government should also be held responsible for the extensive erosion that has
occurred in Hatiya and Bhola islands. This is due to the fact that the twmwoss dam

projects were conducted by way of shifting the flows of water from the eastern to th
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western Meghna and Shahbazpur channels (Figure 2.5.1a and Figure 2.5.2a), which
has brought to the massive erosion in the two islands mentioned4oreover, most of

the coastal policies are suitable foA OOOAOQOEAS OUOOAI ca@d®taDEAO
system that exhibits a dynamic interplay between physical and human forces of
change. Since the changés land areasin one coastal zone could affect the other, land
reclamation projects of the government need to be implemented based on a complete
feasibility study for the entire coastal area. To address this shift of channels, coastal
managers and policymakers need to address the physical behaviour of the coast before

implementing any land reclamation projects in thecoastal area of thecountry.

Different ministries such as Ministry of Water Resources (MoWR), Ministry of
Environment and Forest (MoEF), Ministry of Local Government Rural Development
and Cooperatives (MoLGRDC) have identified different issues of coastal land dynamics
from different perspectives (Parvin et al., 2008). However, a proper integration of
activities among and between ministries is vital for a better management of dynamic
coastal land of the country and hencethe current research suggests an indicative
institutional arrangement which is shown in the figure (Figure 2.6b). The current
research suggests that the ministries, in particularMinistry of Water Resources,
Ministry of Land, Ministry of Environment and Forest and Ministry of Agriculture
might implement specific policies through dfferent departments, agencies and NGOs
followed by the guidelines of the Ministry of Planning. Constant monitoring ofthe
dynamic nature of land by applying GIS and remote sensing techniques could be a

viable management approach for this purpose.
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Figure 2.6bz An indicative institutional arrangement in implementing coastal policies
in Bangladesh.The ministries and their affiliated departments and institutions can
play a major role to implement the policies and plans formulated by the ministry of
planning in which, a proper coordination between the ministries is vital to formulate

these policies and plans.

Beside the mentioned issues, the policies lackn integrating the probable effects of
climate change and associated sea level rise on coastald dynamicsproperly, which
overwhelmed the other issues. More importantly, the policies needo incorporate the
likely impacts of future scenarios of water discharge, wave dynamics, andainfall etc.

into its current policy framework to better manage coatal land dynamics. Given that
the increase of sea level remamone of the main driving forces of land dynamics in
coastal areas of Bangladesh, any increase in sea level could change the horizontal
configuration of any coastline through the process of esion and accretion (Warrick
and Ahmad, 1996). This may lead to lonterm erosion of coastal lands, and a
counterbalance to the previous erosionmight be achieved with the new accretion
(Fitzgerald et al.,2008). For instance, a 1.5 meerise in sea leveimay inundate 22,000
km2 of coastal land in Bangladesh (Fitzgerald et al., 2008Jhese newly inundated
lands would be highly affected by future wave actiondMoreover, the coastlines and
the river mouths have already been pushed in by the rise ofieansealevel. This might
result in the alteration of flow of discharge and consequent erosion in the coastal
areas. Additionally, the frequent occurrence of tropical cyclones as a probable result of
climate change in the Bay of Bengal is a common phenomenon whickeates storm
surges in the coastal area. This phenomenon in the coastal area could further be
increased by climate change, global warming and associated sea level rise (Huq et al.,
1999; Davis et al., 2018
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2.7 Conclusion and recommendations for furthe r work

This study has shed light on the application of GIS and remote sensing techniques for
assessing the dynamic nature of land in the coastal area of the country and hence
analysed the changing pattern of coastal land in an efficient manner. The curten
research emphasises on the spatial (three coastal zones) and temporal (past thirty
years from 1985 to 2015) patterns of erosbn and accretion which evaluatemulti -
temporal satellite images that cover the entire coastal area of the country. Both the
erosion and accretion rates do not produce &onsistent increase or decreaséut
varied over different time periods which indicates the dynamic nature of land inthe
coastal areaof the country. Annual averageates of 98.7 km2, 118.3 km? and 119.4
km? erosion were observed for 19851995, 19952005 and 20052015 time-periods
respectively. Similarly, the annual average rates of accretion for the same periods
were very close to the rates of erosion: 111.5 km2, 128.4 km2 and 117.5 km?2
respectively. However, several factors are associated with the dynamic nature of land
in the area among whichriver water discharge in the Meghna estuary, prevailing
monsoon wind and associated actions of waves, soft and unconsolidated soils, cross
dams, polders, deforestation arekey physical and humaninduced causes. The results
demonstrate that both these rates are higher in the central zone of the coast, as

compared with the western and eastern zones.

Because of the changes in natural morphological pattern, coastal planning andastal
land management have received attention by the Government of Bangladesh. A
number of policies, strategies and, plans have so far been adopted by the government.
The adoption of the Land Use Policy (2001), Coastal Zone Policy (2005), Coastal
Development Strategy (2006) and the Delta Plan 2100 (under formulation) are some
of the milestone achievements. In recent years, various NGOs have also been engaged
in erosion induced vulnerability work. Nonetheless, the policies, strategies, plans and
projects haw some noiceable shortcomings which needto be reviewed by the
government. Both physical and humaninduced drivers of coastal land dynamics need
to be addressed for a viablepolicy framework. The priority, however, needs to be
given on understanding the ysical susceptibility of the coast before formulating any
further policies. Hence, thestudy recommends the consideration of the trends of
physical behaviour of the coastal lands for taking specific measures options. For
instance, the softdefenee measures such as polder might be féective for the eastern

and western coastal zones but not highly suitable for the most dynamic central coastal
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zone of the caintry. Instead, some hard defene structures, such as embankment, dyke

etc. might be suitable for thatzone.

In conclusion, this study recommends the integration of future policy issues along with
the future scenarios of hydrodynamics, sea levels, coupled with the GIS and remote
sensing techniques for further analysis of land dynamics and land managementthe
area. Future scenarios of landusceptibility to erosion also need to begenerated for
the coastal area This will require a proper assessmentof likely impacts of hydro-
climatic changes on erosion susceptibility in the area in futurePopulation clanges,
environmental pollution and future infrastructural development are additional factors

to be considered when devising new policyelevant to coastal land dynamics of the
country. The current research offers a comprehensive analysis the dynamic naure

of land for the past thirty years that could be used by the coastal managers and
policymakers for taking effective measures to address the issues. The results of this
study could also be a vital input for the policy on rehabilitation and resettlement fo
erosion victims. The assessment could be supportivie formulate century-long Delta
Plan-2100 as well asto update the existing coastal zone policy formulated by the

government in 2005.
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3.1 Abstract

This research aimed to develop a widely applicable raster Gli#&sed model for
analysing susceptibility of coastal lands to erosion. The model, Land Susceptibility to
CoastalErosion (LSCE), was applied tthe coastal area of Bangladesh as a case study.
This study included three coastal zones (western, central and eastert)at cover the
entire coastal area of the country. The outputs of the model comprised physical
susceptibility of the coastal lands to erosion according to five susceptibility classes.
The overall results demonstrate that out of theentire coastal area aboti 0.59%
(266.32 km?) and 0.026 (10.01 km?) of the coastal lands exhibit high and very high
susceptibility to erosion, respectively. These make 276.33 kmz in total as being highly
susceptible to erosion, which is noteworthy for the densely populated coastalea of

the country. The remaining 5.9%, 20.56% and 73.3%0 of lands were identified as
having moderate, low and very low susceptibility to erosion, respectively. The
developed model is highly suitable for addressing the impacts of hydrclimatic
parameters on susceptibility to coastal erosion.The influences of hydro-climatic
parameters on seasonal variationof erosion susceptibility in the coastal area were
identified and mapped in the present study under seasonal assessment of land
susceptibility to erosion. The outputs were then validated by developing an inventory

i Abp AT A AT Al UOEI ¢ OEA ET AAPAT AAT O EEOOI OEAAI
curves. The LSCE model could be useful for coastal researchers in assessing erosion

susceptibility of dynamic coastal lands around the world.

3.2 Introduction

Coastal areas form a dynamic part of the world andct as a multi-functional complex
system (Ramieri et al., 2011). Due to climate change, skxel rise and extreme
weather events, coastal systems are otinuously being affected by natural hazards
and respond in different ways (Balica et al., 2012). Coastal erosion is being treated as a
serious morpho-dynamic hazard in coastal areas around the world (Addo et al., 2008).
The coastal area of Bangladesh isagticularly dynamic having high rates oferosion
and accretion of lands (Ahmed et al., 2018 However, the assessment of physical
susceptibility to erosion is of substantial importance in managing coastal land and

formulating policies and mitigation plans (Cai et al., 2016).

118



Global (Gornitz, 1990; Klein and Nicholls, 1999as well as regional (Bryan et al., 2001,
Dawson et al., 2009) approacheshave been used widely for asessing coastal erosion
(McLaughlin and Cooper, 2010). These approaches can be grouped into three main
categories (Ramieri et al., 2011): Geographic Information System (GIS) based Decision
Support Systems (e.g. DESYCO, DITDSS), Dynamic Computer Modellm (e.g. DIVA,
RACE, Delft3D, ReglS, SImCLIM), and index indicator-based methods (e.g. CVI,
Composite Vulnerability Index, Multiscale Coastal Vulnerability Index). Moreover,
satellite images have been used that are convenient in identifying the patteof land
dynamics (area and rate of eroded and accreted lands) and useful for extracting
information that can be of value in assessing coastal erosion. However, the approaches
do not provide readily available information for erosion susceptibility and arenot
suitable for assessing the level of physical susceptibility of coastal lands to erosion
(Ahmed et al., 2018)(discussed in chapter 1: section 1.2.5)Hencejt is imperative to
develop models that incorporate both spatial and temporal aspects of land
susceptibility to erosion (van Westen, 2000; Boori, 2010). The use of GIS in developing
susceptibility models hasalready received much attention (Van Westen, 2000; Chung
and Fabbri, 2003) and hence can be regarded as an important tool for such analysis
(Chung and Fabbri, 2003). GIS can be an efficient way of analysing coastal land
susceptibility by way of selecting parameters, assigning parameter weights,

interpolating pixels and presenting maps under anodel domain (Boori, 2010).

Assessment of erosion ssceptibility at large spatial scales (global) is quite ineffective
since coastal processes are complex, being highly influenced by local factors and
requires a large amount of data in GHBased models (Fitton et al., 2016). There are
several GISbased studes conducted on coastal erosion at regional and local scales
(discussed in chapter 1: section 1.1.1; table 1.1.1a,.djor instance, White and E}
Asmar (1999) used Thematic Mapper imageryo monitor the changing position ofthe
shoreline of Nile delta. Skfeng et al. (2002) conducted a study on the dynamimature

of eight outlets in Pearl Riverestuary by using remote sensing techniques. The worsf
Azab and Noor (2003)identified the changes of shoréne for North Sinai coast by
using remote sensing and €ographic Information System Most of the studies,
however, identified coastal erosion by lines in vectobased GIS model (Harvey and
Woodroffe, 2008; Linsde-Barros and Muehe, 2011)For example, the work ofLins-de-
Barros and Muehej ¢ mpp q ADPI EAA OOI AOOI ET A6 ADPDPOI A

erosion as a part of vulnerability assessmendf a coastal segment of Rio de Janeiro
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state, Brazil. Similarly, the study by Fernandeiunez etal. 2015q OOAA O&i 01 GEPOODPI O
lines to identify the changes in the shoreline of the Andalusian coast of Spairhe

problem of dealing with vector-based outputs of coastal erosion is that the vector lines

only represent the shorelines and exclude information on offshore and inland

conditions (Fitton et al., 2016). Inland conditions are essential in assessing coastal

susceptibility to erosion (Fitton et al., 2016). However, the assessment of both offshore

and inland conditions of coastal land susceptibility to erosion is convenient to

interpret by using a pixel (or cell) based GIS model.

The evaluation of physical elements (e.g. surface elevation, bathymetry, soll
characteristics, geomorphic features etc.) is important in assessing erosion
susceptibility (MPI, 2017). Additionally, hydro-climatic factors (e.g. water discharge,
mean sea level, rainfall etc.) have substantial impacts on physical susceptibility to
erosion and their influences are likely to increase in future (Warrick and Ahmad,
1996; Fitzgerald et al., 2008). However, existing physical conatins of any coastal
system might exert substantial control over the impacts of hydraclimatic factors. For
instance, geomorphic characteristics have a considerable influence on rapid runoff
generation and movement of water through the drainage network ira coastal area
(Naylor et al., 2017). Moreover, human interventions such athe construction of
defence structures (e.g. revetment, polder), land reclamation and afforestation (e.qg.
mangrove plantation) haveextensive impacts on the overall susceptibility of coastal
lands to erosion (Hegde, 2010). As far as the authors are aware, a raster -G&éSed
study on assessing inland and offshore (i.e. islands) conditions of erosion
susceptibility by addressing both physical elements and hydralimatic conditions has
not been done before. The studiesonducted by McLaughlin and Cooper (2010and
Alves et al. (2011)emphasised tidal and wave heights as coastal forcing in classifying
vulnerability of coastal lands byapplying an index-based approach. The studgf Fitton

et al. (2016) dealt with a pixelbased GIS model in assessing coastal erosion
susceptibility at a regional scale, but the studydid not incorporate the impacts of
hydro-climatic triggering factors in the assessment. However, considering the
shortcomings d the abovementioned literature, this study formulated the research
guestion: how best to address the compelling factors in assessing land susceptibility to

coastal erosion?
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This research described herein developed a widely applicable raster Gih&sed
model, namely Land Susceptibility to Coastal Erosion (LSCE), to analyse coastal
physical susceptibility to erosion. The current research is an improvement on
previous methods in assessing land susceptibility to coastal erosion because of its
inclusion of both physical elements and hydreclimatic factors in the assessment.
Moreover, the developed model is highly suitable for addressing the impacts of
hydro-climatic parameters on physical susceptibility to erosion and broadens the
opportunity for predicting futu re land susceptibility to coastal erosion around the
world by incorporating future scenarios of hydro-climatic factors in the model.The
LSCE model is applied here for the coastal area of Bangladesh as a case study.
Previous GlSbased studies have assesseshoreline retreat and the rate of erosion
and accretion in the coastal area of Bangladesh and the Bay of Bengal region
(discussed in chapter 1 and chapter 2)For instance, Shibly and Takewaka (2012)
emphasized the estimation ofland lossin the western mastal zonefor the period
from 1989 to 2010 by using remote sensing imagesThe work of Islamet al. (2013)
focused on thestability of Kuakata coast of Bangladeshby using multi-temporal
remote sensingimages. However, the present research analysed the spatial (i.e.
inland and offshore islands) and temporal (i.e. seasonal variations) aspects of existing
land susceptibility to erosion in the study area. The research is also unique for the
area in that it includesthe seasonal impacts of hydrelimatic factors on physical

susceptibility to erosion.

3.3 Methodology

3.3.1 Study area

To apply the LSCE model, this research considered the entire coastal lands of
Bangladesh as a study area (Figure 3.3.1a). The totaéa is 47,200 km2 (MoEF, 2007)
that includes the lands (including islands), internal rivers, estuarine and nearshore
water bodies. It accounts for 3% of the total area of the country (Islam, 2004). The
coastal area can be divided into three zones: the wesn (27,150 km?2), central
(12,040 km?) and eastern (8,010 km?) based ongeomorphological characteristics
(Shibly and Takewaka, 2012MoEF, 2016. This study identified a total 45,220 km?2 of
land area for assessment and excluded all types of water bodie®rh the analysis.

Sincethe coastal area is a physical entity, the inland boundary was fixed based on both
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direct and indirect influences of water discharge from coastal rivers, wave actions,
tidal movement and sea level rise (PDOCZMP, 2006 MoEF, 2016.

The physical and hydraeclimatic settings of the coastal area are highly diverse. Most of
the areas in the western and central coastal zones are leling, being at altitudes
between 0 and 6 m, but theslevations in the eastern coastal zone range from 0 @27

m above mean sea levlUSGS, 2017)Theaveragenearshore bathymetric depths vary
from O to -45 m for the three coastal zonegMarine Geoscience Data System [MGDS],
2017). The Meghna estuary areahowever, represents higher bathymetric depths
comparing to other areas in the central coastal zonfAppendix Q. Furthermore, the
types of surface geology and geomorphic features are not uniform for the entire
coastal area. The interior part is mostly formed by Pleistocene and Pliocene
formations, detltaic silt and marsh clay and peat. The areas close to the Bay of Bengal
are formed by estuarine deposits, Pleistocene and Neogene formations, tidal deltaic
deposits and tidal muds. Most of the coastal soils (i.e. about 63%) are moderate to
highly permeable However, the hydroclimatic features of the area substantially vary
between the zones and the seasons. The average discharge of 29.07 mwéer from
the coastal rivers during winter season reached as high as 896.12 m3/s during the
monsoon season in Q15 (BWDB, 2016). In addition, seasonal variation in mean sea
level in the coastal area isoticeable that ranges from 1.61 m during winter to 2.76 m
during monsoon season (Bangladesh Inland Water Transport Authority [BIWTA],
2017; Permanent Solution for Man Sea Level [PSMSL], 2017; Ueigity of Hawaii Sea
Level Cente [UHSLC], 2017). The average rainfall in the area was recorded as 123 to
301 mm in 2015 but this amount of rainfall fluctuates between seasons (Bangladesh
Meteorological Department [BMD], 206). Seasonally, the lowest rainfall recorded
during winter ranges from 10.22 to 16.79 mm, whereas highest rainfall occurred
during monsoon ranges from 300 to 896 mm on average. The average wind speed in
the area varied from 0.36 m/s during the postmonsoon to 3.84 m/s during the
monsoon in 2015 (BMD, 2016). The soutasian monsoon winds dominate in the area
in which approximately 37% and 31% (68% in total) winds blow from southwest and
south directions respectively (BMD, 2016). Remaining 32% annual averageinds
blow from north, northwest and southeast directions. For instance, 45%, 54% and
53% of annual average winds blown over the Khulna, Barisal and Chittagong coastal
areas, respectively, from south, southwest and southeast directiona 2015 (BMD,
2016; Global Wind Atlas [GWA], 2017). During prenonsoon and monsoon seasons,

strong winds blow from southwest and south directions respectively whereas, weak
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winds blow from north direction during winter season (Institute of Water and Flood
Management [IWFM],2012). Wind speeds during postmonsoon period are moderate
and blow from lands (i.e. from northwest direction). Tides in this area are semi
diurnal (Islam et al., 2016). Tidal currents can be as fast as 3 m/s, as observed in
Sandwip and Hatiya channels (Baia, 1997). However, the longshore currents travel

anti-clockwise in the area and are influenced by tidal bores and waves (Krantz, 1999).
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Figure 3.3.1a- The study area (coastal area of Bangladesh). The figure shows the

presence of major land cover categees in the area. A large part of the western coastal
zone is covered by mangrove vegetation. However, the urban areas and their
population are noteworthy in the coastal area.[Data sources: BBS, 2015 (Urban
population and urban extent); BMD, 2016 (meteortmgical station); MoEF, 2016
(coastal zones and margin between interior and exposed coastfAO, 2018 (land

cover)]
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The selection of the study area igmportant from a risk management perspective. The
population in the coastal area comprises about onthir d of the total population of the
country (Bangladesh Bureau of Statistics [BBS], 2015). The population in the area has
increased from only 8.1 million a century earlier ( WARPO, 2004) to about 50 million
during recent times (BBS, 2015). Due to fertile landand the abundance of livelihood
options, this number is expected to be around 57.9 million by 2050 (Minar et al.,
2013). The density of population varies between the coaalzones. The density varies
from 688 to 1935 people/km? for the districts such as @ittagong, Feni, Chandpur,
#1 @6 O " AUA Oh NoakAa locateddiDtheAdstérn and central coastakzones
whereas, the western zone contains about 87 687 pegple/km? (Figure 3.3.1a) (BBS,
2011).

3.3.2 Model parameters

Since land susceptibility to coastal erosion is largely determined by predispositions,
preparatory and triggering factors (Saunders and Glassey, 2007; MPI, 2017), this study
identified nine parameters among which five are the underlying physical elements
(which can be considered as predispositions): surface elevation, surface geology,
bathymetry, soil permeability and distance from shoreline. The remaining four
parameters are the hydraclimatic triggering factors: discharge of coastal river water,
mean sealevel, rainfall and wind speed and direction (Figure 3.3.2a). Moreover, this
study addressed the role of preparatory factors on land susceptibility to coastal
erosion. The preparatory factors are the actions and interventions that may place a
land unit at a higher or lower likelihood of erosion (MPI, 2017). The study addressed
two types of preparatory factors: natural (i.e. sedimentation) and humainduced (i.e.

defence structures).

The model parameters were identified and selected through an idepth review of
relevant literature available for the study area. However, toselect the model
parameters, the present study justifiedthe influence and interrelationships of the
factors of land susceptibility to erosion in the coastal area. To do this, the study
reviewed literature that is discussed in this section. It is recogned that higher surface
elevations along with solid rock formations (Huq et al., 1999) and unbroken coast
(Karim and Mimura, 2006) in the eastern coastal zone are less likely to erode

compared to the western and central coastal zones. Previous studies (Sarker et al.,
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2011; Islam et al., 2016 suggest that the nearshore bathymetric depthshave
substantial influences on the pattern and rate of erosion in the coastal area. The
pattern of sediment distribution in the areais largely influenced by the bathymetry
and the forces of tides and waves (Palinkas et al., 2006; Bird, 2008). The study
considered all the types of surfa@ geology in which, major types of geomorphic
features (e.g. sand dunes, tidal floodplains, estuarine flopthins, coastal plains,
beaches, lagoons, intetidal wetlands etc.) and their influences on erosion
susceptibility are evaluated (Table 3.3.2a).lt is evident that the soft and
unconsolidated silt andclay sediments quickly respondto the forces of coastal river
water discharge in the area (Masatomo, 2005DC, 201D The offshore islands in the
coastal area are mostly formed of this type afediments(Umitsu, 1997; Rabbani et al.,
2010). Moreover, the permeability of water into the coastal soils is higibout 63 % of
the coastal soils are inclined to moderate and rapid permeability classes among which
about 94 % of the entire Meghna estuary area falunder moderate to rapid

permeability classes (Bangladesh Agricultural Research Council [BARC], 2016).

The influences of hydreclimatic factors on erosion potential in the coastal area are
noteworthy (Huq et al., 1999 Khan, 2012. For instance, discharg of water from the
coastal rivers can be considered as an active driving force of erosion in the area (Ali et
al., 2007; Islam, 2008; Taguchi et al., 2013). Besides, continuous wave action is one of
the most important factors of erosion susceptibility esgcially, in the central coastal
zone (Ahmed, 1999 Ali, 1999; Parvin et al., 2008 The prevailing southern and
southwestern monsoon winds generate waves that largely affect the offshore islands
located in the central coastal zone. This study evaluated ttepeed and directions of
winds as a proxy for wave actions in the coastal area. Moreover, the rise of mean sea
level in the Bay of Bengal region is evidenRegional Resources Centre for Asia and the
Pacific [RRCAP], 2001Unnikrishnan and Shankar, 2007;Smith, 2012; Brammer,
2014) that inundates new coastal lands and thus affects the lands by wave actions. The
Ganges floodplains and islands in the Meghna estuary have the high potential to be
affected by rising sea level in the coastal are&sflamsuddoha ad Chowdhury, 2007;
Brammer, 2014). Together with water discharge, wave actions and mean sea level rise,
an excessive amount of rainfall triggers the rate of erosion in the coastal area (Krantz,
1999; BMD, 201§. Moreover, noticeable seasonal variationswere observed for the
hydro-climatic triggering factors (Karntz, 1999; Hossain, 2012; Chowdhury, 2013;

BWDB, 2016) in the coastal area and hence, the daily average data were segmented
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into four seasons(BMD, 2016 and applied in the model domain. In assessirggasonal
variations, the effects of underlying physical elements and the preparatory famts

were considered as static.

It is reported that the high volume of sediment supply accelerates the accretion
process in the Meghna estuary (Mikhailov and Dotseik 2007). During the monsoon
season when the sediment fluxes from the rivers are high, the process of accretion
dominates in the Meghna estuary (Sokolewiczantlouters, 2007). Like sedimentation,
the impacts of defence structures such as polder, dyke, embanent and land
reclamation projects (discussed in chapter 2) are evident in theoastalarea (Meghna
Estuary Study Il [MES II], 2001Khan, 2008.

3.3.3 Methods

The study addressed the impacts of predispositions, preparatory and triggering
factors on land susceptibility to erosion in the coastal area by usinthe LSCE raster
GIS model (Figure 3.3.2a). The model evaluated the individual contributions of the
parameters by preparing, scaling, weighting and overlaying raster surfaces on the
selected paraméers. The preparation of raster surfaces involved some prprocessing
tasks on the collected images used for surface elevation, bathymetry and shoreline
detection. The tasks included geometric (i.e. geeferencing), radiometric (i.e.
conversion of DN to adiance and then to Top of Atmospherd OA reflectance for
shoreline detection) and atmospheric corrections (i.e. Dark Object SubtractieDOS).
The pixel values of the processed raster surfaces were then classified into five
different susceptibility categories (discussed in chapter 1)by using a scale ranging
from 1 to 5 (where 1 represents very low and 5 represents very high susceptibility)
(Table 3.3.2a). To prepare the scale, this study assumed that the higher the values of
surface elevation, bathymetricdepths and distance from the shoreline, the lower the
susceptibility and vice versa. On the other hand, the higher the values of river water
discharge, mean sea level, rainfall and wind speed, the higher the susceptibility to
erosion and vice versa. Howewe scale values for surface geologyere assigned to five
susceptibility classes based on their resisince capacity to erosion suported by
relevant literature (Hossain, 2012; Chowdhury, 2013; Brammer, 2014)Similarly, the
types of soil permeability (BARC 2016) were segmented into five susceptibility
classes in which, slow permeability designates low erosion susceptibility and vice

versa. Based on the sourcarea (i.e. land or water), the southwestern and southern
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winds were assumed to be highly effectie for generating waves and the northern and
north-western winds have less influence on waves. Howevethe south-eastern wind
has moderate effects in generating waves in the central coastal zok&ence, this study
categorised the susceptibility classes oivind directions as: Northern (N) = 1; North
western (NW) =2; Southeastern (SE) = 3; Soutlwestern (SW) = 4 and South (S) = 5.
The aggregated susceptibility scores (i.e. score for wind speed and score for wind

direction) were then averaged and applied in he model.

Table 3.3.2a- Scales used for the LSCE model to categorise the cell values of raster
surfaces into five susceptibility classesTo classify the numerical model parameters

such as surface elevation, bathymetry, distance from the shoreline,ver water
discharge, mean sea level, rainfall and wind speed this classification followed equal
interval classification method. As indicated, to classify the categorical values for
surface geology, soil permeability and wind direction, the study followed @D A OO O

opinion and relevant literature.

Susceptibility category
Parameter | Time Very low Low Moderate High Very
period (2) (2) 3) 4 high
5)
Surface Average
elevation and all >12 9-12 6-9 3-6 0-3
(m) seasons
Dihing Valley Estuarine | Alluvial Newly
and alluvium | deposits, | silt, formed
DupiTilla | and Alluvial Deltaic ocean
formation, | colluvium, | silt and silt, Tidal | and
Girujan Tidal clay, deltaic riverine
Clay, mud, Chandina | deposits | deposits,
Surface Average | Bhuban Marsh alluvium Tidal
geology and all formation, | clay and sand,
(type) seasons | BokaBil peat, Deltaic
formation, | Mangrove sand,
Tipam swamp Beach
Sandstone| deposits, and sand
Lakes dune,
Alluvial
sand
Bathymetry | Average (-15)- (- (-10)-(- | (-5) z (-
(m) and all >-20 20) 15) 10) <-5
seasons
Soll Average | Very slow | Slow Mixed Modera- | Rapid
permeabili- | and all te
ty seasons
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(class)

Distance Average | > 400 300-400 200-300 | 100-200 | <100
from the and all
shoreline seasons
(m)
Average | 13-6152 | 6152- 12290- 18429- 24567-
12290 18429 24567 30706
River water | Winter 4- 1766 1766- 3529- 5291- 7054-
discharge 3529 5291 7054 8816
(m3/s) Pre- 4- 2806 2806- 5608- 8410- 11212-
monsoon 5608 8410 11212 14013
Monsoon | 29- 13102 | 13102- 26175- 39249- 52322-
26175 39249 52322 65396
Post 16- 6868 | 6868- 13721- 20574- 27427-
monsoon 13721 20574 27427 34280
Average | 1.84-2.17 | 2.17-2.50 | 2.50- 2.83 3.20-
2.83 3.20 3.50
Winter 1.61-1.93 | 1.93-2.25 | 2.25 2.57- 2.89-
2.57 2.89 3.20
Mean Sea | Pre- 1.72-2.10 | 2.10-2.40 | 2.40- 2.73 3.10-
Level monsoon 2.73 3.10 3.41
(m) Monsoon | 2.12-2.44 | 2.44-2.77 | 2.77- 3.11- 3.44-
3.11 3.44 3.78
Post 1.95-2.26 | 2.26-2.58 | 2.58- 2.89- 3.21-
monsoon 2.89 3.21 3.53
Average | 123-158 | 158-194 | 194-230 | 230- 265 | 265- 301
Winter 10.22- 11.53 12.85 14.16- 15.48-
11.53 12.85 14.16 15.48 16.79
Rainfall Pre- 90- 109 109-128 | 128-147 | 147-167 | 167- 186
(mm) monsoon
Monsoon | 303-421 421-540 | 540-659 | 659-777 | 777- 896
Post 86- 104 104-122 | 122-140 | 140- 158 | 158-176
monsoon
Average | 0.76-1.16 | 1.16-1.57 | 1.57- 1.98 2.39-
1.98 2.39 2.79
Winter 0.52-0.81 | 0.81-1.12 | 1.12- 1.40- 1.69
N N 1.40 1.69 1.99
N N N
Wind speed | Pre- 1.151.62 | 1.62-2.09 | 2.09- 2.56- 3.03
(m/s) monsoon | SW SW 2.56 3.03 3.49
and SW/SE SW SW
direction Monsoon | 0.96-1.54 | 1.54-2.11 | 2.11- 2.69- 3.26-
S S 2.69 3.26 3.84
S S S
Post 0.36-0.66 | 0.66-0.96 | 0.96- 1.26- 1.56-
monsoon | NW NW 1.26 1.56 1.86
NW NW NW
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It was necessary to assign weights of individual parameters for the LSCE model in
ArcMap. This studyincorporated ratings of relevant experts in assigning weights of
the model parameters. To accomplish this, the study organised a workshop inviting 11
experts having indepth local knowledge on land susceptibility to coastal erosion. The
experts were askedto rate the parameters on a scale of 0 to 1 where 0 indicatéise
least weight and 1 indicategshe most weight of the parameters. The experts agreed on
assigningthe full weight (1 in a range of 0 to 1) for the underlying physical elements.
However, the asigned weights for the drivers of change varied due to thdiversified
nature of influences of the hydraeclimatic factors in the area The final weights of the
parameters yielded as 0.84 weight for discharge of river water, 0.79 for mean sea
level, 0.71 fo rainfall and 0.65 for wind speedand direction by averaging the weights

given by individual experts.

This study incorporated the impacts of preparatory factors in the model domain by
generating two sets of buffer zones: one for defence structures anchather for

OAAEI AT OAOCET 18 4EAOA AOAEZAO UITAO AOA AT AI
the LSCE model. Since the moderators (i.e. defence structures and sedimentation)
reduce erosion susceptibility of coastal lands, the buffer zones were assignedgasive

values followed by exper© 6pinions, on a range from 1 to 5 based on their nature of
impacts. A negative value -@) was assigned for the accreted buffer zones that are

within 200 m landward from the coastline. Negative values -g) and (-1) were

asggned for the two buffers(i.e. 100 m and 50 m)onsecutively next to the first buffer

zone. However, two sets of buffer zone were applied for the coastal defences. A
negative value ¢5) was assigned to the buffer zones for hard defence (i.e. seall,

dyke) whereas, a negative value-8) was set for soft defences (i.e. polder, dam). The

pixels of the raster surfaces that overlapped with the buffer zones were then identified

and the values wee reA Al AOI AOAA AU OOET ¢ OOAOOA®D AAIL
calculated pixels were finally mosaicked with the generated raster surfacde obtain

final susceptibility scores.
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Figure 3.3.2a- A simplified representation of the processes involved in the LSCE

model. The figure shows the inclusion ofhydro-climate forces together with
underlying physical elements in the model domairio obtain final outputs on erosion
susceptibility.

Immediately after scaling and weighting of the raster surfaces and then mosaicking

OEA 11T AAOAOI OOh OEA 11T AARAIOEXABAODOORZAANT ODIEN CI A- |
i OAOOGEITT pn8t1q8 41 001 OEA 11T AAIh OEA OxAECEOA
that overlaid the raster surfaces where each were multiplied by their given weights;

finally summing them together. The weighted sum scores ohé raster surfaces were

converted to a nondimensional scale ranging from 0 to 100 by using the following

equation (Equation 1):
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pTT 1)

The yielded scores were then presentednder five susceptibility classes ranging from
1 to 5 where, 620 = 1 (very low), 2040 = 2 (low), 4060 = 3 (moderate), 6680 = 4
(high) and 80-100 = 5 (very high). The same procedure was applied for the four
identified seasons: winter (December to February), prenonsoon (March to May),
monsoon (June to September) and poshonsoon (October to November) with a view
to addressng the seasonal variations of hydreclimatic factors on land susceptibility to

coastal erosionin the area

3.3.4 Data sources

The spatial data for the underlying physical elements were collected from available
secondary sources. Data on surface elevation were downloaded as ASTEHRV
(Advanced Spacéorn Thermal Emission and Reflection RadiometeDigital Elevation
Model) from the United States Geological Survey (USGS) Global Visualization Viewer
for the areal extent of study. The images having 30 m spatial resolution were used for
further processing and analysis. Similarly, data on nearshore bathmetry for the entire
coastal area were gathered from Global MuHRresolution Topography (GMRT)
OUl OEAOGEO AU OOEiTc O' Ai-Ap! PPd | OAOOET I
referenced with the data collected fronthe Bangladesh Naval Force (BN, 201@GMRT,
2017). Spatial datases (i.e. shapefiles) on surface geology andssociated geomorphic
features were collected from the United States Geological Survey (USGS, 2001),
originally developed by Geological Survey of Bangladesiihe atial dataset on sd
permeability was collected from Bangladesh Agricultural Research Council (BARC,
2016). However, this study identified the existing shoreline with a view to measure
the distances of each pixel from the shoreline. Hence, tidynchronous Landsat (i.e.
Landsat 8) satellite images were used to obtain the shoreline for the area. The use of
satellite images to obtain shoreline is now well established (Boak and Turner, 2005).
The benefit of using satellite images in identifying shoreline is that there is no ndeof
fixing traditional benchmarks (known as proxies) such as high water line, datum
based mean high water etc. (Boak and Turner, 2005). While using satellite images, the
proxies depend on the definition of the shoreline and the image acquisition time. Thi
study considered Mean High Water Level (MHWL) as the shoreline (line of

demarcation between land and water). Only those images were selected that clearly
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represent MHWL in the images. Using OLI_TIRS sensor (Operational Land Imager_
Thermal Infrared Senswo), a total number of six images were collected to cover the
entire coastal area (between path: 136138 and row: 44-45). The acquisition date of
the images was on 28 January 2@L Since Landsat satellite pass time over Bangladesh
is between 10:0610:30 (Islam, et al., 2016), all the images were selected based on the
synchronization of satellite passtime and high tide level. The images were collected
on specific dates during the winter season (December to February) when most parts of
the coastal lands wereflood free. Hence, the shoreline during this season can clearly
be discernible compared to the premonsoon, monsoon and postnonsoon seasons.
The collected images were then mosaicked into a single image, georeferenced in the
World Geodetic System (WGS84)adum and projected using the Universal Transverse

- AOAAOI O OUOOAI jUITA 54- 19 .1T00EQ8 4EA - A&AAC
Index (NDWI) (McFeeters, 1996) was used to separatbe land areasfrom the water
bodies. The demarcated line between land ahwater was then digitised to identify the

desired shoreline.

Data on mean sea level, rainfall and wind speed and direction were collected for the
past thirty years from 1986 to 2015 (BMD, 2016; BIWTA2017; PSMSL, 2017; UHSLC,
2017) whereas, data obtaind for the discharge of coastal river water were available
for past twenty years from 1996 to 2015 (BWDB, 2016). The average values of these
data were used as existing conditions of the selected drivers. This study considered
data for mean sea levethat were collected from six stations located at Char Chenga,
#EEOOACIT T Cch #1 @60 "AUAOh (EOIT O0TET Oh +EADPOPAOA
country (Appendix Q. These data were obtained fromBangladesh Inland Water
Transport Authority (BIWTA), Permanent Solution for Mean Sea Level (PSMSL) and
University of Hawaii Sea Level Centre (UHSLC). For rainfall and wind speed, this study
analysed the data obtained from all 18meteorological stations of the Bangladesh
Meteorological Department (BMD) located in thecoastal area of the country(Figure
3.3.1a) A total of eleven stations of the Bangladesh Water Development Board
(BWDB) were considered for river discharge data that cover the major rivers,

tributaries and distributaries in the coastal area(Appendix Q.
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3.3.5 Data processing and generation of raster surfaces

Considering the spatial extent of the area, the resolution of the rastewurfaces was
resampled to a 30 30 m (1 arc second) dimensionlt took 16 individual scenes of
ASTERDEM (60 60 km) to cover suface elevations for the entire coastal area of the
country. The initial vertical accuracy of the raw surface was + 3.62 m. Howevehe
mosaicked scene was first processed to remove artificial heights such as rooftops,
construction works etc. (known as atifacts) from the original values by using the

O- AET OEOU &EI OAO6 ET ! OA-ADP8 4EA 2110 -AA
then found to be +0.28 m. The artifacfree raster surface went through consistency

checks with observed ground data. Hence, tatal number of 90 sample spot heights

were taken for the coastal area arbitarily from 1,711 vertical control points measured

AU 3000AU T &£ "ATCil AAAOGE 31 "h c¢mpoeQs 4EA
between the sample heights and the correspondinglevations of the ASTERDEM was

found as 0.94 (p= 0.001 at 0.01 level of significance). The processed data showed
surface elevations ranging from 0 to 327 m for the area studied={gure 3.3.53. To

evaluate the role of geomorphic features, the entire coaatland was segmented into

21 types of areas.

The shallow depths are the areas where thevave actions are highly effective for
potential erosion (Mazaheri and Ghaderi, 2011) In contrast, wave orbitals in deep
water have less effects on erosion sincthe orbitals do not touch the bed. Hence, this
study considered shallow depths as high susceptibility to erosion and vice versihe
categorical values of nearshore bathymetric depths were transferred to the associated
land areas to reflect the impact of bathymetric depths on that lands. The
OOAT O&I Of AGETT bDOI AAOGO xAO AAAT | efinEMsB AA Al
through creating 1000 1000 m fishnets for the whole coastal area attached to the
waterbody. The use of zonal statistics is identical wh the work of Islam et al. (2016)
where statistics for target zones were calculated by a set of input zones (i.e. in this
case, the land zones were considered #ise target and the bathymetric zones were as
the input zones). The reason for choosing 1000 #nfishnet was based on the
conventional use (.e. considered by governmental and nongovernmental
organizations but, notapproved officially until recently) of 500 m2 setback distance
from the shoreline for the study area. Since wave actions at nearshorathymetric

zone are most likely to impact on associated lands (not essentially over the whole
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coastal area), the bathymetric values of input zones (i.e. 500 m? water body) were
transferred to the target zones (i.e. 500 m? land area). Howeveto generate araster
surface on soil permeability, vector layers obtained from Bangladesh Agricultural
Research Council (BARC) were converted into raster format using ArcMap. Likewise,
raster surfaces for fourthe hydro-climatic parameters were generated from point daa

by applying polynomial surface interpolation techniques in ArcMap. For instance,
raster surfaces for river discharges and mean sea legelvere generated by using
kriging interpolation technique, whereas raster surfaces for rainfall and wind speed
were generated by using Inverse Distance Weighting (IDW) interpolation technique in
ArcMap. Like bathymetry, thevalues of river water discharge and wind speed and
direction were transferred to the associated land ares attached to the rivers by
following the same method. However, generated raster surfaces foelevation and
bathymetry went through some postb OT AAOOET ¢ OAOEO A00 AOEGE 1
AT A OEEI 1i8 ArdviepAto Addddlide theO AT O A €inksd afel aksd by

rounding nearest integer valies.

@ OO0OAGQ
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Figure 3.3.5az Example of some raster surfaces used fofurther processing in the
LSCE model in which (a) represents the surface elevation, (b) types of surface geology,
(c) annual average rainfall, and (d) annual average wind speed amlirection (wind
rose) in the area.All other raw raster surfaces for the overall baseline susceptibility

are provided in the appendix (AppendixC).

3.3.6 Model validation

The validation of the outcomes ofthe LSCE model was performed by using an
inventory map of land erosion and accretion prepared from independent datasets. To
prepare the inventory map, historical data collected from Water Resources Planning
Organisation (WARPO) of Bangladesh and Landsat satellite images were used (Ahmed
et al.,, 2018). The collected data from WARPO provided the areas of eroded and
accreted lands for the past thirty years from 1985 to 2015. Moreover, the study used
multi -temporal Landsat satellite images for the years 1985 (TM), 1995 (TM), 2005
(ETM+) and 2015 (ETM+) forthe same time period (i.e. 1985 to 2015) to check the
consistency of the data collected from WARPO. The satellite images were collected for

the months of December and January considering the cloud cover, visibility and
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availability of images. The study fdbwed raw quantized calibrated pixel values (DN)
(Dewan et al., 2017) to identify the eroded and accreted land areas by separatitinge
land areas from the water bodies The inventory map identified a total of 2693.80 km?
of coastal lands that experienced resion and/or accretion (or both erosion and
accretion) over the past thirty years from 1985 to 2015. This time period corresponds
to the datasets used for hydreclimatic parameters (except river discharge for which
data for the past twenty years were usefof the LSCE model. The areas of change
identified by the inventory map cover 5.966 of the entire coastal area. The outputs of
the LSCE model were then overlaid on the inventory map and the overlapped areas
under five susceptibility classes of the modex AOA OOAA &I O CAT AOAOGEIT ¢ 0%
(DF) curves.The Degree of Fit (DF) curve indicates the association between the values
of inventory and susceptibility maps (Jimenezeralvarez, et al., 2009).The study
considered 5% degrees of freedom and assumetat the higher the percentages of
high and very high susceptibility areas of the model results that overlap on the
dynamic area identified by the inventory map, the greater the validity of the model
and vice-versa. This method has been applied tdifferent studies (Fernandez et al.,
2003; Irigaray et al., 2007; JimenePeralvarez et al., 2009) The following equation

(Equation 2) was used to generate the degree of fit curves for this study:

—~ ¥
00 % )

where,
G =area occupied by the source areas (inventory map) at each susceptibility level

0 = total area covered by that susceptibility level

3.4 Results

3.4.1 Overall susceptibility to erosion

The raster-based LSCE model generated comprehensive mapgwhich, the levels of
overall (annual average) land susceptibility of the coastal area to erosion are
presented under five susceptibility classes (Figure 3.4.1a). The model iddred 0.59%
(266.32 km2) and 0.026 (10.01 km?) of the coastal lands as high and verhigh
susceptibility to erosion respectively, which makes 276.33 km? in totalthat is

noteworthy for the densely populated coastal area of the country. Remaining 5%®
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20.56% and 73.34% of lands were identified by the model as moderate, low and very

low susceptibility to erosion respectively (Appendix D).

Legend

Susceptibility Class I:I Moderate
- Low - Very High 0 20 40 80 Km

Figure 3.4.1a- Overall land susceptibility to erosion in the coastal area of Bangladesh.
The outputs of the model indicate significant spatial variations in susceptibility to
erosion. Most of the interior coastal lands were modelled as very low susceptibility
class whereasthe exterior areas showed a mix of low, moderate, high and very high

susceptibility to erosion.

Spatially, the model identifieda total 99.41%of the lands in the western coastal zone
as very low and low susceptibility to erosion(Appendix F: Table 2) Exceptions were
found for the Kuakata coastal area under the Patuakhali district whera substantial

portion of lands (i.e. 28.34%) were marked a moderate to high and very high
susceptibility to erosion (Figure 3.3.1a and Figure 3.4.1a)lhe model outcomes for the

eastern coastal zone are slightly different than the western zone for overall
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susceptibility to erosion. Although most of the areas ithe eastern zone(i.e. 90.84%)
were identified as very low and low susceptibility classes, some areas such as Kumira
and Bhatiari of the Chittagong district, Kutubdia Island, the southern part of
Moheshkhali subdistrict and St. Martin Island (Figure 3.3.1a) showed moderate to
high and very high susceptibility to erosion(Figure 3.4.1a) In contrast, the most
diverse erosion susceptibility was found for the central estuarine coastal area of the
country that comprised all the susceptibility classes. Low ero®n susceptibility (i.e.
55.77%) was identified for the interior parts of this central zone whereasmost of the
small islands were identified as moderate to high and very high susceptibility to

erosion.

3.4.2 Seasonal variation

3.4.2.1 Winter

The percentages of land area under very high, high, moderate and very low
susceptibility classes for winter season were identified as lower than the percentages
obtained for annual average (overall) erosion susceptibility of the area (Figure 3.4.2a).
For instance,the high and very high susceptibilityclasses were identified as 0.3%
(155.16 km?) and 0.01% (3.02 km?) of the total land area respectively, for this season.
Moreover, the total land area identified as moderate susceptilify during this season
was 1.48% less than the overall annual susceptibility (Figure 3.4.2b). The results
showed 70.65% of the total land area as very low susceptittity to erosion which was
2.69% less than the overall susceptibility. However, the area folow susceptibility
showed 24.99%land which is 4.43% higher than the overall susceptibility assessment.
Spatially, most of theinterior lands(i.e. 94.51% land of the zonejn the central coastal
zone exhibited low and very low susceptibility to erosion during this season(Figure
3.4.2a) However, me small islands in the central coastal zoneere identified as
very high susceptibility to erosion during this season. Except for some moderate
erosion susceptibility areas in Moheshkhali and the St. Martin Island§igure 3.3.1a)
96.32% of the areas in the eastern coastal zorwere modelled as very lowand low
erosion susceptibility (Figure 3.4.2a) However,almost the entire western zone(i.e.
98.41 %) was identified as very low to moderateerosion susceptibility during this

season.
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3.4.2.2 Pre-monsoon

The model identified 0.33% (150.71 km?2) and 0.0% (3.88 km?) of land areas as high
and very high susceptibility to erosion respectively, for the premonsoon season.
These amounts are lower than the overall annual susceptibility valudsut are almost
similar to those for the winter season On the other hand, about 83% of the land was
modelled as very low erosion susceptibility for this seson, which is 10.46% and
13.15% higher than overall and wnter susceptibility to erosion respectively.
Differences were also found for low and moderate susceptibility classes that are much
lower (6.57% and 3.63%6 subsequently) than the average susceptibility to erosion. The
western coastal zone showed a very low susceptibility to erosion during this sean
except for some areas in Kuakata and some small islands located in teeposed
western coastal zong(Figure 3.3.1a and Figure 3.4.2a)n contrast,the central coastal
zone was mostly identified aslow erosion susceptibility during this season,having
12.31% of moderate, high and very high susceptibility areas (Figure 3.4.2a)lhe
southern parts of the islands in this zonewere modelled as very low susceptibility
compared to other areas. However, the newly developed small islands and the
shorelines of omparatively bigger islands in the central zone were identified as
moderate to high and very high susceptibility to erosion during this season. A highly
exceptional case was found for Urir Char and Char Piya islands in the centcabstal
zone (Figure 3.31a). A considerable amount of lands othese newly accreted islands
were modelled as moderately susceptible busome areas were classified as high and
very high susceptibility to erosion. About 95.22% landin the eastern coastal zone
exhibited very low to low erosion susceptibility during this seasonAbout 28.41% of
the total 362.2 km? landsin Moheshkhali Island(Figure 3.3.1a and Figure 3.4.2aykere

identified as moderate susceptibility to erosionas an exception in this zone.

3.4.2.3 Monsoon

The LSCE model identified the monsooras the most susceptible season to land erosion
when considerable amounts of high {.e. 441.8 km?) and very high {.e.21.14 km?)
susceptibility areas were noticed. A totall680.98 kmz2 land area was identified as
moderate suseptibility during this season, which is lower than winter and pre
monsoon seasonsA total 451.43 km? of land areain the central coastal areawas
found as high and very high susceptibility to erosion. The lands attached to the

northern, eastern and soutlern shorelines of most of the comparatively larger islands
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in the exposed central coastal zonenamely Bhola, Hatiya, Urir Char, Jahajir Char, Char
Piya, Sandwip and Monpura({Figure 3.3.1a) were modelled as high and very high
susceptibility to erosion (Figure 3.4.2a) The southern shoreline areas of the
mentioned islands showed comparatively less susceptibility to erosion in this zone. All
other small islands in theexposedcentral coastal zonemostly exhibited high and very
high susceptibility to erosion during this season.In general, he eastern coastal zone
showed comparatively lower levels of susceptibility than the central zone but,
indicates higher susceptibility than the western zone during this season (Figure
3.4.2a). However, theMoheshkhali and & Martin islands in the eastern zoe (Figure

3.3.1a) showed higher susceptibilityto erosion than other areas during this season.
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Figure 3.4.2a- Susceptibility to erosion during (a) winter, (b) pre-monsoon, (c)

monsoon and (d) postmonsoon seasons irthe coastal area of Bangladesh. The figure
indicates spatial variations of erosion susceptibility for the seasons that are mostly

governed by the varied nature of influences of the hydralimatic forces in the area.
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3.4.2.4 Post-monsoon

Susceptibility to erosion during the postmonsoon seasorshowed a very similar result

to those for average susceptibility. During this period, very high, high and moderate
susceptibility classes showed slightly higher amounts of land compared to average
susceptibility to erosion. However, very low suseptibility land area was only 3% less
than the averagesusceptibility whereas, low susceptibility land area was 1.29%6 more
than the average erosion susceptibility About 97.32% landsof the western coastal
zone were identified as very low and low erosion susceptibility for the posinonsoon
season. A similarity with overall susceptibility was found for the Kuakataoastal area
that showed moderate to high susceptibility to erosion.Severd islands and newly
accreted lands such as Sandwip, Urir Char, Jahajir Char, Monpura, Char Piya, Char
Shahbaz, Char Gazaria, Char Zahiruddin, Dhal Char, Char Joman, Latar Char, Char
Tazul, Sona Char and some other unnamed small islands in the central cahgibne
(Figure 3.3.1a)showed moderate, high and very high susceptibility to erosion during
this season. Like the monsoon season, the coastal ss@d Moheshkhali and St. Martin
islands located in theexposedeastern coastal zone (Figure 3.3.1a)were modelled as
moderate to high and very high susceptibilityto erosion during the postmonsoon
season (Figure 3.4.2a).
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Figure 3.4.2b- Comparison of thepercentages of land areasor overall and seasonal
susceptibility under five susceptibility classes The figure demonstrates high
percentages of land for high (1.57%) and very high (0.07%) susceptibility classes

during the monsoon season. However, this situation is different for winter, pre
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monsoon and postmonsoon seasons. These variations in seasonal sustbifity
compared to the overall conditions indicate the influence and interactions of hydro

climatic factors on erosion susceptibility in the area.

Table 3.4a- Estimated number of populations exposed to high risk for overall and
seasonal periods. The estimation was calculated by multiplying the total amount of
high and very high susceptibility lands by the average density of 9%km? population
(BBS, 201% in the area.

Time/ season Total amountof high and very  Total number population at

high susceptible land (km?) risk
(estimated)
Overall 276.33 2,62,237
Winter 158.18 1,50,112
Pre-monsoon 154.59 1,46,705
Monsoon 739.27 7,01,567
Postmonsoon 375.72 3,56,558

3.5 Discussion
3.5.1 Validation of the results

The LSCE model outputs demonstrate a strong match with the areas of coastal change
identified on the inventory map. The degree of fit curves (Figure 3.5.1a) and map
(Figure 3.5.1b) show that95.7%, 96.36%, 95.05%, 95.79% and 95.06% of veryigh
susceptibility class of the modelled areas for annual average, winter, praonsoon,
monsoon and postmonsoon periodsrespectively, overlapped with the dynamic area
identified on the inventory map. Although the very high erosion ssceptibility class
covers 0.02%, 0.01%, 0.0%, 0.07 % and 0.04 % of the total modelled area for average,
winter, pre-monsoon, nonsoon and postmonsoon periods respectively (Figure
3.4.2b), most of the areas in that class (above 95%) overlapped within the area
identified similarly on the inventory map (Figure 3.5.1). On the other hand, only
0.48%, 0.4P%6, 0.926, 0.51% and 0.466 of very low erosion susceptibility class of the
modelled areas for overall, winter, premonsoon, monsoon and postnonsoon periods
respectively, overlapped with the areas identified on the inventory map. These two
opposite overlapping conditions of modelked areas with the inventory map meet the
assumptions previously set for the validation of the model. The validation also fulfils

the assumptions set for low and high erosion susceptibility areas of the model for the
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annual average and for all the four seass. As expected, he overlapped areas for
moderate susceptibility class ranging from 52.89% to 66.36% for overall and all other
seasons except pranonsoon (86.93%). These overlapped areas of moderate

susceptibility class for most of the seasons also indite the validity of the model

results.
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Figure 3.5.1a- Degree of fit curvesusedfor the validation of LSCE model results. The
vertical axis shows the relative frequency of the degree of fit (%) to independent
observations of coastal change whereas theohzontal axis indicates the levels of
susceptibility identified by the LSCE model. The lines show the percentages of
modelled lands that overlapped with the dynamic lands identified on the inventory

map.
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Figure 3.5.1b- Example of a zoomedn area ofthe full inventory map (inset) used for
validating the outputs of the LSCE modedn erosion susceptibility. The figure shows
the dynamic lands identified on the inventory map that experienced changes (erosion
and/or accretion or the both) for different times from 1985 to 2015. The different
levels of susceptibility to erosion show only the portions of land that overlapped with

the dynamic land identified on the inventory map.
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