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Abstract

This thesis aims to address the subsidence measurements of
major urban areas in Bangladesh. Land subsidence occurs due to
drivers of nature (rising water, sediment compaction, tectonics, and
reduced sediment supply) or anthropogenic (Fluid extraction). These
phenomena are affecting cities around the world, such as Nagoya
(Japan), Venice (Italy), San Joaquin Valley and Long Beach (California),
and Houston (Texas). Likewise, Dhaka and Chittagong cities in
Bangladesh are also subsiding, which is proven by a few other studies,
but those studies did not show the factors, mechanism of subsidence,
and rate of subsidence had anomalies as the rate of subsidence differ
from each other.

Interferometric Synthetic Aperture Radar (InSAR), a satellite—
based method, has become effective at mapping ground deformation
across vast areas with mm-—scale accuracy. These maps might offer
crucial information on what causes subsidence by examining the
parameters accountable to that ground motion jointly with other
sources and in this study, I coupled SBAS-InSAR techniques, census
reports of groundwater use, and population along with soil class to
investigate the spatial relationship with those parameters. This study
investigates the spatiotemporal characteristics of land motion between
January 2018 and December 2021 over the city of Dhaka and
Chittagong, located in Bangladesh.

The Small BAseline Subset algorithm is selected to minimize the
spatial decorrelation problem. Sentinel-1 satellite data is used to
generate a LOS (Line of Sight) velocity map. InSAR results showed
that Dhaka and Chittagong city is subsiding at a significant rate along

the LOS direction in some areas. The range of LOS velocity measured



1s spatially varied in a complex way across both the study area.
Patterns of subsidence correlate closely to geological settings and
groundwater uses, which enabled us to find the recent land subsidence
potentials and rates over the major urban areas of Bangladesh. This
study also suggests monitoring the urban areas of Bangladesh using
continuous observation techniques like the installation of GPS, proper
investigation of lithology, and many more. At the same time, this study
suggests through investigation of Chittagong city since the subsiding

rate over the region is significantly high.

Keywords: SBAS-InSAR, Subsidence, Dhaka, Chittagong, Timeseries
Analysis
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Chapter 1. Introduction

1.1 Research Background

Deltas are landforms created by depositing sediments carried by
rivers as they flow into the mouth of a lake or ocean [1], a dynamic
sedimentary environment that is also a living place for about half a
billion people around the World [2]. Catchment developments,
population, and economic growth introduce several problems to deltas.
Around the world, out of 33 deltas, 24 are experiencing land
subsidence, which is the delicate settling or quick sinking of the
discrete portions of the ground surface due to natural processes like
sediment loading combination, compaction, tectonic activity along with
human activities like groundwater, hydrocarbon extraction [3, 4]. This
leads to severe impacts when cities are located within these deltas, as
land subsidence is a matter of great concern from a socioeconomic,
environmental, protection, and food security viewpoint [5]. Coastal
regions are the most prolific and valuable ecosystems on our planet
and the thin transition between terrestrial and marine environments
[6]. Around 60% of the world's major cities are located in coastal
regions, and roughly 40% of the population of the planet lives within
100 kilometers of a coastline [7]. Many coastal cities are subsiding at
a higher rate than the sea level rise around the World [8]. If the extent
of subsidence in coastal areas continues at the recent rate, those
coastal areas with be challenged by an environmental impact like
flooding.

The Bengal Delta, which drains the whole Himalayas, is the
biggest in the world. The delta is home to different plants, animal
specles, and humans. It is also a significant source of fresh water for

the region, and geologically it is a lowland bounded by the Shillong
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Plateau on the north, which lies between the collision zone of the
Indian and Eurasia plate; the Burma Arc fold belt to the east; the Bay
of Bengal on the south, and the Indian craton to the west have the
uplifting characteristics [9]. The Ganges and the Brahmaputra, two
Himalayan rivers, along with another non—Himalayan River, the
Meghna, have built this delta in South—-East Asia [10, 11].

Several other studies have proved that many areas worldwide
suffer from subsidence due to fluid extraction, like China, Indonesia,
and Italy [12-15]. It was proved that the leading cause of land
subsidence was excessive groundwater pumping [16, 17]. The
consolidation of the aquifer due to the overexploitation of groundwater
results in rapid land subsidence. Variations could lead to the
displacement of several centimeters in water storage in some cases.
Throughout the world, manmade-induced subsidence and its impacts
on the geological environment have been observed [18-20] along with
those roads, bridges, and buildings that may be affected by subsidence
within megacities like Mexico, Beijing, and Jakarta [21, 22]. To
anticipate and mitigate those issues, it is essential to know the
subsidence process to lower the magnitude of adverse impact and the
contributing factors.

The Bengal Delta subsidence is not appropriately understood as
only a few pieces of research had been carried out on a regional basis
to measure the subsidence rate using magneto-—stratigraphic dating,
carbon dating, bore/well-logs, and geomorphic surveys [23, 24],
which findings had the great extent of uncertainties and limited spatial
extent. The analysis of river and tide gauges in the delta found
subsidence of up to 7 mm/year [25]. Another study based on publicly
available data (1987-2000) from Permanent Service for Mean Sea
Level (PSMSL) founds a similar trend of subsidence with 11-20
mm/year along the coastline of the study area [26] biased by the
examination of the 1977-2010 record of gauge using hourly data from

-11 -



Bangladesh Inland Water Transportation Authority (BIWTA) [27]. Also,
research was carried out to measure subsidence rate with GPS
velocity measurement from 2003 to 2008 [28].

Subsidence phenomena up to cm to mm level precision are
possible with GPS and leveling data with a higher temporal resolution.
Still, these pointwise measurements fail to provide spatial variability
to 1dentify the occurrence and magnitude of local small-scale
subsidence, especially for regions without monitoring sensors [29-32].
Interferometric Synthetic Aperture Radar (InSAR), on the other hand,
1s an active satellite remote sensing method capable of detecting
millimeter to centimeter—level movements of the Earth’s surface using
backscatter phase information but having lower temporal resolution
[33, 34]. Therefore, combining InSAR, GPS, and other data sources by
incorporating their spatial and temporal resolution properties and
sensitivity to different components of ground motion is more capable
of precise ground movement measurement.

In terms of the remote sensing approach, exploitation of C-band
and L-band InSAR techniques was applied earlier for investigating the
subsidence rates in Bangladesh (on a local scale), especially in Dhaka
city [11, 35]. However, studies were done with L-band InSAR
techniques measured an average rate of subsidence of 3.8 mm/year
largely differs from what was found at about 12.4 mm/year with GPS
measurement in Dhaka. In terms of methodology, this study used
conventional InSAR techniques (affected by phase noise), which have
fewer advantages than Persistent Scatter Interferometry (PS-InSAR)
and Small Baseline (SBAS) due to the lack of a large number of images.
On the other hand, the study did not investigate the factors or
parameters correlated with the subsidence.

This study seeks to measure the recent rates of land subsidence
along Dhaka and Chittagong city of Bangladesh using the SBAS InSAR
technique. It is hypothesized that the current rate of land subsidence

-12 -



1s higher than the previous study, and the subsidence velocity is
primarily controlled by local geology and fluid extraction. The
intellectual merits of this study are the combination of InSAR and
factors affecting the subsidence along major urban areas of
Bangladesh. To that end, this study centered on the first—time
satellite-based detection and monitoring of subsidence of major urban
areas of Bangladesh induced by a variety of natural and anthropogenic
phenomena, which will give an insight into the causes of subsidence
and the recent rate of subsidence. With this work, [ used Small
Baseline Subset Interferometric Synthetic Aperture Radar (SBAS-

InSAR) method to scrutinize the subsidence evolution along major

urban areas of Bangladesh. The primary focus of this study has twofold:

(1) To prepare and preprocessing spatial influencing factors for
analyzing InSAR-derived urban subsidence in Bangladesh (2) To
identify major factors of subsidence in urban areas using geo-—
statistical analysis. Satellite images are collected from the Alaska
Satellite Facility (ASF) of the Sentinel-1 satellite and processed using
the method detailed in the methodology section to calculate current
subsidence velocity (LOS). Finally, those measurements are used to
map the subsidence rate in the LOS direction within our area of
interest. The maps are first visually inspected for spatial patterns that
correlate with natural and anthropogenic influences, like geology (Soil
class) and groundwater withdrawal (Dependency on groundwater as
drinking water sources); also, statistical analysis is executed to prove

the relationship with factors hypothesized with this study.

1.2 Thesis Outline

Chapter 2 introduces the study area and the datasets used for this
study.

Chapter 3 denotes the detailed procedure of the study to retrieve

-13 -



the subsidence information and statistical analysis methods.
Chapter 4 describes the detection performance of the study and
visual interpretation, statistical analysis of InSAR results, and
Chapter 5 provides a discussion of the outcomes of this study.

Chapter 6 is the conclusion of the dissertation.

-14 -



Chapter 2. Study Area and Data Selection

2.1 Study Area
2.1.1 Geographical Location
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Figure 2.1 Study Area, Dhaka City.

Bangladesh's capital and largest city, Dhaka, is situated in the
country's central region between the longitudes of 90°19°10.37" and
90°31°1.61"7 and the latitudes of 23°40°49.9” and 23°54'46.5". It has a
total area of 306 square kilometers (Figure 2.1). Due to population
migration from the countryside and townships, Dhaka city has been
observing significant growth in its population over the last three

decades [36]. Dhaka city is encompassed by the floodplains from the
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Ganges, Jamuna, and Meghna rivers and is surrounded by Buriganga,
Turag, Balu, and Shitlakhya [37].

Figure 2.2 Study Area, Chittagong City.

Chittagong is the second largest city of Bangladesh, located in the
southeast region of Bangladesh; it lies between longitudes 91°7" E to
92°14" E and latitude 21°54" N to 22°59’ N, covering an area of about
155 square kilometers (Figure 2.2). It is situated on the north bank of
the river Karnaphulli between the Chittagong Hill Tract and the Bay of
Bengal, with a population of about 2.5 million [38]. Chittagong city also
includes the Chittagong seaport which is the largest seaport in
Bangladesh. It is located on the bank of the Karnaphuli River and is the

core part of countries dependent on the Bay of Bengal.
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2.1.2 Geology of the Study Area
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Figure 2.3 Soil Classification of Dhaka city (D1, D2 refer to stiffest soil
units which are termed tulus deposits, D3 and D4 refer to fewer stiff
units compared to D1 and D2, composed of sands, silts, and clay termed
floodplains and D5 is less stiff than that of D3 and D4, and Class E refers
to artificial deposits).

Dhaka city is spread out on a low—lying Holocene floodplain and a
high Pleistocene terrace (Madhupur terrace). The geology of the city
broadly can be divided into six distinctive units. They are 1)
Pleistocene terrace deposit, 2) Holocene terrace deposit 3) Holocene
alluvial valley fill deposit 4) Holocene alluvium 5) Holocene channel
deposit and 6) Artificial fill.

The National Earthquake Hazards Reduction Program (NEHRP)

program now recognizes the association between the shear wave
-17 -
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velocity of the top 30 m of sediments and/or rocks and ground motion
amplification. The surface geology of Dhaka is divided into six
separate classes (Figure 2.3), according to NEHRP class from the
Comprehensive Disaster Management Programme [2009] D5 refers to
a unit that is significantly less stiff than classes D3 and D4, whereas
D1 and D2 are stiffest units, relating to Madhupur clay and a localized
tulus deposit. D3 and D4 are fewer stiff units, corresponding to
Holocene alluvial (floodplain) sand, silt, and clay. Holocene marsh
sediments and more recent artificial fill (>500 years) make up most of
Class E.

According to geology, the Chittagong region is part of the Bengal
Foredeep of the Bengal Basin, where Neogene strata with a well-
developed shale and sandstone alternation are found.

The area fills a sizable space between the Arakan Yoma Folded
System and the Hinge Line. Floodplain deposits with various
depressions, such as ditches, marshy terrain, etc define the region's
topography. The study area is generally elevated between —-8.8 and
4.395 meters. In the Foredeep region, the basement rock is likely
found between 12 and 15 kilometers below the surface. The area under
investigation is on the folded flank of the Foredeep, which
encompasses many of Chittagong and the Chittagong Hill Tracts' sub-
meridian structures. The slight sloping to the south and west [39].

The region's surface geology features a large variety of geologic
units. Geomorphic location dominates and controls the distribution and
order of the geologic units. There are two main trends in the surface
geology of the Chittagong City region. In the southern portion of the
research region, between the Karnaphulli River to the east and south
and the Bay of Bengal to the west, Quaternary sediments were

exposed.
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Figure 2.4 Soil Classification of Chittagong City (ava is valley alluvium
and colluvium, csd is beach and dune sand generally refers to coastal
deposits, QTdi is Dihing Formation having sandstone, claystone, and
siltstone (Pleistocene and Pliocene), Tbb is boka bil formation consist
of siltly shale/shale, siltstone, and sandstone (Neogene), and finally Tb
refers to bhuban formation composed of shale, sandy shale and siltstone
(Miocene) ).

The northern portion of the research area featured the most
exposed tertiary deposits. On the western and eastern edges of the
northern half, fill deposits from the Piedmont and valleys cover the
surface. Surface geology serves as the primary foundation for the

concept of the subsurface geology of the study area.

2.1.3 Hydrology of the Study Area

The Madhupur Clay, also known as the Dupi Tila aquifers, sits on
-19-



top of a series of sands that range in size from fine to coarse. The
Dupi Tila Formation's fine- and medium-grained sands at the top
grade into medium- and coarse—grained sands with gravels as they
descend to the base. The Dupi Tila system is split into two aquifers by
a discontinuous clay layer: an upper, fine—grained aquifer (the upper
Dupi Tila aquifer 1), which is 40-50 m thick, and a lower, coarser
aquifer (the upper Dupi Tila aquifer 2), which is 80 m thick. Recently,
boreholes conducted for exploration beyond 200 m depth have
breached the underlying clay layer. Overlying a deeper sequence of
sands that is more than 100 m deep is the basal clay, which is 10 to
15 m thick.

Chittagong's hydrogeology 1is tectonically and structurally
regulated. The aquifer geometrical patterns undergo regular changes
on a local level. The area that was uplifted quickly due to tectonic
compression is characterized by a steep gradient and a high sediment
supply. The sides of the flood plain, on the other hand, are routinely
filled upward and are distinguished by a prevalence of muddy overbank
deposits. Poor to fair aquifer conditions with changing piezometric
levels or heads and low to extremely low permeability was the result
of this. Since individual wells have been dug to these depths, it is not
well understood how thick the deposits in the floodplain are, but they
are more than 250-300 m thick. The depth is widely thought to be far

greater, though sediment layers with larger grain size.

2.2 Single Look Complex (SLC) Data Selection

In this study, descending direction SLC (Single Look Complex)
datasets for Sentinel-1 satellite were collected from Alaska Satellite
Facility that downlinks, processes, archives and distributes remote—
sensing data to the scientific user all around the world whose mission
is to make remote-sensing data accessible. Descending (Des) orbit

-20 -



path number 150, and 77 covering the capital of Bangladesh, Dhaka
city, and the second largest city of Bangladesh Chittagong from 2018
to 2021 is used for the study. Coverage of the SLC scene on the map

1s given in figure 2.5.

Figure 2.5 Map of the study area, bounding box covers the scene for
Sentinel-1 satellite of the study area.

Furthermore, details on Sentinel-1 SLC scenes are given in the
following tables, which focus on a very basic description of the SLC
data used for this study separately for both the major urban area of
Dhaka and Chittagong of Bangladesh in tables 2.1 and 2.2.

-21-
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Table 2.1 Sentinel-1 SLC Data Description Dataset 1:

Path 150
Frame 510
No. of Scene 89
Period 2018-2021
Orbit Descending
SLC Spatial resolution (20 x 5) m
Center inc. angle 39.41
Range looks 9
Azimuth looks 3
Polarization \AY

Table 2.2 Sentinel-1 SLC Data Description Dataset 2:

Path 77
Frame 520
No. of Scene 81
Period 2018-2021
Orbit Descending
SLC Spatial resolution (20 x5 m
Center inc. angle 37.10
Range looks 9
Azimuth looks 3
Polarization VAV

2.3 Groundwater Use and Population Data:

The population and housing census i1s the only source of
trustworthy and comprehensive statistics on Bangladesh's population

numbers as well as significant socioeconomic and sociodemographic
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features. The population and housing census collect data on the
geographic and administrative distribution of the country's population
and households, as well as the demographic and socioeconomic
characteristics of all citizens. The census data is categorized,
tabulated, and disseminated so that researchers, administrators,
policymakers, and development partners can utilize it to create and
implement various multi—sectoral development projects at the national
and community levels.

In this study, we collected the groundwater use data for Dhaka and
Chittagong city from the last population and housing census report of

Bangladesh that took place in 2011. For administrative purposes, both

Dhaka and Chittagong city are subdivided into small units called a ward.

Data collected on population, and groundwater use data for both the
city for each administrative unit ward. Appendix 1 describes the details
data of Dhaka city and Appendix 2: describes the details data of

Chittagong city’s population and census reports relevant to this study.

2.4 Subsurface Sedimentary Sequences (Chittagong):

A feasibility study named “Multilane Road Tunnel under the River
Karnaphuli, Chittagong, Bangladesh” was done during the construction
of a tunnel in Chittagong. They used the lithologic cross—section data
during their study. Though we tried to access those data but failed. So,
we collected the 3D diagram of the lithologic cross—section which had
information on lithology up to a depth of 300m. Further, analyzed the
image data to convert those to clay (%) data for the Chittagong study
area. Figure 2.6 shows the lithologic cross—section of the study area
Chittagong along with the map of the wells, and the direction of clay
proportion extraction (Clay proportion is extracted along the yellow
arrow shown in figure 2.6). Clay proportion data extracted from the
image analysis of lithologies are given in table 2.3
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Table 2.3 Chittagong City Subsiding area’s clay Information:

Chittagong City
Wells Clay % Sand %
Navy-17 29.65 70.35
. EPZ-2 | 53.42 46.58
| Ward-40 _(Analysis) 54.48 15.52
| Ward=39_(Analysis) _ 53.33 2051
VWard-38 _(Analysis) 50.38 19.62

CWASA-8

cwAsA-cW CWASA-CW1

CwasAHE SR > &

A CWASA-P1

NNNNNNNN N cwasa-pn

sy S e
PATENGA ANCREBA ¢
KAFGo1

Figure 2.6 (a)Lithologic diagrams of Chittagong city — Anowara area
down to the depth of 300 m based on CWASA and other logs [39] . (b)

Area of interest modified form (a).
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2.5 Impact of Sedimentary Sequence on Subsidence:

The primary contributors to land subsidence brought on by
groundwater pumping are fine—grained sediments especially clays and
silts within an aquifer system. They are composed of platy grains by
nature. Fine—grained sediments frequently have random orientations
when they are first deposited. There is plenty of space between these
randomly arranged sediment particles for water storage. However,
such randomly orientated sediments are reorganized into stacks when
groundwater levels drop too low levels. To store water, these stacks
have less space between them. The impact of clay on subsidence has
been proved by different studies and the science behind the

subsidence with graphics is as follows [40]

M * ] Recoverable land subsidence caused by
—% s s + reversible elastic deformation
A Permanent land subsidence caused by
Pieaies o et ] | Land surface irreversible inelastic deformation
-~ Sand:and-gravel " | F————T—]
Clay and silt m ¢
(aquitards) Rl Compaction of the aquifer system
= o is concentrated in the aquitards.

Granular aquitard Rearranged, compac-
skeleton defining fluid- ted granular aquitard
filled pore spaces skeleton with reduced
storing ground water porosity and ground-
water storage capacity

Figure 2.7 Impact of clay on land subsidence [40]
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2.6 Data Normalization and Standardization:

Normalization:

This process is also called Min—Max Scaling. In this process,
transformation of data is done in such a way that the values range from
O to 1. This can be done by subtracting the minimum value from each
data point and then dividing it by the range. The range is calculated by
subtracting the minimum value from the maximum value. This ensures

that all our data points are within the range of O to 1.

_ X—-min(X)
Xnorm = max(X)—min(X) 2.1

Where, Xiorm corresponds to normalized data, X is the data before
normalization, max(X) implies maximum value of X and min(X) implies

minimum value of X.

. Actual Data Normalized Data

_.1_12‘

1 2 3 4 5678%10

Figure 2.8 Data normalization overview.

Standardization:

The practice of putting different features on the same scale is
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known as data normalization. To put it another way, standardized data
1s created by rescaling the attributes so that their mean is O and
standard deviation is 1.

At the same time as our data had categorical values (for Dhaka
city), there is a need of utilizing any technique so we used the dummy
variable technique to remove the anomalies in our results.

_ X-mean(X)

Xstand = std. dev(X) -

Where, Xstana corresponds to standardized data, mean(X) imples
the mean value of X and finally std. dev(X) is the standard deviation of
X.

Source 1 Source 2 Source 3

Data Standardization

Figure 2.9 Data standardization process.
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Chapter 3. Methodology

This chapter offers a brief overview of the methodology of
Synthetic Aperture Radar, Interferometric Synthetic Aperture Radar,
and Time-series Interferometric Synthetic Aperture Radar techniques
like SBAS InSAR. During this study, all the above principles is
deployed to access the subsidence of two major cities located in

Bangladesh.

3.1 Synthetic Aperture Radar

Synthetic Aperture Radar (SAR) is a microwave imaging device
with the ability to penetrate clouds and operate both during the day
and at night. As a side—looking radar antenna has the arrangement to
eliminate the ambiguity of backscatter from both sides of the satellite
track, it actively illuminates the ground with electromagnetic pulses
with a microwave frequency (0.3-300 GHz, 1000-1 mm [41].
Synthetic Aperture Radar (SAR) involves a coherent airborne side-
looking pulsed radar system that utilizes its flight path to simulate a
profoundly large antenna and microwave radiation is transmitted to the
ground to illuminate the target. As a result, a synthesized larger
antenna coverage becomes available [42, 43]. The basic geometry of
the side-looking SAR Imaging system is given in a sketched figure 3.1

The direction of radar illumination is called the range direction
whereas the moving direction of a satellite is called the azimuth
direction. The antenna receives the backscattered signal from the
target. With this geometry and using the speed of light, the range gets

measured.
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Figure 3.1 Typical SAR imaging geometry.

The microwave energy scattered back to the radar system gets
measured. All the radar—-returned signals are processed to determine
the properties of the target. There are variations in returned signals
based on the distance of the target. As a result, by measuring the time
variations between the transmission and reception of pulse t, the range

between the sensor/radar and the target is calculated as.

RS=% 3.1
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Where Rs is the slant range distance, c is the speed of light and t

is the time difference between transmission and reception of a pulse.

3.2 Interferometric Synthetic Aperture Radar (InSAR)

A Synthetic Aperture Radar (SAR) image is the precise
observation of the amplitude and phase data of echo recorded at the
satellite. A pulse of microwave radiation is emitted from the satellite
towards the ground and some of it is scattered back to the satellite,
which gets recorded as SAR images. As the scatter of different
distances travels a different path to the satellite, the delay of
transmission and reception of the signal becomes different. Due to the
sinusoidal nature of the transmitted signal, this phase delay is
precisely correspondent to the phase change of conveyed and
received signals. SAR interferometry is the technique of imaging
surface and ground displacement using the phase values of two or
additional SAR images. In this method we equate assuming that we can
correct the satellite's location, the phase from two different passes of
the same satellite over the same point of ground; the difference in
phase between the two passes must be proportional to the change in

distance between the satellite and the ground.
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Figure 3.2 Schematic cartoon of how InSAR works.

Two complex SAR image taken over the same region either by
two antennae of a single satellite or during the repeat pass of the same
satellite gets cross—multiplied to generate an interferogram. This can
be expressed as follows

o = o, AR=R2-R1 3.2

Where R1 and R2 are the two line of sight distances for the first
and second pass of the satellite and AR is the difference between R1
and R2. The distance between two satellite tracks that are
perpendicular to the target's slant range and height is known as the
perpendicular baseline, or Bprep. It's important to note that we can only
gauge the movement of the ground relative to the satellite in the
direction of line of sight.

The interferometric phase is the contribution of different sources

and they are as the following equation.
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=0 + o +9 4o 4o 3.3
defo

int topo orb atm noise

The topography of the earth fatopo 1s the main contributor in the

interferometric phase, 5 1s the inaccuracy of information of the orbit

rb

the ground deformation between two image acquisitions, 2 , the

defo
phase delay in transmission and reception of SAR signal 2 em is the
atmospheric noise, and finally, due some other issues like temperature,
a certain extent of noises get introduced with the interferometric

phase information.

Figure 3.3 Schematic cartoon of SAR Interferometry geometry

Topography of the earth Qfmpo can be derived using the InSAR

viewing geometry as described in [44, 45] and can be defined as
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o _ 4mBprep £ 34
topo ARsin®

When SAR satellites are not in a position where they are parallel
to each other, the phase difference of two points is related to the range
difference AR. With this property higher density, interferometric
fringes get appear even though the earth’s surface is flat which
requires to be removed from the total interferometric phase and this
processing is termed interferogram flattening.

Target’s positional change in two SAR acquisitions along the line
of sight (LOS) direction is displacement and in phase format termed as

2 1ofo’ Is given as

def
—4nd
@wpo— 7 3.5
In the differential interferometry technique, deformation Qdefo

gets computed based on parameters listed in equation 3.3. The
calculated phase for topography, atmosphere, and orbit becomes
subtracted from the interferometric phase, so the final remaining of
the interferometric phase becomes phase due to deformation and some
noises in wrapped format.

Figure 3.3 shows the outline of the InSAR processing flowchart to
generate a displacement map from SAR images. Firstly, two SAR
images are co-registered using the information of orbit and DEM
(Digital Elevation Model), and the interferogram gets generated by
subtracting the phase of the secondary or slave image from the phase
of the reference or master scene. By removing the topographic
contribution to the interferogram using DEM, a differential
interferogram gets generated. Initially, the phase is wrapped which
required it to be unwrapped with an unwrapping tool. The 2n modulo

gets converted into ground displacement and then geocoded to find
-33-

;ﬁ'! X

3 =11 =1
- T O



the exact location of deformation at each pixel. The differential
interferogram sometimes gets affected by noise sources and other
decorrelation sources. Conventional Differential Interferometry (D-
InSAR) is unable to measure deformation signals because of low
coherence caused by a larger perpendicular baseline, temporal
decorrelation caused by phase delay variations caused by the
atmosphere, weather, and surface changes over time, such as seasonal

vegetational changes.

I I '

Reference Secondary Obit Data SRTM
Scene Scene Dem
I

Co-registration

I

Flattening and topo
phase removal

I
Differential
Interferogram

‘
Phase Unwrapping

1

Phase to Displacement

\. J
'
' ™\
Geocoding
\. J
' l ™
Vertical Displacement
Map

L

Figure 3.4 Flowchart of differential interferometry processing.

Coherence y is the measure of the correlation between the phase

measured at the different (spatial and temporal) points of a wave. The
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coherence is determined as a quality indicator of the phase difference
between two SAR acquisitions at that point. According to a specific

pixel in a differential interferogram, which can be described as [46],

E{S1%53}

¥ = TG, 05 B S, 5)

3.6

Where, E is the expected value of complex SAR images §; and S,,
S; and S; are complex conjugates of SAR scenes 1 and 2. The
measurement of coherence ranges from O to 1, where pixels having
values close to 1 are considered as mostly correlated or coherent, on
the other hand, pixels having values reverse for O are considered as
decorrelated to incoherent pixels. Among thermal, spatial, and
temporal coherence, temporal coherence has the most important
where the target is to measure the temporal changes of ground motion.
Due to a longer temporal baseline, there is a chance of decreased
coherence and similar to a longer perpendicular baseline causes the
loss of spatial coherence. To overcome this issue to an extent stacking
of D-InSAR along the time which is also termed time-series SAR

interferometry.

3.3 Time-series SAR interferometry

The decorrelation issues in conventional D-InSAR were the key
to searching for some other approach for differential SAR
Interferometry. As an approach to eliminate the decorrelation, the
time-series InSAR technique was developed which utilizes a series of
SAR images to measure the ground displacement over the time of
image acquisition. This is done based on different baseline
configurations. A framework of time-series interferometry named

Persistent Scatterers Interferometry (PSI) was proposed by [47]. In
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the PSI technique, a stack of interferograms having a single reference
gets generated to identify the coherent pixels termed PS (Permanent
Scatterer) can minimize the decorrelation problem in conventional D-
InSAR. Following that, Small Baseline Subset (SBAS) InSAR technique
was proposed by [48] with multilooked and unwrapped interferograms
which get generated by small temporal and perpendicular baseline.

There are several approaches to process SBAS-InSAR processing.

3.4 SBAS-InSAR

SBAS or Small Baseline Subset InSAR analysis starts with
considering the acquisition of an N+ 1 SAR image of the same area and
at a different time (tO,...,tN) and assuming that each image may
interfere with at least another image; which implies every small
baseline subset is composed of minimum two images. So, the total
number of possible differential interferograms, for example, M will
satisfy the following equation.

TESMN( ) 3.7

The expression of the generic j-interferogram computed at a pixel
having azimuth and range coordinate (x,r) with acquisition at time tA

and tB is, according to Berardino et al (2002) as follows.

59 (x,1) = Atp,x,7) — Aty,x,7)

~ 47” [d(tg, x,7) —d(ty, x,7)] 3.8

Here, d(tg,x,r),d(ta,x,r) are line—of-sight (LOS) cumulative
deformation at time ta and tg with respect to to considered as reference
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and A transmitted signals central wavelength. So, we can identify
d(t;,x,r) with i= 1, ---., N as the wanted deformation time-series the

deformation is associated with the phase component;

4md(t;x,r)

Aty x, 1) = — 3.9

3.5 ISCE interferogram stack processing

ISCE is an Interferometric SAR (InSAR) Scientific Computing
Environment (ISCE) for geodetic image processing that is both flexible
and extendable. ISCE was built from the ground up to be a geophysical
community tool for generating stacks of interferograms that lend
themselves to various forms of time-series analysis, with accuracy,
extensibility, and modularity.

Sentinel-1 SLC data are freely available through Alaska Satellite
Facility (ASF) for research and education purposes. After downloading
the SLC data further processing for interferogram stack generation is
done using ISCE (Interferometric synthetic aperture radar Scientific
Computing Environment). Figure 3.4 given below, is a flowchart for

interferogram stack generation using ISCE software.
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Figure 3.5 Flowchart of interferogram stack processing with Sentinel-
1 SLC data.

This stack of interferograms works as the input data for SBAS-
InSAR processing using MintPy (Miami InSAR time-series software in
Python).

3.6 Mintpy SBAS-InSAR processing

Mintpy SBAS-InSAR processing starts with the interferogram
stack co-registered to a common SLC scene and which is already
unwrapped. In the first step, if there is any interferogram having a
spatial coherence less than the predefined value or unwrapping error,
the modification of the network is made. Then the reference points are
selected using the prior knowledge of the study area. An unwrapping
error correction 1s done in MintPy if it is defined in the input file.
Bridging and phase closure are two methods in unwrapping error
correction.
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Figure 3.6 Flowchart of Mintpy SBAS-InSAR processing modified from
[49].

After the phase unwrapping error correction, the network
inversion starts. In this step, the pixels in shallow and water bodies
are masked out with a shallow mask and water body mask and then
the tropospheric delay correction takes place aided by the global
atmospheric model or dem. Due to orbital errors, tropospheric and
ionospheric delay residual the phase ramp causes. In the phase
deramping step, the removal of the ramp is possible. Next is the
tropospheric residual correction and displacement time-series
generation from which the velocity gets estimated, and finally, the

average velocity can be obtained.

3.7 Investigation of Spatial Relationship

Regression analysis allows us to investigate, examine, and explore

the spatial relationship which explains the factors behind the observed
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spatial pattern within the study area. This also allows us to have a
better understanding of the phenomena taking place with our datasets,
where the basic objective is to build a prediction model with
consistency and accuracy. Out of which OLS or ordinary least square
1s the best known of all regression techniques and the starting point of
spatial regression analysis. It gives a global model of the variable that
we are trying to understand or predict. For a better understanding of
regression analysis, we need to know a few key terms and the basic

concept of regression statistics.

3.7.1 Ordinary Least Squares

OLS Regression Equation: A regression equation is a mathematical
formula that uses the explanatory or independent variables to best
predict the dependent variables [50] which we are trying to
investigate. In the regression equation, independent and dependent
variables notation is used as X and Y where each independent variable
is associated with a regression coefficient which describes the
strength and the sign of that variable's relationship to the dependent
variable. An example of a regression equation is given below for a
better understanding.

Y, =By Byxy + Byxy + Bz + Byzy + Bz + & 3.10

Where, y; is estimated LOS velocity, By, B1, B2, B3, Bs and fBs
are co-efficient of groundwater (X;), population (X,) and dummy
variables (z;, z, and zz for moderate, low stiff and artificial fill of soil).
And Where, i= 1, 2, 3, ==+ =+ - ,n. When i=1, 2, 3, -+ -+ - ,n then

V=Bt Bixn+ Byxor+ Bzt B zo1+ Bozart gy
V=Bt B X12% Byxoot B,z1oF B zopt B zsot €,

V3=By+ B X153+ ByXos+ Boz13+ B zost+ B zsst e,
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yn:ﬁo+ B1X1n+ B2X2n+ ﬁgzln+ B4Z2n+ B5Z3n+ €

Using matrix notation which can be written as

X12 Xo2 Z12 Zo2 232

1 x X z Z z e

11 21 211 Z21 31] B, €1
1 I
1 Xy3 Xy 213 Zog Zsgl B les]
1 3 - J
1 €y

Xin X2n Zin “Zon ZSnJ

Y=XB+ ¢
e=Y-X3

In the ordinary least square method

(e’ =L () + Tle) 4 e o o v 3)

Substituting € value in equation (3.14)

=(Y-XB) (Y-XB)

3.11

3.12

3.13

3.14

=(Y'-B'X") (Y-XB) as (AB)'=B’A’

= Y'Y-B'XY-Y'XB+ B X'XB
=Y Y-2B" XY+ ﬁ’X’XB
(Z( ) )— Ze'e

— —OX'Y+2X'XB =0
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— 9X'XB = 2X°Y

= B= (XX XY 3.15

With the matrix, we can derive the B values for our regression

analysis.

3.8 Geographic Information System (GIS) Data
Processing

SBAS-InSAR results produced by Mintpy software is used to
create GIS layers in ArcGIS®, and the velocity is interpreted as
subsidence in the LOS direction. Results of Mintpy contain the
information on latitude and longitude along with corresponding LOS
velocity values time-series. Aside from that, the census data is also
converted to GIS layers to proceed with OLS analysis using ArcGIS®

software.
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Chapter 4. Results

4.1 Visual Interpretation of InNSAR Results

Figure 4.1 shows the surface displacement rate (mm/year) of the
study area along LOS (Line of Sight) calculated over the generated
interferograms for Dhaka city of Bangladesh.
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Figure 4.1 LOS velocity map of Dhaka City, Bangladesh.

Areas with large manmade structures showed a higher coherence.
Mean velocity along the LOS direction for the study area has
significant subsidence signals within Dhaka. A significant subsidence
signal is being noticed in the southwestern part of the city. Also, the
eastern part of the city exhibits subsidence signals, and the
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northeastern part shows similar results. Most of the subsidence signals
are coming from the areas along the rivers.

Figure 4.2 shows the study area's surface displacement rate
(mm/year) along the LOS (Line of Sight) direction for Chittagong city
of Bangladesh.
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Figure 4.2 LOS velocity map of Chittagong City, Bangladesh.

Similarly like Dhaka city, Chittagong city also exhibits high
coherence over manmade structures rather than the natural terrain.
But for Chittagong city coastal area, close to the sea, shows a
maximum amount of subsidence signal. It i1s worth noting that if the
reference area is subsiding, genuine subsidence rates may be
significantly higher in cities without publicly available GNSS data than
what is calculated from InSAR data. The InSAR results of this study
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can act as a guide for the placement of GNSS stations to monitor future
subsidence. For the case of Chittagong city selection of the reference
point is done by considering typically an elevated region away from
the shore where the soil class is different from the subsiding region.
In this study, at first visual analysis is done on the ground
subsidence over the urban areas of Bangladesh from InSAR results.
From Figure 4.3, It is visible that in Dhaka city, subsidence dominates
in the region with soil classes D3, D4, and D5 corresponding to soil
class alluvial (Floodplain: sands, silt, and clays 6-15 m thick) [51].
Finally, the subsidence function coincides with the soil class to some
extent. In Chittagong city, the subsidence signal is more evident in the

region with soil class csd (beach and dune sand, coastal deposit).
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Figure 4.3 LOS velocity map of the study area and the soil class.

The Dhaka region is mostly composed of alluvium, which is a mix

of silt, clay, and sand. The alluvium is divided into five classes based
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on its grain-size distribution. Class D3, D4, and D5 are fine—grained
alluvium, while classes D1 and D2 are coarse—grained alluvium. In
general, the finer the alluvium, the greater the subsidence [52].

The Chittagong region is mostly composed of coastal deposits,
which are unconsolidated materials such as sand, silt, and clay that the
sea has deposited. The subsidence in this region is likely due to the
consolidation of these materials over time. Land subsidence happens
when water is withdrawn from fine—grained, highly compressible

sediments, such as clay and silt interbeds in an aquifer [53].

4.2 Time-series of InNSAR Results

Dhaka, the capital of Bangladesh, is one of the fastest-sinking
cities in the world. Figure 4.4 shows the time series of LOS velocity
for Dhaka, which reveals that the city is sinking at a maximum of 44
mm/year in the northwestern part, 25 mm/year in the southwestern
part, and 37 mm/year in the eastern part in LOS direction. Significant
subsiding part (Location: B, Kamrangir Char, Dhaka) showing average
subsidence of about 12 mm/year in LOS the direction corresponds to
soil class artificial landfills. This rapid subsidence of Dhaka is caused
by a combination of natural and human factors. The city is built on the
delta of the Ganges, Brahmaputra, and Meghna rivers, constantly
depositing sediment. In addition, the extensive groundwater extraction
by Dhaka's 10 million residents is causing the soil to compact and the
land to sink. The central part of the city is much more stable in terms
of subsidence.

The city of Chittagong in Bangladesh is facing an alarming rate
of ground subsidence, with LOS rates reaching up to 90 mm/year. This
is possibly due to the excessive extraction of groundwater from the
aquifers beneath the city. The problem is compounded by the fact that
the city is built on soft clay specifically the subsiding area, which is
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especially vulnerable to subsidence. It is worth noting that even though

Chittagong city is the second largest city in Bangladesh but it’s not

within the coverage of the Bengal Delta.
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Figure 4.4 Displacement time series extracted for the points selected
with the red square in area of interest Dhaka and Chittagong,

Bangladesh.

Figure 4.6 and 4.7 shows Interferometric range change evolution

over our study area during the study period.
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Figure 4.6 Interferometric range change evolution over Dhaka city, Bangladesh.
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Figure 4.8 Groundwater use (%), population, soil class (Dhaka), and
clay %, Chittagong [39]) map over major urban areas in Bangladesh

[38].

Groundwater is often used as a resource for cities, but too much

use can lead to subsidence. Excessive use of groundwater led to the

failure of soil support for infrastructure. This can be a problem for

buildings and infrastructure already existing on it. Figure 4.7 shows
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different possible factors of land subsidence in Dhaka and Chittagong
city. The factors do not show a clear relationship between
groundwater use, population, soil class, and subsidence for Dhaka and
Chittagong city. Many factors can contribute to subsidence, including
natural causes. It is important to understand all of the factors involved
in order to find the best solution.

When it comes to understanding the relationship between
groundwater use, population, and soil class, it’'s much more a complex
system. The standard methods of data collection and analysis don't
always cut it when it comes to proving hypotheses in this area. To
prove the hypothesis that there is a relationship between these three
factors, initiatives taken for further analysis to find spatial
relationships in the results. By analyzing it is possible to get a clearer
picture of the relationships at their place. It is hoped that this research
will shed light on this complex issue and help people to understand

better the role that each of these factors plays in the overall situation.

4.3 Spatial Analysis of InSAR Results

To fully understand the implications of the factors causing
subsidence, it is necessary to investigate the results. This process of
estimation is capable of proving the contribution of different aspects
to the subsidence that InSAR measures. To make an accurate
estimation, I first needed to normalize the InSAR results. By doing this,
finding the relationship among different factors is easier with the
subsidence. To do so, U first estimated the statistics (Average, Max,
Min) of each polygon (administrative units) for InSAR results.

Therefore, execution of OLS estimation is done for the results.
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4.3.1 OLS Analysis of the InNSAR Results

From our OLS estimation, the R—squared value is 0.21 for Dhaka
and 0.81 for Chittagong, respectively using both normalized and
standardized data. Specifically for Dhaka, the OLS model shows a
comparatively lower R-Squired value, which means that the average
LOS speed can only be explained by about 21 percent. In comparison,
for Chittagong city, the R-Squired value is quite significant, and the
dependent variable is explained about 81 percent by the explanatory

variables. Table 4.1 describes the result of our OLS analysis.

Table 4.1 OLS analysis results of InSAR results.

Summary of OLS Summary of OLS
OLS Results

Results (Dhaka City) Results (Dhaka City)

Dhaka City
Normalized Data Standardized Data

Variables Coeff. Coeff.

GW use

Population

Soil Class (M. Stiff)

Soil Class (L. Stiff)

Soil Class (A. Fill)

R2
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OLS Results Summary of OLS Summary of OLS

Chittagong City Results (Chittagong City) Results (Chittagong

Normalized Data City) Standardized

Data
Variables . Coeff.

GW use

Population

Clay

R2

N:B: S_Class (M. Stiff) = Moderate Stiff Soil, S_Class (L. Stiff) =
Low Stiff Soil, S_Class (A. Fill) = Artificial Land Filling.
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Chapter 5. Discussion

This study focused on the ground motion rate in the two largest
urban areas of Bangladesh, Dhaka, and Chittagong, and significant
subsidence (LOS direction) is observed in both Dhaka and Chittagong.
The average LOS velocity in the city of Dhaka is estimated to be
around 12 mm/year in the southern part of Dhaka city, which is similar
to the 11.2 mm/year found in a previous study [35]. A possible reason
for the difference in measurements by [11], could be due to the
method. Which measured average subsidence of 3.8 mm/year, while
measurements from GPS showed subsidence of about 12.4 mm/year
[35]. In Chittagong city, LOS velocity measured about 90 mm/year. It
is also noticeable that the city’s subsidence is much more on a local
basis.

The subsidence in Chittagong is much more complex rather than
the Dhaka city. The subsidence in Chittagong city is highly dominated
by a single sub-surface soil class which is a coastal deposit (beach
and dune sand). So to find the relationship with the geological setting,
an Investigation of the soil strata shows that subsidence in this area is
much more related to the clay proportion. The re-alignment
(compaction) of fine—grained minerals such as clay, results in the
permanent loss of pore space. The water content in sediment is related
to the clay content; as a result, clay-rich sediments will lose more
water than sandy ones. This results in the sinking of landmass,
especially for soils with high concentrations of clay [54].

The subsidence measurements presented with this study using the
SBAS-InSAR method exhibit a relationship to the soil class,
groundwater use, and population. If we concentrate on OLS analysis
results, we see that both the major urban area of Bangladesh shows

significant relation with the average velocity of corresponding
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administrative units, especially geological setting. It 1s worth
highlighting that, the OLS model over both the study area is explaining
the variability of average LOS velocity in terms of global extent.

The results of this study are based on the data corresponding to
the polygon area. However, since this is not specific spatial
information, there may be some anomalies. This is a limitation of the
study that should be taken into consideration. I didn't have the
groundwater pumping data available when I took the subsidence
measurements. It's difficult to make a definitive determination about
the subsidence without that data. Without the data, it's hard to say for
certain whether or not the subsidence is due to groundwater pumping.
However, It can be believed that the subsidence is likely due to
groundwater pumping, and surface geology based on the spatial
relationship shown in the OLS results. In the Chittagong area, I found
that the data is not highly coherent. This could cause some anomalies
in the results. I also found that some of the data is missing from
February to September 2019 (was not available), which could again
cause some problems with the time-series results.

The potential groundwater recharge rate for Dhaka city is 1.33
m/y, but the groundwater depletion rate is 2.81 m/y. As a result,
despite enough rainfall, Dhaka city faces a 1.48 m/y groundwater
recharge deficit every year. The problem will deteriorate as the rate
of urbanization accelerates and surface water bodies diminish [55].
Even though for Dhaka city, the correlation did not show a significant
associlation with subsidence. One possible reason behind this may be
the undocumented uses of groundwater.

The derived results with this study, use data (groundwater use,
population, and soil class) for the corresponding polygon area which
1s not the specific spatial information, as a result, there may have some
anomalies which is a limitation of this study. At the same time, data
unavailability of groundwater pumping correlates with the subsidence
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estimated using the InSAR technique. For the Chittagong area, I have
noticed that coherence (Figure 6) is not high which may cause some

anomalies in the results too.
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Chapter 6. Conclusion

The study’s overall objective is to conduct a time series analysis
to determine the subsidence pattern in Dhaka and Chittagong between
2018 and 2021. Over time, the time series analysis (SBAS-InSAR)
shows that the land is subsiding faster in parts along the major urban
areas of Bangladesh. This global problem is primarily due to local
human activities in each city, especially groundwater extraction. The
most rapid land subsidence occurs in the southwest, northwest, and
east of Dhaka city, where population and groundwater use are also
higher. In addition, the geological nature of Dhaka is also responsible
for subsidence to the most extent found in this study. Dhaka's surface
subsidence shown seasonal fluctuations with rainfall. Furthermore, the
rains efficiently replenished the soil water content and groundwater
level. The summer season and lack of rain boosted water use as well
as the rate of soil subsidence.A similar trend in terms of geology
observed in the city of Chittagong. The strongest subsidence signals
come from the areas with residential and industrial areas and the most
groundwater use at the same time the clay proportion in subsiding
areas is also higher. This indicates that subsidence in urban areas of
Bangladesh is caused by groundwater extraction and geological
conditions. The highest LOS velocity is estimated at 44 mm/year with
an average of about 12 mm/year at most subsiding areas in Dhaka and
90 mm/year (highest) in Chittagong. Our results show that the OLS
analysis is capable of explaining the average LOS velocity variability
of about 21 and 81 percent respectively both with normalized and
standardized datasets. The findings of this study could help
Bangladesh better prepare for and manage the impacts of subsidence.
In addition, the findings of this study may also be helpful to other

countries facing similar risks from subsidence. At the same time, the
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subsidence of Chittagong city i1s alarming and continuous monitoring

of this area is necessary for further study.
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Appendix

Appendix 1: Groundwater use and population data from Population

and Housing Census Report 2011, and soil texture from NEHRP soil
class, Dhaka City:

Soil
SL Groundwater Popu
Ward Name City Texture
No. Use (%) K
Class

1 Badda Dhaka 18 180.6 D2

2 Beraid Dhaka 18 14.9 D4

3 Bhatara Dhaka 18 126.7 D5

4 Dakshingaon (Part) | Dhaka 29 37.2 D4

5 | Dakshingaon (Part) | Dhaka 21.1 33.0 D2

6 Dakshinkhan (part) | Dhaka 7.6 5.5 D2

7 Dakshinkhan (part) | Dhaka 24.1 255.9 D4

8 | Dakshinkhan (Part) | Dhaka 21.3 11.4 D2

9 Demra (part) Dhaka 19.4 35.8 D4
10 Dhania (part) Dhaka 23.5 122.2 D3
11 Dhania (part) Dhaka 20.4 122.2 D3
12 Dumni Dhaka 24.1 16.9 E
13 | Harirampur (Part) | Dhaka 42.7 157.3 D3
14 Manda Dhaka 21.1 62.3 D2
15 Matuail (part) Dhaka 19.4 136.9 D4
16 Matuail (part) Dhaka 23.5 136.9 D2
17 Matuail (part) Dhaka 20.4 136.9 D4
18 Nasirabad Dhaka 29 0.0 E
19 Saralia Dhaka 19.4 156.6 Water
20 Satarkul Dhaka 18 23.7 D4
21 Shyampur Dhaka 20.4 117.0 D3
22 Sultangan] Dhaka 44.1 93.6 D5
23 Uttar Khan Dhaka 25.1 78.9 D2
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24 Ward No-01 Dhaka 7.6 183.3 D2
25 Ward No-01 Dhaka 3.1 183.3 D3
26 Ward No-02 Dhaka 4 151.9 E
27 Ward No-03 Dhaka 4 94.7 D5
28 Ward No-04 Dhaka 18.2 75.2 D4
29 Ward No-05 Dhaka 4 118.1 D5
30 Ward No-06 Dhaka 4 163.8 E
31 | Ward No-07 (Part) | Dhaka 10.3 113.8 D2
32 Ward No-08 Dhaka 9.8 111.3 E
33 Ward No-09 Dhaka 12 71.3 D2
34 Ward No-10 Dhaka 12 87.9 D2
35 Ward No-11 Dhaka 10.3 97.0 D2
36 Ward No-12 Dhaka 10.3 116.5 D2
37 Ward No-13 Dhaka 10.3 157.2 D2
38 | Ward No-14 (part) | Dhaka 18.2 163.8 D2
39 | Ward No-14 (part) | Dhaka 10.3 163.8 D2
40 | Ward No-15 (part) | Dhaka 1.3 173.8 D2
41 | Ward No-15 (part) | Dhaka 18.2 173.8 D2
42 | Ward No-15 (part) | Dhaka 4 173.8 D2
43 Ward No-16 Dhaka 18.2 142.4 D2
44 | Ward No-17 (Part) | Dhaka 18 196.5 D4
45 | Ward No-17 (Part) | Dhaka 24.1 196.5 D4
46 Ward No-18 Dhaka 5 63.6 D1
47 Ward No-19 Dhaka 5 159.9 D2
48 | Ward No-20 (Part) | Dhaka 5 98.6 D2
49 | Ward No-20 (Part) | Dhaka 19.6 98.6 D2
50 Ward No-21 Dhaka 18 96.1 D2
51 Ward No-22 Dhaka 18.9 160.3 D3
52 Ward No-23 Dhaka 18.9 63.8 D3
53 Ward No-24 Dhaka 29 68.9 D3
54 Ward No-25 Dhaka 29 113.3 D5
55 Ward No-26 Dhaka 29 86.9 D5
56 Ward No-27 Dhaka 21.1 82.7 D3
57 Ward No-28 Dhaka 21.1 60.8 D3
58 Ward No-29 Dhaka 21.1 79.3 D2
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59 Ward No-30 Dhaka 21.1 58.3 D2
60 Ward No-31 Dhaka 10.7 34.9 D2
61 Ward No-32 Dhaka 10.7 42.1 D2
62 Ward No-33 Dhaka 10.7 22.0 D2
63 Ward No-34 Dhaka 10.7 60.0 D2
64 Ward No-35 Dhaka 10.7 51.1 D2
65 Ward No-36 Dhaka 1.1 59.6 D2
66 Ward No-37 Dhaka 19.6 103.3 D3
67 | Ward No-38 (Part) | Dhaka 9.5 99.7 D2
68 | Ward No-38 (Part) | Dhaka 19.6 99.7 D2
69 Ward No-39 Dhaka 9.5 67.9 D2
70 | Ward No-40 (Part) | Dhaka 8.9 90.2 D2
71 | Ward No-40 (Part) | Dhaka 9.5 90.2 D2
72 Ward No-41 Dhaka 8.9 66.0 D3
73 Ward No-42 Dhaka 13.7 54.7 D2
74 Ward No-43 Dhaka 16.7 186.6 D2
75 Ward No-44 Dhaka 13.7 51.4 D2
76 Ward No-45 Dhaka 13.7 73.0 D2
77 Ward No-46 Dhaka 16.7 114.8 D5
78 Ward No-46 Dhaka 13.7 114.8 E
79 | Ward No-46 (Part) | Dhaka 15.8 114.8 D4
80 | Ward No-47 (part) | Dhaka 13.7 106.5 D2
81 | Ward No-47 (Part) | Dhaka 5.6 106.5 D2
82 | Ward No-48 (Part) | Dhaka 5.6 128.9 D2
83 | Ward No-48 (Part) | Dhaka 15.8 128.9 D2
84 Ward No-49 Dhaka 5.6 72.4 D2
85 Ward No-50 Dhaka 2.7 80.0 D2
86 | Ward No-51 (part) | Dhaka 13.7 58.9 D2
87 | Ward No-51 (Part) | Dhaka 2.7 58.9 D2
88 Ward No-52 Dhaka 0.7 49.5 D2
89 Ward No—-53 Dhaka 15.3 55.9 D2
90 Ward No-54 Dhaka 15.3 74.1 D4
91 Ward No—-55 Dhaka 15.3 71.0 D2
92 | Ward No-56 (part) | Dhaka 3.5 38.2 D2
93 | Ward No-56 (Part) | Dhaka 18.7 38.2 D2
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94 Ward No-57 Dhaka 3.5 33.5 D2
95 Ward No-58 Dhaka 15.8 88.5 D3
96 Ward No-59 Dhaka 18.7 48.9 D2
97 Ward No-60 Dhaka 18.7 66.5 D2
98 Ward No-61 Dhaka 18.7 29.8 D2
99 Ward No-62 Dhaka 18.7 44.5 D2
100 | Ward No-63 (Part) | Dhaka 4 28.5 D3
101 | Ward No-63 (Part) | Dhaka 5.5 28.5 D3
102 Ward No-64 Dhaka 5.5 24.7 D2
103 Ward No-65 5.5 58.2 D3
104 | Ward No-66 (Part) | Dhaka 4 33.6 D3
105 | Ward No-66 (Part) | Dhaka 5.5 33.6 D3
106 | Ward No-67 (part) | Dhaka 4 35.7 D3
107 | Ward No-67 (Part) | Dhaka 5.5 35.7 D2
108 | Ward No-68 (part) | Dhaka 4 36.1 D3
109 | Ward No-68 (Part) | Dhaka 4.2 36.1 D3
110 Ward No-69 Dhaka 4 65.3 D2
111 Ward No-70 Dhaka 4 50.6 D2
112 | Ward No-71 (Part) | Dhaka 4 28.1 D2
113 | Ward No-71 (Part) | Dhaka 4.2 28.1 D3
114 Ward No-72 Dhaka 4.2 26.2 D3
115 Ward No-73 Dhaka 4.2 18.2 D3
116 Ward No-74 Dhaka 6.7 46.1 D2
117 Ward No-75 Dhaka 6.7 38.3 D2
118 | Ward No-76 (Part) | Dhaka 10.7 46.4 D2
119 | Ward No-76 (Part) | Dhaka 23.5 46.4 D2
120 Ward No-77 Dhaka 6.7 40.6 D2
121 Ward No-78 Dhaka 6.7 27.9 D2
122 Ward No-79 Dhaka 6.7 40.0 D2
123 | Ward No-80 (Part) | Dhaka 10.7 26.9 D2
124 | Ward No-80 (Part) | Dhaka 6.7 26.9 D2
125 Ward No-81 Dhaka 10.7 50.4 D2
126 Ward No-82 Dhaka 10.7 40.3 D2
127 Ward No-83 Dhaka 24.3 48.0 D3
128 Ward No-84 Dhaka 23.5 58.7 D2
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129 Ward No-85 Dhaka 23.5 61.0 D2
130 Ward No-86 Dhaka 23.5 56.8 D3
131 Ward No-87 Dhaka 24.3 69.4 D2
132 Ward No-88 Dhaka 20.4 44.0 D3
133 Ward No—-89 Dhaka 20.4 59.0 D3
134 Ward No-90 Dhaka 24.3 66.6 D3
135 Ward No-91 Dhaka 18.7 22.4 D4
136 Ward No-92 Dhaka 18.7 82.1 D3
137 | Ward No-98 (Part) | Dhaka 7.6 1.7 D2
138 | Ward No-98 (Part) | Dhaka 1.3 61.2 D2

N:B: Popu is the short form of Population.

-70 -



Appendix 2: Groundwater use and population data from Population

and Census Report 2011, and clay (%) are from analyzing the soil

profile data, Chittagong City:

SL Groundwater | Popu. | Clay
Ward Name City
No. Use (%) (Thus.) (%)
1 Ward No-17 CHTT 2.2 97
2 Ward No-18 CHTT 4.7 66
3 Ward No-19 CHTT 0.9 76
4 Ward No-35 (partl) CHTT 2.7 31
5 Ward No-01 CHTT 27.1 29
6 Ward No-02 CHTT 16.9 103
7 Ward No-03 CHTT 6.5 69
8 Ward No-04 CHTT 11.3 108
9 Ward No-05 CHTT 9.9 86
10 | Ward No-06 CHTT 2.8 62
11 | Ward No-36 (Parl) CHTT 1.6 44
12 | Ward No-37 CHTT 4.4 42
13 | Ward No-38 CHTT 5.9 60 50.38
14 | Ward No-39 (Partl) | CHTT 3.8 106 53.33
15 | Ward No-12 (Partl) | CHTT 0.9 74
16 | Ward No-23 CHTT 0.7 31
17 | Ward No-24 (partl) CHTT 2.4 109
18 | Ward No-27 CHTT 1.7 67
19 | Ward No-28 CHTT 1.7 50
20 | Ward No-29 CHTT 0.9 44
21 | Ward No-30 (Partl) | CHTT 0.4 46
22 | Ward No-36 (Part) CHTT 0.7 44
23 | Ward No-11 (Partl) CHTT 2.3 94
24 | Ward No-24 (part) CHTT 0.7 109
25 | Ward No-25 CHTT 1.8 50
26 | Ward No-26 CHTT 9.3 53
27 | Ward No-08(partl) CHTT 2.9 134
28 | Ward No-09 (Partl) | CHTT 7.0 78
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29 | Ward No-13 CHTT 3.8 80
30 | Ward No-14 CHTT 1.4 75
31 | Ward No-15 (Partl) CHTT 2.0 53
32 | Ward No-16 CHTT 2.4 53
33 | Ward No-20 CHTT 0.5 33
34 | Ward No-21 CHTT 0.9 40
35 | Ward No—-22 CHTT 0.9 35
36 | Ward No-30 (Part) CHTT 0.9 46
37 | Ward No-31 CHTT 0.9 18
38 | Ward No-32 CHTT 0.9 24
39 | Ward No-33 CHTT 0.6 27
40 | Ward No-34 CHTT 1.0 35
41 | Ward No-35 (part) CHTT 0.3 31
42 | Ward No-09 (Part) CHTT 0.6 78
43 | Ward No-10 CHTT 6.2 42
44 | Ward No-11 (Part) CHTT 2.1 94
45 | Ward No-12 (Part) CHTT 1.9 74
46 | Ward No-07 CHTT 3.7 126
47 | Ward No-08(part) CHTT 3.3 134
48 | Ward No-15 (Part) CHTT 0.4 52
49 | Ward No-39 (Part) CHTT 5.8 106 | 54.48
50 | Ward No-40 CHTT 13.6 89 53.42
51 | Ward No—41 CHTT 18.1 44 29.65

N:B: CHTT is the short form of Chittagong City.
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