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Abstract: Bangladesh is a global south hotspot due to climate change and sea level rise concerns.
It is a highly disaster-prone country in the world with active deltaic shorelines. The shorelines are
quickly changing to coastal accretion and erosion. Erosion is one of the water hazards to landmass
sinking, and accretion relates to land level rises due to sediment load deposition on the Bay of Bengal
continental shelf. Therefore, this study aimed to explore shoreline status with change assessment
for the three study years 1991, 2006, and 2021 using satellite remote sensing and geographical
information system (GIS) approaches. Landsat 5, 7 ETM+, and 8 OLI satellite imageries were
employed for onshore tasseled cap transformation (TCT) and land and sea classification calculations
to create shore boundaries, baseline assessment, land accretion, erosion, point distance, and near
feature analysis. We converted 16,550 baseline vertices to points as the study ground reference
points (GRPs) and validated those points using the country datasheet collected from the Survey of
Bangladesh (SoB). We observed that the delta’s shorelines were changed, and the overall lands were
accredited for the land-increasing characteristics analysis. The total accredited lands in the coastal
areas observed during the time periods from 1991 to 2006 were 825.15 km?, from 2006 to 2021 was
756.69 km?, and from 1991 to 2021 was 1223.94 km? for the 30-year period. Similarly, coastal erosion
assessment analysis indicated that the results gained for the period 1991 to 2006 and 2006 to 2021 were
475.87 km? and 682.75 km?, respectively. Therefore, the total coastal erosion was 800.72 km? from
1991 to 2021. Neat accretion was 73.94 km? for the 30-year period from 1991 to 2021. This research
indicates the changes in shorelines, referring to the evidence for the delta’s active formation through
accretion and erosion processes of ‘climate change” and ‘sea level rise’. This research projects the
erosion process and threatens land use changes toward agriculture and settlements in the coastal
regions of Bangladesh.

Keywords: Bangladesh delta; coastal baseline assessment; onshore environment; satellite remote
sensing and GIS; shoreline assessment; shoreline changes assessment; tasseled cap transformation

1. Introduction

The shoreline is a time-determined changing boundary between land and sea [1]
where coastal accretion and erosion processes have arisen with the worldwide evidence
of sea level rise and climate change worries [2]. Shoreline information analysis is also
essential for coastal management and zone protection to assess sea level prediction [3,4],
geospatial research [5], and shoreline mapping to be projected to our future Earth [6]. Due
to climate change in the global south, countries face saltwater intrusion due to seawater
levels causing significant damage to agricultural crops, changing livelihoods, and settle-
ments affecting coastal areas regionally [7]. Land accretion and erosion are significantly
affected by shoreline changes. Therefore, shoreline change assessment over decades with
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the world’s enormous number of people through geomorphological and anthropogenic
activities has emerged as a wide-reaching concern about coastal stretch cover, land use, and
shoreline changes [8]. In Southeast Asia, a disaster-prone region suffers significantly every
year from tidal surges, cyclones, and saltwater intrusions to agricultural lands. In this re-
gard, the shoreline expands, covering India, Bangladesh, and Myanmar adjacent to the Bay
of Bengal, and is repeatedly impacted by hydrometeorological extreme calamities, causing
massive life and property that loosen every year [9,10]. Among the South Asian countries,
the most affected coastal region of the Bangladesh delta encompasses an area of 47,201 km?
that makes shelter and provides livelihood to 46 million inhabitants, with approximately
2.85 million hectares of agricultural lands [11]. The diverse and dynamic Ganges-
Brahmaputra delta, merged with the low-altitude shorelines toward the Meghna estu-
ary, is the most disaster-prone region among the three neighboring countries [4,9,12-14].

Frequent natural disasters such as tropical cyclones, tidal surges, coastal floods, and
salinity intrusions are causing recurrent changes to the deltaic shoreline of Bangladesh
through live erosion and accretion within the continental shelf of the Bay of Bengal [2,15-18].
Therefore, to explore the geomorphological activities of the nearshore coast, comprehensive
research on shoreline change assessment in the Bay of Bengal is highly needed. Various
remote sensing methods have been applied for shoreline extraction and change assessment
in several studies using multispectral datasets at-satellite reflectance [19-26]. By using
at-satellite reflectance, three uncorrelated indices were mainly used: (i) the brightness index
as a measurement value for the ground surface, (ii) the greenness index as a measurement
value for the phenology of vegetation, and (iii) the wetness index (yellow stuff) as a
measurement value for soil and vegetation (plant canopy moisture) interactions, which
have attained a degree of acceptance in remote sensing studies [27,28]. This method is
known as tasseled cap transformations (TCT) of multispectral scanner (MSS) and thematic
mapper (TM) image data, which exemplify linear combination band features [29-31]. The
TCT-induced three indices have been used extensively in satellite remote sensing studies of
agriculture, landscape, ecology, and forest [32-37].

Several studies have contributed to the shoreline dynamics of the Bangladesh delta;
however, most of them were conducted for only limited portions of the coast [2], and
TCT-based at-satellite reflectance was not applied to onshore change assessment. A small
number of studies have explored coastal erosion and accretion in the coastal areas adjacent
to Sundarbans in Bangladesh and calculated shoreline retreat rates [4,38]. Additionally,
few studies have been devoted to detecting the shoreline change rate in the island areas
of the Meghna estuary [12]. The shoreline changes around a river delta part of Cox’s
Bazar of Bangladesh, while Kutubdia Island [21] and Sandwip Island [39] were observed in
different studies [16,22]. However, the rates of shoreline change occurred between 1989
and 2009 along the coast of Bangladesh, but overall, shoreline changes showed coastal
erosion considering its 20-year gap [24]. However, contributed research did not consider a
baseline-based shift toward shorelines, which changes in time periods onshore. In shoreline
change detection analysis, satellite remote sensing has advanced significantly with large
numbers of historical datasets regionally, which can help to fix a baseline that did not
change in a distant time to understand the changes or determination of shoreline alterations.
Land accretion and erosion in the delta are required for coastal zone management (CZM)
regarding climate change perspectives for agricultural land use and long-term regional
settlement planning to execute a sustainable delta plan. The Government of Bangladesh
has taken necessary steps for implementing the country’s “Bangladesh Delta Plan 2100”
for the regional development of the Delta (coastal zone 27,738 km?) to protect man and
lands, including all biodiversity conservation, and to build sustainable marine resource
management utilizing its blue economy [40]. Therefore, the key purposes of this research
were (i) to conduct onshore change assessment using a wide-ranging TCT analysis to project
onshore alterations and (ii) shoreline change assessment to focus the land accretion and
erosion for the coastal belt of Bangladesh with a long-time interval for regional planning in
the changing climates and seawater level changes.
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2. Materials and Methods
2.1. Onshore Change Assessment
The onshore change assessment was the first research objective of the study (Figure 1).

A comprehensive tasseled cap transformation analysis of onshore alterations was conducted
for research on the entire coastal belt of the country using satellite remote sensing datasets.
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Figure 1. Research framework for determining onshore change and shoreline change assessments.

2.1.1. Geographical Extent of the Study Areas

We considered the coastal belt of Bangladesh consists of a total of 14 administrative
districts, including all islands located in the northern Bay of Bengal, allocated inside
the maritime boundary of the country (Figure 2). The study area of interest (Aol), with
a 710 km long coastline stretching from the Hariabhanga River in the west (along the
Bangladesh-India border) to the Naf River in the east (along the Bangladesh-Myanmar
border), running parallel to the Bay of Bengal [41], was also considered for the shoreline
change assessment (Figure 2). The coastal regions of the country are mainly distributed
into three different regions, geo-morphologically named as (i) the South-West Ganges Tidal
Plain (western zone), (ii) the South-Central Meghna Deltaic Plain (southern zone), and
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(iii) the South-East Chittagong Coastal Belt (eastern zone) [41]. Therefore, we illustrated
the entire coastal belt as the area of interest (Aol) (Figure 2). The country’s data sheet
(CDS), datum WGGS84, was checked by the collected geo-database (scale 1:25,000) with
the associated topographic feature classes of Bangladesh provided from the Survey of
Bangladesh (SoB) under the Ministry of Defense (MoD), Government of Bangladesh (GoB).
The eastern zone of Bangladesh is characterized by a muddy shore type in the upper stage
of the Chittagong division, while the lower part is dominated by a sandy sea beach area
with the world’s longest uninterrupted natural beach [16,21,42,43]. The central zone is
geomorphologically the most dynamic part of the active delta due to massive sediment flow
from the Ganges-Brahmaputra-Meghna (GBM) river system and strong river currents close
to the Meghna estuary [15,44]. Several newly accreted islands, islets, landforms, and shoals
are common features of the central estuary zone [13]. Finally, the western zone is principally
characterized by the world’s largest mangroves, the Sundarbans Forest [45], including tidal
flatlands, swamps, floodplains, and natural levees. Every year, the Sundarbans mangrove
forest saves the country as a buffer protection against severe erosion, tropical cyclones, and
tidal surges, making the zone relatively stable [24,46].
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Figure 2. The study area (Datum WGG84): total 14 coastal districts and area of interest (AoI).

2.1.2. Collection of Satellite Images

In this study, enhanced thematic mapper Plus (ETM+) and operational land imager
(OLI) image dataset (30-m spatial resolution) were collected from Landsat 5, 7 ETM+, and
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8 OLI satellites to appropriate spatial resolution and cloud-free coverage for 1991, 2006,
and 2021 [47,48]. All Landsat image data were analyzed for the month of November due to
hazard and cloud-free datasets separately from the Earth Explorer engine of the United
States Geological Survey (USGS). The image acquisition dates for the study years were
(i) 19 November 1991 (Landsat 5), (ii) 20 November 2006 (Landsat 7), and (iii) 19 November
2021 (Landsat 8). In this research, bands 1 to 5, band 7 (Landsat 5 and 7 ETM+), and bands
2 to 7 (Landsat 8 OLI) were employed for tasseled cap analysis (Figure 1).

2.1.3. Tasseled Cap Transformation (TCT)

The tasseled cap analysis was introduced by Kauth and Thomas in 1976 and recognized
as the Kauth-Thomas transformation [49]. It gives a measure of the three (i) brightness,
(ii) greenness, and (iii) wetness indices of the pixel and uses a linear combination of a
total of six bands of the Landsat series [27,32]. We utilized the Landsat Toolbox for image
processing to make it usable in ArcGIS® 10.8.2 (ESRI, Redlands, CA 92373, United States) for
topographic correction, mosaicking and tasseled cap analysis (Figure 1). Bands 1 to 5 and 7
(visible and infrared): (i) blue (B; visible), (ii) green (B, visible), (iii) red (B3 visible), (iv) near
infrared (B4 NIR), (v) shortwave infrared (Bs SWIR-1), and (vi) mid-infrared (B; SWIR-2),
respectively. Landsat 5 and 7ETM+ imagery for the tasseled cap analysis was employed to
generate three TCT indices of 14 coastal districts. The brightness, greenness, and wetness
indices for ETM+ can be computed as the following equations, respectively [49]:

Blgrm+ = (B1-B1) + (B2'B2) + (B3'B3) + (B4-Ba) + (B5-Bs) + (B7B7) ¢y
GIETM+ = (€1~B1) + (€2-Bz) + (E3-B3) + (84-34) + (85'35) + (57'B7) (2)
WIgrmy = (w1-B1) + (w2-B2) + (w3-B3) + (wy-By) + (ws-Bs) + (w7-By) ®3)

where the computed brightness (BlgTpry), greenness (GIgrpy), and wetness (WIgrpry)
indices based on the coefficients (), (¢), (w), and bands (B) represent the TOA (top of
atmosphere) reflectance, and the coefficients are constants accordingly given below [27].

Bleramy = (0.3561-By) + (0.3972-B;) + (0.3904-B3) + (0.6966-By) + (0.2286-Bs) + (0.1596-B;)
Glpramy = —(0.3344-By) — (0.3544-B,) — (0.4556-B3) + (0.6966-By) — (0.0242-Bs) — (0.2630-By)
Wlgras = (0.2626-B1) + (0.2141-By) + (0.0926-B3) + (0.0656-By) — (0.7629-Bs) — (0.5388-B;)

Similarly, for the Landsat 8 OLI dataset, bands 2 to 7 (band 1 skipped as coastal/aerosol)
were named (i) blue (B, visible), (ii) green (B3 visible), (iii) red (B4 visible), (iv) near in-
frared (Bs NIR), (v) shortwave infrared (B SWIR-1), and (vi) mid-infrared (B; SWIR-2),
respectively. The brightness, greenness, and wetness indices for OLI can be computed as
the following equations, respectively [50]:

Blorr = (B2'B2) + (B3'B3) + (Ba'Ba) + (B5-Bs) + (Be'Bs) + (B7B7) 4)
Glorr = (e2:B2) + (€3-B3) + (e4-B4) + (e5-Bs) + (g6-Bs) + (€7-B7) ®)
Wlorr = (wyBy) + (w3-B3) + (wsBy) + (ws-Bs) + (we-Bs) + (wy-By) (6)

where the computed brightness (Blpy 1), greenness (Glpr ), and wetness (WIppr) indices
based on the coefficients (B), (¢), (w), and bands (B) represent the TOA (top of atmosphere)
reflectance, and the coefficients were constants accordingly given below [32].

Blor; = (0.3029-B;) + (0.2786-B3) + (0.4733-By) + (0.5599-Bs) + (0.508-Bg) + (0.1872-B;)
Glor; = —(0.2941-B,) — (0.243-B3) — (0.5424-By) + (7276-Bs) + (0.0713-Bs) — (0.1608-B;)
Wlor; = (0.1511-By) + (0.1973-B3) + (0.3283-B) + (0.3407-Bs) — (0.7117-Bg) — (0.4559-B;)
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2.1.4. Marking of Shorelines

From the TCT processed in the ArcGIS environment, three new bands, (i) brightness
(Bp), (ii) greenness (B), and (iii) wetness (By), were formed. Among the three new bands,
the By wetness index was found to be best fitted for the next step named reclassification of
lands (Figure 1). Reclassification of the wetness raster (Byy) was obtained from the wetness
index raster into two major land cover classes: (i) land and (ii) sea (as waterbodies). The
waterbody (river and sea part) class were given a value of 0, and the land class was given a
value of 10 by default referring to the Landsat Toolbox. After generating the reclassified
land raster for 1991, 2006, and 2021, a reclassified binary image was used to create the shore
boundary. The operation of the Landsat Toolbox was designed to create a polyline between
the two earlier land use classes. In the process of creating shore boundaries, the area of
interest (Aol) was masked to generate precise shore boundaries from the classified land
raster set shorelines 1 (1991), 2 (2006), and 3 (2021) (Figure 1).

2.1.5. TCT Analysis of Onshore Alternation

TCT analysis was carried out for onshore alternations by masking (i) brightness
(Bp), (ii) greenness (Bg), and (iii) wetness (Byy ) band information using the shorelines of
1991 (S1), 2006 (Sz), and 2021 (S3), respectively. Therefore, a total of nine-line rasters of
onshore information were prepared for the extensive TCT analysis of onshore changes
(Figure 1). The nine obtained line raster(s) of onshore information were considered shoreline
brightness (SB), shoreline greenness (SG), and shoreline wetness (SW) of the study period
1991 (SBy, SGy, SWy), 2006 (SBy, SGo, SW»), and 2021 (SBs, SG3, SW3), respectively.

2.2. Shoreline Change Assessment

We created three shore boundaries for 1991, 2006, and 2021 using a 15-year interval.
The shorelines (i) 1991, (ii) 2006, and (iii) 2021 were considered shorelines 1, 2, and 3,
respectively, for the next step onshore line change assessment [3]. Therefore, exploring
changes among the three shore boundaries, including mainland and island shores, was
necessary. In this study, we considered the onshore concept for calculating baselines.

2.2.1. Create Coastal Baseline

A baseline was generated from a novel intersecting layer mask approach of the existing
shorelines. We selected three shoreline segments that best represent the study area of
interest (Figure 1). For intersecting layer masks, the polygon at the specified shape file and
size was selected at the intersection of the three input layers (shoreline 1991, 2006, and
2021). One reference scale was set as the default and set as the reference scale employed for
calculating the masking geometry when masks are specified. After calculating the output
feature class, the obtained feature class that contained the mask features was used as the
baseline of the study. For calculating the coordinate system, we have the spatial reference
of the map in which the masking polygons will be created. This is not the spatial reference
that will be assigned to the output feature class. It is the spatial reference of the map in
which the masking polygons will be used since the position of symbology may change
when features are projected.

2.2.2. Ground Reference Points

A total of 16,550 ground reference points were generated by the “vertex to points”
application from the study baseline as primary ground reference points (GRPs) for this
research. The SoB landmass was used as the dataset and RGB Landsat images (prepared
by band combination) of the respective years to confirm the onshore baseline allocated
onto land only. Similarly, for the baseline GRPs, we generated GRPs from the shorelines of
1991, 2006, and 2021. For the baseline GRPs, the vertex was found to be 16,550, but for the
shorelines, the GRPs were 19,281; 21,945; and 16,548 for 1991, 2006, and 2021, respectively.
For equal assessment and GRPs analysis, two vertices were additionally added for the
shoreline of 2021, and unnecessary vertices were deleted from the shorelines of 1991 and
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2006. During the deleting process, editing tools were used carefully in ArcGIS Desktop.
The shoreline-induced and edited 16,550 GRPs of 1991, 2006, and 2021 were also used to
extract data from the TCT-generated raster(s).

2.2.3. Accretion and Erosion of Lands (1991 to 2021)

For areal assessment, we applied features to polygon applications from data man-
agement tools to generate study baseline polygon features using the Aol. According to a
similar process, we prepared Aols for shoreline 1991, shoreline 2006, and shoreline 2021
polygon features. Thereafter, polygon features were intersected from geoprocessing tools
to determine all accretion and erosion of lands into the mainland, islets, and islands of the
Bangladesh delta.

2.2.4. Neat Accretion of Lands

Neat accretion was calculated by the difference between accession and erosion of
lands from (i) 1991 to 2006, (ii) 1991 to 2021, and (iii) 2006 to 2021 in km?2. Over the study’s
30-year period, the difference between accession and erosion was considered the actual
neat accession of lands of the Bangladesh delta. The actual neat accretion (in km?) was also
found to be equal to the difference in the neat accretion of lands from (i) 1991 to 2006 and
(ii) 1991 to 2021.

2.2.5. Proximity Analysis

Proximity tools in the ArcGIS environment were distributed into two classes: (i) feature
or (ii) raster. In the analysis, the feature type class was used for proximity analysis to cal-
culate the near point distance from the baseline to shorelines (onshore direction) in 1991,
2006, and 2021 using 16,550 GRPs (Figure 1). In the 16,550 GRPs, the point feature file was
considered for calculating the point distance. Therefore, the proximity “Near tool” opera-
tional feature added the calculated distance measurement attribute to the input features
from the onshore direction (Figure 3). Again, the raster-based “Euclidean distance” tools
measured distances from the “center of source” cells to the “center of destination” cells.
The GRPs on the shoreline were used to calculate near point distance (NPD) in meters and
near feature class (NFC) (Figure 3). We calculated NPD 1991, 2006, and 2021 from the study
baseline for the years 1991, 2006, and 2021 simultaneously. We reclassified the NPD 1991,
2006, and 2021 GRPs using the natural Jenks classification method into a total of 10 classes
for understanding near proximity analysis very clearly to general readers.

2.3. Accuracy Assessment and Comparisons

A total of 16,550 GRPs were used to make the study more precise to identify all types of
landforms (Figure 3). Previous studies took part in a small portion, excluding islands, due
to the complex setting of the deltaic shorelines. We considered all land areas by utilizing
the study GRPs on the SoB country data sheet accurately. The shoreline persuaded and
corrected 16,550 GRPs of 1991, 2006, and 2021, which were also utilized to extract point
data from the brightness, greenness, and wetness raster(s) named SBy, SG1, SWj of the
year 1991, SB,, SGj;, SW, raster(s) of the year 2006, and SB;, SGs, SWj raster(s) of the
year 2021 accordingly to check the accuracy of the study. All GRPs were also converted
to decimal degrees to meters in ArcGIS. Then, we exported the meter GRPs in an Excel
spreadsheet and observed that the shoreline shape was also found in the Excel sheet
in meters perfectly. In the proximity analysis, all calculations were conducted in linear
distance (meter). The analysis also checked Excel® separately for confirmation using all
pixel brightness, greenness, and wetness data.
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Figure 3. Proximity analysis of the study.

3. Results
3.1. Onshore Change Assessment

7

The notion of onshore herein was that the ‘last boundaries’ between ‘land” and ‘water
in the Bay of Bengal belong to Bangladesh. The onshore pixel data changed over the decades,
including their locational shifts although the deltaic processes of ‘landmass formation” and
‘coastal bank erosion’ as ‘accretion and erosion of lands’, respectively.

3.1.1. Tasseled Cap Transformation (TCT) of Coastal Districts

The tasseled cap transformation (TCT) method was applied as a remote sensing
technique to explore onshore changes in the Bangladesh delta. A total of nine raster(s)
datasets with onshore brightness (BI), greenness (GI), and wetness (WI) indices were
prepared for the 14 coastal administrative districts of Bangladesh. The Bl values in 1991,
2006, and 2021 ranged from 8 to 173 (Figure 4a), 6 to 240 (Figure 4b), and 3 to 129 (Figure 4c),
respectively. The GI in 1991, 2006, and 2021 ranged from 33 to 246 (Figure 4d), 5 to 230
(Figure 4e), and 16 to 225 (Figure 4f), respectively. The WI in 1991, 2006, and 2021 ranged
from 38 to 234 (Figure 4g), 20 to 249 (Figure 4h), and 3 to 129 (Figure 4i), respectively.
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Figure 4. Brightness index: (a) 1991, (b) 2006, and (c) 2021; Greenness index: (d) 1991, (e) 2006, and
(f) 2021; Wetness index: (g) 1991, (h) 2006, and (i) 2021 of coastal districts, Bangladesh delta.

3.1.2. Land Cover Map

Reclassified brightness, greenness, and wetness index raster(s) were experimented to
prepare two land cover classes: (i) land and (ii) waterbodies. In this research, the wetness
raster(s) gave the best land cover map to prepare land classification. Therefore, the wetness
index (WI) raster transformed into two land cover classes: land and sea (water). The sea
part class was found by the value of 0, and the land class type was calculated by the value
of 10 according to the default parameter. In the classification process, the land rasters
of 1991, 2006, and 2021 were prepared (Figure 5a—c). In the 14 coastal districts, 31,282
(Figure 5a), 31,636 (Figure 5b), and 31,693 (Figure 5c) km? of land were observed in 1991,
2006, and 2021, respectively. The entire longitudinal length, in decimal degrees, was from
89.032 East to 92.358 East. The coast east of Bangladesh, adjacent to the Bay of Bengal, was
considered for 1991. It was found from 89.032 East to 92.352 East in 2006 and 89.033 East
to 92.346 East in 2021. Every study period, it was moved in east longitudinal coordinates
given the changing vibrations of delta shorelines.
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Figure 5. Reclassification of lands of coastal districts: (a) 1991, (b) 2006, and (c) 2021.

3.1.3. Create Shorelines

The shorelines for the respective study years were calculated from the classified land
and sea map using the Aol polygon. The classified land area was masked and edited
within the Aol area using the cartography toolbox, and the polygon was erased by feature
application, except for the shoreline boundaries. The land and sea rasters were reclassified
for 1991, 2006, and 2021. The reclassified binary images were transformed into the “create
shore boundary” operation of the Landsat Toolbox to create a polyline between the two
earlier land use classes. In the process of creating shore boundaries, the area of interest
(Aol) was applied to mask the study area (Figure 2) to generate precise shore boundaries as
study shorelines 1991 (shape length 3270.59 km), 2006 (shape length 3386.03 km), and 2021
(3338.60 km) (Figure 6). For all shape lengths, the entire coastal belt of the Bangladesh delta
was considered, including all large and tiny islands located in the Bay of Bengal inside the
SoB, given maritime boundary data sheets (shape files) of the country.
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Figure 6. Study shoreline combinations of Bangladesh from 1991 to 2021 (15-year interval).

3.1.4. TCT of the Onshore Environment

In the observation of the longitudinal changes (unit decimal degree), wetness values
were greater than greenness values, and brightness values were smaller than greenness
values. This was repeated for all study years of the research in 1991, 2006, and 2021
(Figure 7a—c). A total of 135,930 pixels were counted in onshore 1991, 111,838 in onshore
1991, and 140,225 in onshore 1991. The mean brightness, greenness, and wetness were
29, 102, and 187, respectively, in 1991 (Figure 7a). In 2006, it was found that the mean
brightness, greenness, and wetness changed by 56, 113, and 224, respectively (Figure 7b).
The mean values changed to 20 (brightness), 136 (greenness), and 238 (wetness) in 2021
(Figure 7c). In general, onshore greenness and wetness increased from 1991 to 2006 and
from 2006 to 2021 consecutively. Only a single decreasing pattern was investigated in the
brightness index from 2006 to 2021. Additionally, the brightness index increased from 1991
to 2006.

Onshore Brightness Index

The onshore brightness index was prepared as shore brightness (SB): SB; of 1991
(Figure 8a), SBy of 2006 (Figure 8b), and SB3 of 1991 (Figure 8c). The values ranged
accordingly from 13 to 86 in 1991 (Figure 8a), 5 to 110 in 2006 (Figure 8b), and 2 to 53 in 2021
(Figure 8c). In the SBj of the year 1991, the 85.78%-pixel data valuation was concentrated
from 23 to 36 only from 0 to 255. In 2006, 84.18% of the pixels were agglomerated from
45 to 67 (SBy), and 91.11% ranged from 13 to 28 brightness index values in 2021 (SB3).
Therefore, onshore brightness increased in 2006 from 1991 and decreased in 2021 from
2006 (Figure 9a).
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Figure 7. Onshore TCT and longitudinal changes (decimal degree): (a) 1991, (b) 2006, and (c) 2021.

Onshore Greenness Index

The onshore greenness index was made as shore greenness (SG): SG; of the year 1991
(Figure 8d), SG, of the year 2006 (Figure 8e), and SG3 of the year 1991 (Figure 8f). The
values ranged from 53 to 143 in 1991 (Figure 8d), 62 to 180 in 2006 (Figure 8e), and 111
to 186 in 2021 (Figure 8f). In the SG; of the year 1991, the 88.83%-pixel data valuation
was concentrated from 93 to 108 only among 0 to 255. In 2006, 83.16% of the pixels were
agglomerated from 101 to 120 (SGy), and 88.10% ranged from 123 to 147 greenness index
values in 2021 (SG3). Therefore, onshore greenness increased frequently from 1991 to 2006
and 2006 to 2021 (Figure 9Db).

Onshore Wetness Index

The onshore wetness index was arranged as follows: SW; of the year 1991 (Figure 8g),
SW, of the year 2006 (Figure 8h), and SWj3 of the year 1991 (Figure 8i). The values ranged
accordingly from 75 to 215 in 1991 (Figure 8g), 135 to 250 in 2006 (Figure 8h), and 187
to 246 in 2021 (Figure 8i). In the SW; of the year 1991, the 87.73%-pixel data valuation
was concentrated from 181 to 196 only among 0 to 255. In 2006, 82.22% of the pixels were
agglomerated from 215 to 238 (SW;), and 90.58% ranged from 231 to 244 wetness index
values in 2021 (SW3). Therefore, onshore wetness increased similarly to the greenness index
of Bangladesh onshore from 1991 to 2006 and 2006 to 2021 (Figure 9c).
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Figure 9. Onshore TCT change statistics: (a) brightness, (b) greenness, and (c) wetness.
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3.1.5. Onshore TCT Change Comparisons

TCT analysis provides linear relationships among (i) brightness, (ii) greenness, and
(iii) wetness combinations. This study exemplified the linear combination of three band
features: TCT-BG (brightness and greenness) (Figure 10a—c), TCT-BW (brightness and
wetness) (Figure 10d—f), and TCT-WG (greenness and wetness) (Figure 10g—i). From the
TCT at-satellite reflectance of the three main uncorrelated indices, it was observed that
the brightness index as a measurement value for the onshore ground surface was reduced.
Therefore, greenness increased gradually in parallel with the wetness index. The greenness
index, as a measurement value for the phenology of vegetation, significantly provided
information positively that the Bangladesh delta will also be greener in the future. The
yellow stuff belongs to the wetness index, which is the representation of soil and vegetation,
as the information of plant canopy moisture interacted gradually to improve greenness,
usually to attain a degree of acceptance of this TCT application onshore remote sensing.
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Figure 10. Onshore TCT change comparisons: (a) TCT-BG of 1991, (b) TCT-BG of 2006, and
(c) TCT-BG of 2021, (d) TCT-BW of 1991, (e) TCT-BW of 2006, and (f) TCT-BW of 2021, (g) TCT-
WG of 1991, (h) TCT-WG of 2006, and (i) TCT-WG of 2021.

3.2. Shoreline Change Assessment

In the onshore change assessment, pixel TCT properties changed over the periods
of 1991, 2006, and 2021 (Figure 10a—i). The shorelines were shifted geographically, and
the second portion of this study was focused on the shoreline change assessment of the
Bangladesh delta in 2006 from 1991 and 2021 from 1991 and 2006, and from the study
baseline of the Bangladesh coast.
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3.2.1. Baseline Assessment and GRPs

Three shorelines for 1991, 2006, and 2021 for a period of 15 years intervals were utilized
for the change assessment (Figures 6 and 11a). The shorelines of 1991, 2006, and 2021 were
explored using onshore changes among the three shore boundaries, including mainland
and island shores (Figure 11a). In intersecting layer mask processing, the study baseline
was created (Figure 11a). In the study, the baseline was taken onshore (Figure 11b). For areal
analysis, the upper line of the Aol was combined with the acquired, baseline, shoreline 1991,
2006, and 2021 (Figure 11a). In this research, the point, line, and polygon shape features
were embedded with the Aol (Figure 2) to assess shoreline changes. The baseline length
was calculated to be 2633.12 km (Figure 11b). Point features were based on a total of 16,550
GRPs (Figure 11c), line features were from the created shore boundaries (Figure 11a), and
thirdly, polygonal features were generated from the area assessment stage (Figure 12a—d)
as part of the Aol area assessment, land accretion from the baseline, land accretion, and
erosion in the respective study years in the Bay of Bengal of the Bangladesh territory.
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Figure 11. Cont.
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Figure 11. Baseline assessment and validation by ground reference points (GRPs) using the SoB-
provided country datasheet of Bangladesh: (a) create coastal baseline, (b) point and line features
intersection of baseline, and (c) total 16,550 baseline GRPs.
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Figure 12. Area assessment using Aol Mask: (a) base land, (b) study land (1991), (c) study land (2006),
and (d) study land (2021).



Remote Sens. 2023, 15, 295

17 of 25

3.2.2. Area Assessment of Study Lands Using the Aol Mask

In the study, the baseline induced base-land Aol was 7572.81 km? (Figure 12a). The
Aol-based study-lands were assessed in 1991 (8448.81 km?), 2006 (8798.09 km?), and 2021
(8872.03 km?) accordingly (Figure 12b-d). Therefore, the polygonal shapes represented that
the shoreline adjacent areas were changed, and the overall lands were accredited for the
area increasing pattern of the coastal areas in Bangladesh.

3.2.3. Accretion of Lands (Baseline to Shorelines)

The total land accretion with a baseline for 1991, 2006, and 2021 was observed through
the distribution among the coastal areas (Figure 13a—c). Additionally, land accretion was
listed as 876.01 km?, 1225.28 km?, and 1299.22 km? in 1991, 2006, and 2021, respectively
(Table 1). The study baseline was obtained as intersected layer masks among all shorelines,
and therefore, no erosion of the baseline was found (Figure 11a).
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Figure 13. Land accretion along with the study baseline in the coastal region of Bangladesh (baseline

to shoreline): (a) 1991, (b) 2006, and (c) 2021.

Table 1. Accession of lands from baseline to shoreline.

From Baseline

Accretion (km?)

To shoreline of 1991
To shoreline of 2006
To shoreline of 2021

3.2.4. Neat Accretion and Erosion of Lands (Shoreline to Shoreline)

The baseline was constantly used for the study to obtain accessions and erosion from
the shoreline to the shoreline accordingly (Table 2). In Figure 14a, a total of 825.15 km?
of land was accredited in 2006 from the 1991 shoreline with 475.87 km? of coastal erosion
(Table 2). Figure 14b shows that a total of 1223.94 km? of land was accredited in 2021
from the 1991 shoreline with 800.72 km? of coastal erosion (Table 2). Therefore, the study
revealed that from 1991 to 2021, the neat accession was 73.94 km? (Table 2). By Figure 14c,
the land accession and erosion were observed to be 756.69 km? and 682.75 km?, respectively,

from 2006 to 2021 (Table 2).
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Figure 14. Cumulative accretion and erosion of lands in the coastal region of Bangladesh (shoreline
to shoreline): (a) 1991 to 2006, (b) 1991 to 2021, and (c) 2006 to 2021.

Table 2. Changes in accession and erosion of lands along shorelines.

Shoreline Accretion (km?) Erosion (km?) Neat Accretion (km?)
1991 to 2006 825.15 475.87 349.28
1991 to 2021 1223.94 800.72 423.22
2006 to 2021 756.69 682.75 73.94 *

* Actual neat eat accretion over 30 years from 1991 to 2021.

3.2.5. Proximity Analysis: Near Point Distance and Near Feature

Proximity analysis was employed to calculate the relationship between the selected
16,550 ground reference points and their neighbors (Figures 11c and 15a—c). We also calcu-
lated the entire shape length of the study baseline and shorelines (Figure 11b). Additionally,
near point distance (NPD) classes of 1991 (natural Jenks in meters) from baseline points
to shoreline points were also calculated to understand shoreline change classification in
the Bay of Bengal area of Bengal delta (Figure 15a for the study year 1991, Figure 15b for
the study year 2006, Figure 15c¢ for the study year 2021). It was also classified to prepare
NPD classes (Table 3), which gives us a clear view of the Bangladesh shoreline movement
within the last three decades from 1991 to 2021 (Figure 15a—c). Finally, the shoreline points
as near-distance features for 1991 (Figure 15a), 2006 (Figure 15b), and 2021 (Figure 15c)
were used for assessing near-feature GRPs by baseline points (Table 4). Near features of
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the study were observed by point-to-point proximity analysis using location (optional) tick
marks in the near proximity assessment (Table 4).

Table 3. Count (number) and percentage of baseline GRPs by near point distance (NPD) classes to shorelines.

NPD-1 (1991) NPD-2 (2006) NPD-3 (2021)

Class Number NPD Class (m) Count % Count % Count %
1 0-136.65 8301 50.16 7886 47.65 8568 51.77
2 136.66-379.51 2827 17.08 3611 21.82 1249 7.55
3 379.52-746.59 1547 9.35 1363 8.24 1214 7.34
4 746.60-1334.52 1128 6.82 1034 6.25 1204 7.27
5 1334.53-2086.62 790 4.77 847 5.12 938 5.67
6 2086.63-3050.70 840 5.08 566 3.42 772 4.66
7 3050.71-4432.38 529 3.20 587 3.55 1009 6.10
8 4432.39-6738.46 298 1.80 247 1.49 1032 6.24
9 6738.47-9540.68 242 1.46 115 0.69 364 2.20
10 9540.69-17,159.42 48 0.29 294 1.78 200 1.21
Total 16,550 100 16,550 100 16,550 100

Table 4. Near feature analysis of the study baseline ground reference points (GRPs) for validation.

Near Shoreline Baseline GRPs Avg. Distance from
Feature Count %, Baseline (in m)
Shoreline of 1991 5935 35.86 245.45
Shoreline of 2006 3305 19.97 474.84
Shoreline of 2021 7310 4417 379.19
Total 16,550 100
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Figure 15. Near point distance (NPD) in meters using proximity analysis (baseline to the shoreline):
(a) NPD-1 of 1991, (b) NPD-2 of 2006, and (c) NPD-3 of 2021.

3.3. Accuracy Assessment

This study was conducted utilizing 16,550 vertices to points of the baseline as GRPS
(Figure 11a—c). These GRPs were settled into the landmass of the country that was verified
by the SoB country datasheet, and these landmasses have never faced any land erosion
activities since 1991 to date. Therefore, we projected the degree decimal points features to
meter points features graphically using Microsoft Excel®. Similar results were obtained
from the Excel analysis for the research and were good-fitted evidence. We obtained
comparisons among NPD 1991, 2006, and 2021 classes, and listed them in Table 3. The
changes in Bangladesh shorelines in the range from 1991 to 2021 were observed with a
15-year interval in 2006 (Table 4).

4. Discussion

The shoreline of coastal areas has changed frequently over the decades. Although it is
a natural process, it has a vital role in influencing coastal livelihoods in the country due to
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densely populated coastal regions. In 1991, the Landsat 5 dataset was excellent compared
with the 2006 Landsat 7 dataset. The limitations of the study were the ‘Landsat Toolbox’
provided ‘Repair Landsat 7 ETM+ Band’ had been used for necessary corrections of 2006’s
Landsat 7 datasets. The Landsat 8 OLI bands were excellent. All the calculations were
performed in meters (m) for point and line distances and in square kilometers (km?) for
polygonal area assessment. Bangladesh has a 710 km-long coastline stretching from the
Hariabhanga River in the west (along the Bangladesh-India border) to the Naf River in the
east (along the Bangladesh-Myanmar border), running parallel to the Bay of Bengal (Matin
and Hasan 2021). However, after considering all islands, isles, islets, and riverine shoreline
shapes, including mainland shore boundaries, we found land and water (sea) demarcation
shapes (in km) of 3270 km in the shoreline year 1991, 3386 km in 2006, and 3338 km in
2021 (Figure 11a). This length calculation was only inside the Aol coastal belt of the entire
Bangladesh delta (Figure 12). The calculated baseline shape length (2633.12 km) was less
than all shorelines for the intersecting loss of many small islands (Figure 11b). In the study,
the baseline-induced base-land Aol was 7572.81 km? (Figure 12a). In addition, we found
it to increase among all Aol-based study land in 1991 (8448.81 km?), 2006 (8798.09 km?),
and 2021 (8872.03 km?) (Figure 12b,c). Therefore, a clear view of the country observed that
the shorelines are moving toward change, and overall lands were accredited for the area
increasing aspects of the Bangladesh delta.

Matin and Hasan (2021) investigated the net area loss and gain of the Bangladesh
delta by three zonal classes: west zone 40.67 km? (neat erosion), central zone 61.69 km? loss
(neat erosion), and eastern zone 30.20 km? (neat accession) from 1989 to 2019. Sarwar and
Woodroffe (2013) found that the total area along the Bangladesh shoreline changed slightly
across the whole shoreline from 1989 to 2009 (20 years), with 315 km? of accretion and
approximately 307 km? of erosion. In this study, in detail, neat accretion and erosion were
calculated. From 1991 to 2006, the total accredited land area was 825.15 km? (Figure 14a).
However, it was 756.69 km? from 2006 to 2021 (Figure 14c) (Table 2). Thus, we obtained total
accretion from 1991 to 2021 over the 30-year period of 1223.94 km? (Figure 14b) (Table 2).
In the case of coastal erosion assessment, the results gained for the period 1991 to 2006
and 2006 to 2021 were 475.87 km? (Figure 14a) and 682.75 (Figure 14c) km?, respectively
(Table 2). Therefore, the total coastal erosion was 800.72 km? from 1991 to 2021 (Figure 14c)
(Table 2). Therefore, the net accretion was 73.94 km? from 1991 to 2021 (Table 2). This can
be proof that the Bangladesh delta is active and increasing towards frequent change. If
the erosion process is increasing, it can be threatened for coastal people to continue their
livelihoods in relation to climate change and sea level rise issues. In the study, erosion
also considered landmass sinking and accretion related to land level rise due to sediment
load deposition on the continental shelf of the Bay of Bengal. Table 4 represents the near
feature of the study baseline GRPs from the calculated three shoreline features as another
result of shoreline changes in the Bay of Bengal. Further research is also significantly
required to understand the impacts of shoreline alternations on land use and livelihoods
changes. In this stage of this research, we could predict the alternations process from 30
years of datasets. In our next stages, the impact of shoreline alternations will be carried out
considering extreme climatic events.

5. Conclusions

Bangladesh is a country with a dense population and diversified riverine and deltaic
landforms. A detailed shoreline assessment and change assessment study is required to
support the delta plan implementation activities of the country government. Bangladesh
coastal areas are increasing, but the rates were slower after the period 1991-2006 in 2006—
2021. In the 15-year period from 2006 to 2021, the erosion rate also increased. New lands
could be added with the country datasheet that was collected from the Survey of Bangladesh
office of the government. This study was important to prepare accurate mapping of the
southern parts. There was a large gap found in the government offices—that they do not
have updated or finalized shoreline boundaries (shape files) that are necessary for the
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respective year. In this study, we prepared shoreline boundaries for 1991, 2006, and 2021 as
the country’s shoreline boundary in the Bay of Bengal. This research can be utilized for
future studies, and similarly, other researchers can build up shore boundaries, including
changes over time, for future projections of land use planning.
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