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Abstract: Global greenhouse gas emissions have caused sea level rise (SLR) at a global and local
level since the industrial revolution, mainly through thermal expansion and ice melting. Projections
indicate that the acceleration of SLR will increase in the near future. This will affect coastal and
deltaic populations worldwide, such as in Bangladesh, where almost half of the population resides in
regions lower than 5 m above sea level. This study found three coastal tidal gauges and five deltaic
gauge stations, which showed increases in SLR at greater rates than the regional and global averages.
This research also used satellite altimetry data to analyze regional and global SLR averages in the
recent past and the 21st century. There is a trend towards increasing sea level based on results from
three tide gauge stations: Char Changa with 7.6 mm/yr, Hiron Point at 3.1 mm/yr from 1993 to
2019, and 14.5 mm/yr at Cox’s Bazar from 1993 to 2011. Based on the linear trend from these time
frames, it is projected that SLR in Char Changa will increase by 228 mm from 2020 to 2050, and by
608 mm by 2100, at Hiron Point by 93 mm in 2050 and 248 mm by 2100, and at Cox’s Bazar by almost
435.7 mm by 2050, and more than 1162 mm by 2100. Based on an average from satellite altimeters,
assuming a linear increase in SLR, the Bay of Bengal shows an increase of 0.4 mm compared to the
global trend. Other river delta stations in the study area also show increasing SLR, specifically, at
Kalaroa, Benarpota, Kaikhali, Tala Magura, and Elarchari. Kalaroa and Benarpota show the highest,
with SLR of >40 mm/yr. It is also observed that increasing SLR trends are far higher than coastal tide
gauges, indicating that physical processes in the delta region are affecting SLR, further contributing
to either an increase in water volume/SLR or activating land subsidence. This is partly due to the
subsidence of the delta as a result of natural and anthropomorphic effects, as well as an increase in
Himalayan glacier melting due to global warming. This indicates that Bangladesh coastal areas will
soon experience a far greater SLR than the rest of the Bay of Bengal or other global coastal areas.

Keywords: South Western Coastal Region (SWCR) Bangladesh; tide gauges; satellite altimetry; land
subsidence; sea level rise; river delta

1. Introduction

The rise in average global surface temperature in the later part of the 21st century
(2081–2100) is forecast to range between 1.5 ◦C and 2 ◦C, along with excessive rainfall
occurrences, warming of the world’s oceans, and a sea level rise (SLR) of 8–16 mm/yr [1,2].
The continuous trend of greenhouse gas emissions (GHGs) will contribute to temperature
rise, increasing the probability of unchangeable consequences for the environment, and
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exacerbating prevailing threats while creating new perils [1,2]. At the same time, the
atmosphere is experiencing higher concentrations of carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O) than in the last 800,000 years, and projections for sea level indicate
a continuous increase even after GHG emissions decline [1,3]. During the 20th century,
global SLR experienced an increase of approximately 2 mm/yr, which is comparatively
greater than in the last 3000 years [1]. From 1901 to 2018, the worldwide average sea level
rose by 0.20 (0.15 to 0.25) mm and the regular proportion of sea level rise was 1.3 (0.6 to
2.1) mm/yr from 1901 to 1971, swelling to 1.9 (0.8 to 2.9) mm/yr from1971 to 2006, and
additional swelling to 3.7 (3.2 to 4.2) mm/yr from 2006 to 2018 [1,4,5]. However, the precise
projection of future SLR needs continuous observation and modeling of the integrated
ice–ocean–land–atmosphere–climate dynamics [6,7]. Thus, a strong initiative is needed to
have reliable data tracking from satellite altimeters and independent ocean observation
systems. Along with this, studies from various disciplinary initiatives are necessary to
deal with serious issues which include improving the historical recording of SLR and
ocean temperature increase, isolating geophysical processes from sea level increase signals,
as well as the comprehensive perception of the interactive relationship between oceanic
surface and ice sheets [6,7].

GIA (global isostatic adjustment) is a modeling procedure that is related to the ad-
justment of Earth’s lithosphere and viscous mantle material to past changes in ice loading
since the last glaciation [8]. GIA can, thus, contribute to important meridional differences
in mean sea level (MSL) change, as is seen in sea level projections for tide gauge locations
in the UK [9,10] and Scandinavia [11]. The spatial patterns for GIA in the tropics feature
more homogenic and much smaller contributions to local MSL change compared to high
latitudes. The contributions from GIA in the South Asia Region to overall sea level rise are
generally insignificant [12].

As a result of global warming, SLR is driven by two primary mechanisms. First,
glaciers and ice sheets melting at faster rates contributes to the increase in large volumes of
freshwater into the oceans. Secondly, the volume of water in the oceans is increasing due to
the expansion of water from the rising temperature. A third minor mechanism is the net
transfer of water from freshwater lakes and rivers to oceans [1,13].

However, the rate and magnitude of SLR will not be equally distributed among the
world’s coastal regions. Coastal regions, for instance, experience subsidence due to sedi-
ment compression from construction loading, soil erosion, and extraction of groundwater,
natural gas, and petroleum resources [14]. Adverse outcomes of SLR include increased
flood risk, loss of coastal buffers to hurricanes and flooding, exposed coastal waters to
waste stored on land, saltwater intrusion into freshwater aquifers, as well as economic
losses [3,15–17]. Furthermore, several nations experiencing the highest repercussions of
SLR are not the primary emitters of GHGs. Bangladesh is ranked 162nd of 199 nations
by the World Bank with regards to CO2 release, revealing exceptionally disproportionate
consequences of climate change [18,19]. Moreover, resettlement efforts are severely ham-
pered by the turbulent geopolitical atmosphere in South Asia, which will be exacerbated
by climate change and SLR [20–23]. These circumstances underscore the urgent need to
diagnose and understand the dynamics of sea level rise in Bangladesh.

Furthermore, one of the most significant casualties of climate change and SLR is
reported in Bangladesh, as approximately half of its population resides 5 m below the sea
level and is the world’s sixth top calamity-stricken nation [23–27]. Due to Cyclone Bhola
in 1970, Cyclone Sidr in 2007, Cyclone Aila in 2009, Cyclone Amphan, in May 2020, and
the great flood of 1998, millions of people in Bangladesh have been rendered homeless,
with hundreds of thousands of casualties [28–34]. In the near future, SLR will lead to
the disappearance of 17% of the territory of Bangladesh, create 20 million refugees, and
220,000 km2 of land will be submerged following a projected SLR of 1500 mm to take place
within 150 years (According to CGTN, new research assumes that SLR will create 37 million
refugees in Bangladesh) [33,34].
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The impact of sea level rise in the southwest coastal region of Bangladesh (SWCRB)
is exacerbated by phenomena such as floods, eroding coastlines, increased storm fre-
quency and intensity, rising water tables, saltwater intrusion into aquifers, and ecosystem
changes [35]. Simultaneously, the SWCRB receives freshwater and sediments from northern
glaciers in the Himalayas that flow into the Ganges. Based on global warming predictions,
Bangladesh will experience a dwindling glacial landscape outside the global level that
would cause an SLR in the Bay of Bengal and its river delta [35,36].

It is also essential to observe the sea level and its fluctuations, especially along coastal
areas due to the number of inhabitants occupying these areas. To do this, self-recording tide
gauges (TGs) were used to gather the first historical sea records in the mid-18th century.
In this study, to assess coastal SLR changes, tide gauge (TG) records serve as the main
source of available information, as they were designed to measure Regional Sea Level
(RSL) at their locations [37]. Thus, TG measurements also record Absolute Sea Level (ASL)
changes that reflect local vertical land movements in geoid changes. In our analyses, annual
averages of TG data were used to identify SLR in the Bay of Bengal. The tide gauge data
for all station on the Bangladesh coast are limited by short recording periods, missing
data (from certain years), and station instabilities. The three stations that provide data for
about two decades without major interruptions are: (a) Hiron Point in the Sundarbans
mangrove forest area (southwestern Bangladesh), (b) Char Changa in the Meghna estuary
(central Bangladesh), and (c) Cox’s Bazar on the southeast coast. The original tide gauge
data are monitored and collected by the Government of Bangladesh Inland Waterways and
Transportation Authority (BIWTA), while the tide gauge data for the Ganges Delta were
obtained from the Bangladesh Water Development Board (BWDB) [38,39].

Tide gauges have been the standard method to measure coastal sea level changes.
The last few decades, however, have seen advancements in space-borne radar altimetry
that provides new outlooks on global sea level changes. The use of satellite altimetry
to monitor sea level was revolutionized when the US/French mission TOPEX/Poseidon
(CNES/NASA) was launched in August 1992 [40]. Using a geocentric terrestrial reference
frame to measure the sea surface height and estimate sea level temporal variation is a
main advantage resulting from the satellite radar altimetry mission [41,42]. However,
the in-situ sea level temporal variation is measured from TG references to a particular
ground station [43]. The readings provided by the satellite altimetry provide more precise
measurements in a low temporal sampling rate, and wide resolution, with a well-defined
geocentric reference frame, compared to the low spatial and high temporal resolutions
of tide gauges. Due to the satellites taking periodic measurement, usually 10–35 days,
the altimeter measurements can determine global mean sea level change superiorly to
tide gauges. This is because tide gauges describe high-frequency variations, such as
tsunamis or any extreme sea level event that has long-period processes. Spatial and
temporal coverage have been provided by satellite altimetry for almost a decade, providing
important information on a one-month to several-years’ time scale on mean sea level
changes [39]. As such, it is essential to study the long-term changes in sea level on the
coastal zone, as much of the world’s population resides in these areas, as well as for other
environmental and socio-economic reasons [44,45].

Our study showed variations in sea level and trends in the Bay of Bengal and globally,
using multi-mission satellite altimeters. This research aims to determine the future sea level
rise in Bangladesh and its coastal river deltas, which will be compared to global sea level
rise and sea level rise in the Bay of Bengal, its river deltas, and its impact on local, regional,
and global levels.

Relative Sea Level Rise

Relative sea level rise (RSLR) is a reaction to climatic as well as non-climatic contrib-
utors and differs with situations [46,47]. RSLR depends on local shifts in water flow, air
flow, saline concentration, and water temperature [48]. The relative sea level is defined
by the limit of the subsiding delta plain (considering that the delta is close to or at the
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base level), and the seaward gradient of accommodation. The pattern of subsidence is
found for the Ganges–Brahmaputra–Meghna Delta (GBMD) using its Holocene relative sea
level history. The results show that there is Holocene subsidence over the delta, and that it
increases from the Hinge Zone (landward) to seaward from <0.2 mm/yr to 2 ± 0.7 mm/yr
in the middle fluvial delta and, in the lower tidal delta, to 4 ± 1.4 mm/yr. This provides
us the opportunity to create a first millennial-scale map of the GBMD on its subsidence
pattern [49,50]. RSLR is more rapid than typical global patterns in collapsing coastlines,
inclusive of deltaic regions such as the Mississippi, the Nile, and the great deltas of South
and East Asia (e.g., the Ganges deltaic region in Bangladesh) [48]. Nevertheless, RSLR is
attributable to a more neighboring or regional extent, such as crustal deformation, tectonic
shifting, volcanic activity, ground subsidence from nature-induced reasons (e.g., sediment
filling rivers and deltaic areas), or human actions (groundwater or oil/gas extraction).
Some communities and nations may face faster or higher RSLR than the global average
rate due to complicated interplay between geomorphological and ecological features of
the coastal setting, as well as mitigating capacity [50,51]. Due to this, understanding the
extent of RSLR in coastal environments is essential. For instance, the Bay of Bengal was
created after the India–Asia collision, thickening of the Tibetan Plateau, and the uplift of
the Himalayas. Furthermore, the Bengal Basin is divided into three geotectonic provinces:
1. The northwest consists of a stable shelf, and the west has a passive-to-extensional con-
tinental margin. 2. The center has a deep basin. 3. The east has a fold belt, namely, the
Chittagong Tripura Fold Belt (CTFB) [52]. It is argued, however, that the northern Bay of
Bengal is considered “thin continental” after it endured continental rifting and was exposed
to volcanic activity from the Kerguelen hotspot [53]. When it comes to the deposition of
sediment in the Bay of Bengal, it has been speculated that tectonic cycles or stages regarding
the interaction and collisions of major plates plays a role. There have been five phases
thus far: 1. Syn-rift stage 2. Drifting stage 3. Early collision stage 4. Late collision stage 5.
Latest collision stage. Furthermore, sediments originating from Himalayas and the Indian
Peninsula that are transported by the Ganges and Brahmaputra Rivers are considered to
be mostly detrital than biogenic [52]. As the Bengal Basin accumulates a large amount
of sediment through faulting, folding, and compaction, the Bengal Basin margin shows a
prograde of more than 300 km in the last 35 million years. When it comes to human interac-
tions, the geological exploration in the Chittagong Tripura Fold Belt (CTFB), for instance,
has increased due to more earthquakes and structural complexities (i.e., thrust faults and
mud volcanoes) [54]. Furthermore, national and international oil and gas companies have
conducted seismic surveys and drilling due to the presence of anticlinal folds and faults
related to gas seepages [52].

One of the major instances of relative sea level changes is seen in the vicinity of the
Bay of Bengal, depending moderately on changes in the measurements of the ocean where
sea level increases at a risky rate in comparison to land [55–57]. South Talpatti Island, or
Purbasha, was a coastal island in Shyamnagar Upazila of Satkhira district in Bangladesh.
However, due to SLR in Bangladesh, South Talpatti was lost to the sea in the Bay of Bengal
in the late nineties [58,59]. This indicates that the southern part of Bangladesh, especially
Gabura and Padmapukur unions, will be submerged. Both of these unions were under
water at the time of Cyclone Aila. Moreover, the inhabited island of Lohachara, located at
the mouth of the Hooghly River in India, adjacent to the Ganges Delta, gradually sank in
the 1980s [60–62]. During the previous 30 years, the relative sea level has increased quicker
than the global mean sea level (GMSL) (high confidence) in the area near Asia. Within the
timeframe 1984 to 2015, the entire region of the coastal neighborhood diminished and the
coastline attenuated; however, some coastlines drifted towards the Russian Far East, East
Asia, and Southeast Asia such as the Southern Coastal region in Bangladesh [48,55,63].



J. Mar. Sci. Eng. 2022, 10, 779 5 of 30

2. Study Area and Methodology
2.1. Study Area

The study area is within the southwestern part of Bangladesh between 22.3306′ N and
89.1028′ E, encompassing the entire Sundarbans (Figure 1A,B) [62,64].

Delta sediments form a shallow area that extends about 200 km south from the
coastline. In the western part of the Indian Ocean, beyond the narrow coastal zone, the
seabed quickly drains to a depth of 2000 m or more. In the east, the Andaman Sea forms
a shallow water area [65,66]. The largest fluvio-deltaic-to-shallow marine sedimentary
basin of the world is the Ganges–Brahmaputra–Meghna (GBM) Delta. This basin receives
inflow from the Ganges in the northwest, and the Brahmaputra from the northeast, while
the Meghna provides input from flowing into the Brahmaputra (after entering the Sylhet
Trough and part of the Tripura Hills), and finally, into the Bay of Bengal. From the Bengal
Basin, it is estimated that about 1.1 gigatons (GT) of cumulative sediments are dispersed
into the Bay of Bengal, resulting from the largest submarine fan in the world, the Bengal
Fan [67,68]. The Himalayas shed sediments into the GBM Delta, the source of most of
the sediments, while the Himalayan front, Shillong Plateau uplift in the north, and the
accretionary fold belt in the east can create tectonic influences on the GBM Delta [67].
Flexural subsidence, faulting, folding, and localized compaction are sources for less than
half of the total sediment trapped in the Bengal Basin [68]. This accumulated sediment has
resulted in a prograde of more than 300 km since the Eocene (35 Ma) in the entire Bengal
Basin [67,68].

Figure 1. Cont.
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Figure 1. (A) The Ganges–Brahmaputra–Meghna (GBM) Delta with study area. (B) The study area
with the three tide gauge stations of Hiron Point, Char Changa, and Cox’s Bazar, along with the
10 Ganges Delta river gauges of Kalaroa, Benarpota, Protapnagar, Basantapur, Kaikhali, Tala Magura,
Chandkhali, Elarchari, Kobadak Forest Office, and Shakra. Data obtained from the Bangladesh Water
Development Board (BWDB) and the Bangladesh Inland Water Transport Authority (BIWTA).

2.2. Methodology

Sea level is measured using two main approaches: tide gauges and satellite altimeters.
Tide gauges measure low and high tides by utilizing manual and automatic sensors. Satel-
lite altimeter radar measurements are performed using precision-based spacecraft orbits
to determine the surface altitude with exceptional accuracy [69,70]. The mean tide level
at any location is the average of all high and low water levels at that location over a long
period of time. In sea level analyses, there are some advantages to using mean tide level as
a locus level instead of mean sea level (MSL) [71].

The daily high SLR/water level and daily low SLR/water level (in meters (m)) were
obtained from the Government of Bangladesh Inland Waterways and Transportation Au-
thority (BIWTA) tide gauge data. Mean SLR was calculated by averaging the daily high and
low SLR in m, which was further converted to mm scale (Table 1). Yearly mean SLR was
calculated from these data and plotted in Excel. Finally, trends of MSL were calculated by
linear regression with the regression coefficient sea level information at Sundarbans/Hiron
Point and Char Changa from 1993 to 2019 and at Cox’s Bazar from 1993 to 2011 obtained,
and both the lowest and highest tide records were retrieved (Figure 2A–C).
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Table 1. Data from three tide gauge stations from the Bay of Bengal at Hiron Point, Char Changa, and Cox’s Bazar (primary data were collected from Government of
Bangladesh Inland Waterways and Transportation Authority (BIWTA)).

Year
(Char Changa) Latitude Longitude Lowest Highest Average Year

(Hiron Point) Latitude Longitude Lowest Highest Average Year
(Cox’s Bazar) Latitude Longitude Highest

1993 21.78 89.47 0.58 3.82 2.20 1993 22.23 91.05 0.28 3.20 1.74 1993 21.45 91.83 3.85
1994 21.78 89.47 0.52 3.98 2.25 1994 22.23 91.05 0.26 3.25 1.75 1994 21.45 91.83 3.75
1995 21.78 89.47 0.67 4.12 2.39 1995 22.23 91.05 0.37 3.30 1.84 1995 21.45 91.83 3.99
1996 21.78 89.47 0.66 3.90 2.28 1996 22.23 91.05 0.38 3.29 1.84 1996 21.45 91.83 3.91
1997 21.78 89.47 0.58 4.03 2.30 1997 22.23 91.05 0.21 3.22 1.72 1997 21.45 91.83 3.83
1998 21.78 89.47 0.64 4.18 2.41 1998 22.23 91.05 0.41 3.33 1.87 1998 21.45 91.83 3.91
1999 21.78 89.47 0.70 4.08 2.39 1999 22.23 91.05 0.29 3.27 1.78 1999 21.45 91.83 3.96
2000 21.78 89.47 0.61 4.07 2.34 2000 22.23 91.05 0.43 3.44 1.93 2000 21.45 91.83 4.00
2001 21.78 89.47 0.67 3.96 2.32 2001 22.23 91.05 0.48 3.44 1.96 2001 21.45 91.83 3.95
2002 21.78 89.47 0.66 4.07 2.36 2002 22.23 91.05 0.33 3.28 1.80 2002 21.45 91.83 4.01
2003 21.78 89.47 0.55 3.72 2.14 2003 22.23 91.05 0.41 3.38 1.89 2003 21.45 91.83 3.92
2004 21.78 89.47 0.52 3.79 2.16 2004 22.23 91.05 0.34 3.41 1.87 2004 21.45 91.83 3.85
2005 21.78 89.47 0.53 3.78 2.15 2005 22.23 91.05 0.37 3.37 1.87 2005 21.45 91.83 4.02
2006 21.78 89.47 0.56 3.86 2.21 2006 22.23 91.05 0.26 3.27 1.77 2006 21.45 91.83 3.97
2007 21.78 89.47 0.68 4.02 2.35 2007 22.23 91.05 0.29 3.39 1.84 2007 21.45 91.83 4.07
2008 21.78 89.47 0.70 4.02 2.36 2008 22.23 91.05 0.41 3.48 1.95 2008 21.45 91.83 4.07
2009 21.78 89.47 0.74 4.00 2.37 2009 22.23 91.05 0.43 3.52 1.97 2009 21.45 91.83 4.11
2010 21.78 89.47 0.70 4.05 2.38 2010 22.23 91.05 0.41 3.34 1.88 2010 21.45 91.83 4.15
2011 21.78 89.47 0.68 4.04 2.36 2011 22.23 91.05 0.37 3.29 1.83 2011 21.45 91.83 4.07
2012 21.78 89.47 0.73 4.07 2.40 2012 22.23 91.05 0.36 3.33 1.84 - -
2013 21.78 89.47 0.60 3.97 2.29 2013 22.23 91.05 0.40 3.32 1.86 - -
2014 21.78 89.47 0.84 4.15 2.50 2014 22.23 91.05 0.37 3.40 1.88 - -
2015 21.78 89.47 0.78 4.13 2.45 2015 22.23 91.05 0.35 3.33 1.84 - -
2016 21.78 89.47 0.75 4.15 2.45 2016 22.23 91.05 0.38 3.47 1.93 - -
2017 21.78 89.47 0.79 4.33 2.56 2017 22.23 91.05 0.34 3.41 1.87 - -
2018 21.78 89.47 0.76 4.24 2.50 2018 22.23 91.05 0.30 3.36 1.83 - -
2019 21.78 89.47 0.64 4.17 2.40 2019 22.23 91.05 0.28 3.47 1.87 - -
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Figure 2. Sea level rise changes for three tide gauges on the coast of Bangladesh, along with the
projected trend until 2100, based on the equation for the linear trend line of the historical record.
Hiron Point (A) and Char Changa (B) records from 1993 to 2019, and Cox’s Bazar (C) from 1993 to
2011. All stations show an increasing SLR trend (Data Source: BIWTA, 2020, Table 1).
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For Hiron Point, the highest tide value was considered from March and the lowest
from August. The lowest and highest tide values were considered for February and August
for both Char Changa and Cox’s Bazar. Then, for Hiron Point and Char Changa, the average
between the lowest and the highest point was considered as the average annual SLR value,
and only the highest tide record was used as the annual value for Cox’s Bazar, due to
unreliable low tide records.

Tide gauge data for the Ganges Delta were obtained from the Bangladesh Water De-
velopment Board (BWDB). Metric data from the BWDB were available for 10 stations, with
a data series from 1968 to 2019 (Table 2). The list of stations includes Kalaroa, Benarpota,
Protapnagar, Basantapur, Kaikhali, Tala Magura, Chandkhali, Elarchari, Kobadak Forest
Office, and Shakra, which include timeframes of 52, 50, 49, 51, 52, 51, 49, 34, 43, and 39 years,
respectively. The monthly data were taken into consideration for tidal documentation if a
minimum of 15 days of data were obtained, and yearly data were considered if a minimum
of 11 months of data were obtained. Time extent of these statistics is significantly of high
quality. Usually, data from the past 20 years were examined for SLR tendency assessment
and the data quality verified before scrutiny [51]. The inaccuracy in tidal statistics was
rectified manually. In case of an over-inference of tidal rank, flawed data were removed
from the dataset. Some impractical values, such as the same value for high and low tides,
were removed from the dataset before obtaining a sea level rise trend (Table 2). Some data
points were identified as erroneous and removed manually.

Table 2. Data from 10 tide gauge 10 stations from the Ganges Delta (primary data were collected
from the Bangladesh Water Development Board (BWDB)).

Data
BWDB Kalaroa Benarpota Protapnagar Basantapur Kaikhali Tala

Magura Chandkhali Elarchari Kobadak
Forest Shakra

Latitude 22.87 22.39 22.46 22.19 22.73 22.52 22.66 22.22 22.63
Longitude 89.05 89.19 89.03 89.08 89.27 89.25 89.05 89.31 88.95

Year Average Average Average Average Average Average Average Average Average Average
1968 1527.89 913.85 567.36 838.18 563.74 619.38 657.13 1529.89 343.53 1030.49
1969 1279.15 806.88 579.05 752.12 514.53 607.27 577.26 1659.47 255.51 1088.18
1970 1566.59 1000.82 628.79 802.01 588.03 523.10 532.79 1087.67 305.44 1148.69
1971 1705.26 969.78 388.94 785.92 540.31 572.65 548.63 1402.27 334.85 1233.60
1972 1045.22 682.91 560.60 705.82 533.71 493.55 543.09 1286.23 266.49 996.73
1973 1293.06 765.27 656.79 824.48 532.23 569.12 572.29 1554.44 302.78 980.34
1974 1357.07 808.53 591.01 686.57 668.48 754.71 697.34 1335.00 383.81 927.81
1975 1275.89 780.21 572.85 908.60 609.77 550.44 624.35 1704.02 353.40 822.71
1976 1241.86 642.79 524.21 1167.65 1419.70 310.33 624.86 1683.58 302.16 1021.16
1977 1331.37 789.60 588.42 1193.64 1668.00 575.45 652.51 1564.43 142.79 1059.70
1978 649.44 636.54 415.36 838.89 451.11 597.28 403.45 1600.52 298.63 1527.30
1979 1712.67 874.36 467.49 1160.55 392.36 1144.42 805.58 1567.53 349.36 1759.69
1980 1518.58 760.46 419.02 1080.30 496.20 994.74 711.84 1579.56 339.43 1855.33
1981 1816.70 852.62 748.79 1124.03 549.62 899.73 702.41 1519.89 416.33 1718.40
1982 1133.10 691.83 350.49 961.55 464.73 141.50 581.69 1586.99 331.20 455.56
1983 1290.90 879.98 −81.25 799.07 397.38 653.56 675.29 1641.07 413.97 956.51
1984 1700.44 935.71 −88.52 855.89 808.55 672.87 666.21 1515.33 456.37 930.81
1985 1372.66 754.90 64.26 803.49 793.44 564.23 598.04 2056.00 372.63 924.70
1986 1834.37 983.37 −12.67 747.22 742.59 631.41 566.47 1969.01 394.21 901.99
1987 1734.32 905.40 151.18 784.32 643.14 581.30 730.29 2040.64 496.15 858.79
1988 1732.86 994.78 335.31 900.05 522.14 805.77 667.55 2010.27 399.32 1159.39
1989 1589.96 949.67 498.32 866.04 820.92 876.33 438.74 1883.10 522.07 848.96
1990 1828.48 997.44 270.38 886.25 821.85 937.61 625.59 1865.23 600.70 880.15
1991 1735.01 981.60 329.25 784.78 785.64 1274.89 567.86 1752.11 442.23 865.22
1992 2479.36 1072.17 568.41 788.73 784.55 183.35 585.08 1638.68 281.69 541.32
1993 2176.78 1337.95 342.66 804.12 805.32 827.93 446.59 1272.42 325.71 834.87
1994 1889.36 1328.38 277.89 777.01 557.97 671.29 540.40 1793.14 232.47 747.05
1995 2304.25 1477.07 198.75 842.45 742.64 658.44 196.01 1825.93 138.27 781.49
1996 2647.88 1454.39 48.20 778.14 927.32 674.11 309.08 2144.30 182.24 899.85
1997 2530.64 1481.29 66.89 691.71 726.33 670.75 572.11 2148.46 16.01 748.45
1998 2509.67 1266.26 −172.55 794.10 814.99 784.44 578.29 2419.32 −130.89 880.55
1999 2597.43 1537.21 −299.93 905.36 849.25 752.15 579.08 2552.59 −42.00 898.19
2000 1935.81 1795.58 29.60 968.90 844.21 767.82 611.81 2685.87 −67.77 1055.65
2001 2823.40 1559.10 97.34 855.89 825.78 643.26 676.10 2455.96 −337.12 917.13
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Table 2. Cont.

Data
BWDB Kalaroa Benarpota Protapnagar Basantapur Kaikhali Tala

Magura Chandkhali Elarchari Kobadak
Forest Shakra

2002 2380.10 1519.29 370.98 862.07 813.40 544.03 2342.51 308.86 890.71
2003 2629.24 1080.77 202.69 933.16 787.06 444.80 1744.33 180.93 867.64
2004 2880.26 1233.98 363.43 821.58 777.26 846.49 1992.79 −311.65 949.47
2005 3391.31 1382.43 118.53 714.00 851.40 996.15 2161.86 −175.15 1203.61
2006 2799.31 1424.37 761.31 717.53 806.12 750.72 2032.76 −279.02 1177.83
2007 2879.91 1166.62 1124.29 876.79 711.85 −31.98 2740.13 −82.51 743.25
2008 3193.69 1647.87 759.71 869.00 870.13 224.62 3447.50 −289.85 761.57
2009 2304.01 1560.83 575.12 795.97 897.74 642.56 −306.34 846.13
2010 1870.99 1789.15 395.86 945.67 981.10 454.66 −377.69 930.70
2011 2273.29 2421.52 416.34 1104.51 1007.99 829.60 924.81
2012 2274.03 2761.69 309.34 1155.52 1027.43 511.34 1105.99
2013 2983.97 3237.05 291.93 1270.08 1034.08 1621.39 1069.86
2014 3406.19 2857.87 439.44 1114.84 986.51 2824.77 983.64
2015 3438.19 2751.72 765.30 896.21 1031.63 1833.07 971.21
2016 3470.18 3232.11 868.99 888.36 1015.98 1478.88 1101.93
2017 3169.51 3712.50 772.99 996.15 1298.65 943.99
2018 2946.99 700.60 954.79 893.25
2019 2446.49 559.94 792.66 650.80

In this study, we showed how Global Navigation Satellite System (GNSS)-derived
vertical velocities contribute to the correction of tide gauge (TG) measurements used
for sea level rise estimation in the Ganges–Brahmaputra–Meghna Delta (GBMD) [72–74].
At the Ganges–Brahmaputra–Meghna Delta (GBMD), vertical land motion (VLM) and
GNSS (co-located) are used when estimating the geocentric sea level rise. TGs use a land-
based monitored geodetic benchmark to measure the height of water. Thus, VLM can be
determined using GNSS-based methods. The absolute geocentric sea level trend is the
conversion of the TG correction of relative sea level heights and GNSS vertical velocities
from the same location [72–74].

2.3. Satellite Imagery Retrieval

Satellite data were retrieved from the Laboratory for Satellite Altimetry [75–77], in-
cluding data from TOPEX, Jason -1, -2, -3, and multiple altimeters, which were averaged to
create a 1992 to 2020 table [5,76–85]. Global and local level changes provide a method for
evaluating the performance of climate models This was used to measure global average
and regional SLR; the regional data were obtained from the average altimetry values of the
Bay of Bengal. To visually analyze global and regional SLR, screenshots were obtained from
the JPL ECCO server (2020) [5,78–81] which show the change in sea surface topography
from 1992 to 2015 [79–83].

2.4. SLR Change Verification and Land Subsidence Projection Using CMIP5 Model

The Norwegian Earth System Model (NorESM1-EM) from CMIP5 (Coupled Model
Intercomparison Project Phase 5) was used to compare the mean SLR of regional and
global areas. For the mean regional SLR, the mean SLR for the Bay of Bengal was used,
and projections of land subsidence were analyzed to determine their relationship. SLR
projections (the representative concentration pathways (RCPs) data were downloaded from
cds.climate.copernicus.eu (accessed on: 22 December 2021) [82–84] and the mean SLR for
the Bay of Bengal was simulated using the Global Climate Model (GCM) NorESM1-ME
from 2006 to 2100. The estimates were taken from the figures from 1980 to 2005. The GCM
model figures were in the Network Common Data Form version 4 (NetCDF4) pattern. The
data utilizing the Climate Data Operator means were separated and the Python language
was employed to plot the RCP estimates [82].
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3. Results

The results from the three tide gauge stations indicate a trend towards increasing sea
level, with Changa at 7.6 mm/yr and Hiron Point at 3.1 mm/yr from 1993 to 2019, and
a staggering Cox’s Bazar at 14.5 mm/yr of SLR from 1993 to 2011 (Figure 2, Table 3). A
significant correlation exists for Car Changa, with an R2 value of 0.307, and an extremely
significant correlation exists for Cox’s Bazar, with an R2 of 0.610. Based on the linear
trend line from these time frames, it is projected that SLR in Char Changa will increase by
228 mm from 2020 to 2050, and 608 mm in 2100, Hiron Point by 93 mm in 2050 and 248 mm
by 2100, and Cox’s Bazar almost 435.7 mm by 2050, and more than 1162 mm by 2100,
assuming a linear increase in SLR. Cox’s Bazar has an SLR projection similar to those in the
intermediate–high region. The detailed statistical analysis are in Supplementary Materials.

Table 3. Timeframe, sea level rise trend, correlation, trend line equation, and estimated level in 2050
and 2100, and sea level rise from 2020 to 2050 and 2100 for tide gauges at Char Changa, Cox’s Bazar,
and Hiron Point. Cox’s Bazar shows a significantly higher rate of SLR through the 21st century, with
>1 m of rise during a period of 80 years (Data Source: BIWTA, 2020).

Time Frame
(Years)

Water Level
Trend

(mm/yr)

Correlation
(R2) Trend Line Equation

Estimated
Level in 2050

(mm)

SLC from
2020 to 2050

(mm)

Estimated
Level in 2100

(mm)

SLC from
2020 to 2100

(mm)

Char Changa
1993–2019 7.6 0.3066 y = 0.0076x − 12.881 2699 228 3079 608

Cox’s Bazar
1993–2011 14.52 0.6097 y = 0.0145x − 25.1079 4665 435.7 5391 1162

Hiron Point
1993–2019 31 0.1466 y = 0.0031x − 4.4224 1932.6 93 2087.6 248

According to the monthly average sea level data from 1993 to 2011, the MSL trend of
Cox’s Bazar was +14.5 mm/yr. (R2 = 0.6097). The increase in sea level from 1993 to 2011
was 206 mm. Using regression analysis, the trend of sea level rise was predicted (Figure 2,
Table 3). As per the predictions, after 100 years, the sea level may rise by 1450 mm from the
existing sea level.

Tidal statistics at the three-gauge locations on the coast of Bangladesh have shown an
SLR of 4.0–7.8 mm/yr for 1977–1998 [61,86,87]. This is significantly greater than the pace
of global SLR during the 19th century, i.e., 1.7 ± 0.3 mm/yr [1,3]. SLR statistics retrieved
from the three tidal checkpoints in the SWCRB reveal that Hiron Point has an increasing
SLR of 3.1 mm/yr, Char Changa of 7.6 mm/yr, and Cox’s Bazar of 14.52 mm/yr, showing
a significant increase from 5.5 and 7.5 mm for the same regions from 1970 to 2005 [86,87].
Verification of SLR statistics from 10 tide gauge watch points within the coast of Bangladesh
for intermittent time points (14–44 years) details a mean SLR of up to 38.8 mm/yr, near
the central coastal belt. These trends can be derived from a number of factors, as shown in
Tables 3 and 4.

Several of the stations show increasing SLR, specifically, Kalaroa, Benarpota, Kaikhali,
Tala Magura, and Elarchari, (Figure 3 and Table 4). Most of them have very high rates
of SLR, especially the first two, which show a rise in SLR of >40 mm/yr. At the same
time, the river gauges show significant correlations of SLR data among the given sta-
tions, in particular for Kalaroa and Benarpota, of >R2 = 0.6 (Table 4). Two stations,
Protapnagar and Basantapur, showed no significant SLR change or correlation, with a
trend of <0.5 mm/yr. Chandkhali, Kobadak Forest, and Shakra showed a decrease, with
−3.03 mm/yr, −13.59 mm/yr, and −4.92 mm/yr, respectively. Overall, this indicates that
half of the stations’ SLR are increasing at rates between 7.27 mm/yr and 41.75 mm/yr, rates
much higher than the three stations with their corresponding decreasing rates, suggesting
general RSLR within the Delta. At the same time, increasing SLR trends are far higher than
the coastal tide gauges, indicating that other physical processes within the delta region are
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affecting SLR, which could contribute to either an increase in water volume/SLR or active
land subsidence.

Figure 3. The historical records of deltaic regions within the study area; the trend line indicates the
trend of sea level. Stations with increasing sea level (A); no significant change (B); and decreasing
sea levels (C). These patterns show a lot of variation in sea level rise, which can be attributed to the
highly dynamic geomorphological processes of deltaic regions (Data Source: BWDB, 2020).
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Table 4. Trend in sea level rise, equation of the trend line, and correlation of 10 stations measuring
sea level rise (SLR) at the Ganges Delta. The green color indicates positive SLR, red indicates negative
SLR, and yellow indicates no significant trend. Four of the five positive SLR trend stations show a
significant correlation with their timeframe, indicating more reliable predictions than those with little
or no correlation. Data retrieved from BWDB.
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Trend (mm/yr) 40.41 41.749 0.127 0.0898 7.2704 11.528 −3.0327 29.343 −13.59 −4.9207 Positive sea
level change

Correlation 0.7241 0.665 0 0 0.2149 0.148 0.0644 0.578 0.533 0.081
No significant

sea level change
(<1 mm/yr)

The global data showed an increase of 2.94 mm/yr based on an average from satellite
altimeters, with an extremely high correlation of 0.919 from 1992 to 2020, as seen in Table 5.
The trend is not constant across the globe, with polar regions showing decreasing SLR rates
and places near the equatorial Pacific having the highest increasing rates, approaching up
to 1000 mm in certain regions (Figure 4). The linear projection of global sea level change in
2050 indicates an SLR of 88.04 mm compared to 2020 and 234.76 mm by 2100 (Table 5).

Table 5. The timeframe, sea level rise (SLR) trend, correlation, trend line equation, estimated level in
2050 and 2010, and SLR from 2020 to 2050 and 2100 for global and regional sea surface topography
from 1992 to 2020. The regional data are based on the Bay of Bengal region. Data from altimeters from
TOPEX/Poseidon and Jason-1, -2, -3 were averaged to create the historical record. Data obtained
from the Laboratory for Satellite Altimetry (2020a and 2020b) [76–78,80].

Time
Frame

Trend
(mm/yr) Correlation Tread Line

Equation

Estimated
Level in

2050 (mm)

SLC from
2020 to

2050 (mm)

Estimated
Level in

2100 (mm)

SLC from
2020 to

2100 (mm)

Global 1992–2020 2.935 0.9192 y = 2.9345x − 5869.4 146.325 88.035 293.05 234.76

Regional
(Bay of Bengal) 1992–2020 3.366 0.3516 y = 3.3664x − 6733.6 167.25 100.992 335.84 269.312

The regional data show an increasing trend of 3.37 mm/yr, with a correlation of 0.352
(Table 5). The regional trend is higher by 0.4 mm than the global trend. Based on the map
and graph (Figures 4 and 5), higher regional levels exist along the coastal region of the
Ganges Delta. The future trend for the region of the Bay of Bengal indicates a 100.99 mm
rise from 2020 to 2050, and a rise of 269.31 mm from 2020 to 2100, which is higher than
those of global values. However, both predictions have SLR trends where the regional trend
is slightly higher than the global average and relatively mild compared to both the river
and coastal tide gauges. Average river gauge trends are higher than global and regional
trends, with two coastal gauges projecting a change of more than 1000 mm from 2020 to
2100. Only Hiron Point presented trends and future projections similar to those of regional
and global ones.
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Figure 4. Sea level changes from 1992 to 2015 with the global pattern (A) and RSLR from the southern
Bay of Bengal region (B). High latitudes show a decrease in sea level rise, which can be attributed to
the lowering of gravitational attraction due to the loss of glacial mass. Data retrieved from JPL ECCO
server (2020) [5,79].
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Figure 5. Sea level change for the global average (A) and the region of the Bay of Bengal (B) from
1993 to 2020, along with the projected trend until 2100, based on the linear trend line equation of the
historical record. Data retrieved from the Laboratory for Satellite Altimetry [76–78].

The Bay of Bengal (regional data) and global data have a strong correlation of
R2 = 0.70 (Table 6); based on this timeframe, the lineal trend is similar for both regional
and global data, but the trend for Bay of Bengal SLR is higher than that for the global
average. Both the global and Bay of Bengal SLR have a correlation of R2 = 0.32 and 0.30
with Char Changa, and 0.58 and 0.56 with Cox’s Bazar, respectively. Hiron Point only had
a significant correlation, of 0.39, with Cox’s Bazar. This indicates that although the rates for
local regions have higher SLR trends, the local changes in SLR are statistically consistent
with the regional (Bay of Bengal) and global SLR patterns, except for Hiron Point.
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Table 6. Correlation of annual SLR data from global data, Bay of Bengal, Char Changa, Hiron Point,
and Cox’s Bazar. The green color indicates correlations above R2 = 0.2, yellow for R2 = 0.1 and
0.2, and red for correlations less than R2 = 0.1. Data retrieved from the Laboratory for Satellite
Altimetry [76–78,88,89] and BIWTA.

Global SLR Bengal Bay
SLR Char Changa Hiron Point Cox’s Bazar Legend

Global SLR 1 0.70 0.32 0.12 0.58
>0.2

Bengal Bay SLR 0.70 1 0.30 0.19 0.56

0.1–0.2
Char Changa 0.32 0.30 1 0.04 0.23

Hiron Point 0.12 0.19 0.04 1 0.39 <0.1
Cox’s Bazar 0.58 0.56 0.23 0.39 1

3.1. Comparison with the CMIP5 Model

Under RCP 2.6, RCP 4.6, RCP 6, and RCP 8.5, the global MSL shows 0.30, 0.35, 0.37,
and 0.48 m, respectively, in 2100. Furthermore, in the Bay of Bengal, the MSL is indicated
to be higher than the global mean SLR. Under RCP 2.6, RCP 4.6, RCP 6, and RCP 8.5, the
MSL shows 0.6, 0.7, 0.83, and 1.0 m, respectively, in 2011, in the Bay of Bengal (Figure 6)

Figure 6. Projected time series of global mean sea level rise and mean sea level rise over Bay
of Bengal for different representative concentration pathways (RCPs) (NorESM1-EM model from
CMIP5) [82–84].

3.2. Comparison with tide Gauge, Satellite Altimetry, and RCP, CIMP5

The results from the three tide gauge stations indicate a trend towards increasing sea
level. It is projected that SLR in Char Changa will increase 228 mm from 2020 to 2050, and
608 mm in 2100. In Hiron Point, the increase is 93 mm in 2050 and 248 mm by 2100. In
Cox’s Bazar, the increase will almost be 435.7 mm by 2050 and more than 1162 mm by
2100, assuming a linear increase in SLR. Global data also show increasing SLR, based on an
average from satellite altimeters. The linear projection of global sea level change indicates
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an SLR of 88.04 mm in 2050 and 234.76 mm by 2100. The highest rate of increase is in the
Equatorial Pacific, reaching almost 1000 mm in certain regions. For RCP, the values indicate
that the MSL is higher regionally compared to globally. For instance, in the Bay of Bengal,
RCP 2.6, RCP 4.6, RCP 6, and RCP 8.5, MSL shows 0.6, 0.7, 0.83, and 1.0 m, respectively,
in 2100. Globally, RCP 2.6, RCP 4.6, RCP 6, and RCP 8.5 show 0.30, 0.35, 0.37, and 0.48 m,
respectively, in 2100. Thus, it can be perceived that regional levels of SLR are almost higher
than global levels.

4. Discussion
4.1. Sea Level Rise

This study compares historical and projected sea level change trends for the coast
of Bangladesh, the Bay of Bengal, and globally. Averages were calculated using satellite
altimeters, and tide and river gauges. The coast of Bangladesh presents the highest amount
of sea level rise, which is a direct consequence of both natural and anthropogenetic events,
related to subsidence in the deltaic environment, along with higher rates of glacial melt
water from the Himalayas, resulting in sea level rise in the Ganges Delta. However, it is
important to note that sea level rise will not be uniform, and the origins of glaciers may not
experience sea level rise as extremely as other locations further from the melting source [88].
This is due to surface mass load self-gravitation where, near ice, water piles up due to
the gravitational attraction, and flows away as the ice melts [88]. Thus, the melting of the
Himalayan glaciers will, more than likely, contribute to more drastic increases in sea levels
at locations further away from the Bay of Bengal. The Bay of Bengal region has rates higher
than global averages due to the increase in Himalayan glacial meltwater, with a chance of
reaching more than 200 mm by the end of the 21st century. However, due to the non-linear
nature of sea level rise, projections can be expected to be much higher, threatening the
lives of millions of people living in Bangladesh. The Bay of Bengal had a sea level trend
of 3.4 mm and global averages of 2.9 mm per year. River delta sea level trends were of
3.1 to 41.7 mm per year, but many were above 7 mm per year. The sea level could rise
by more than half a meter (500 mm) from 2020 to 2050, and from 2050 to 2150 by more
than 1000 mm on the coast of Bangladesh, resulting in millions of Bangladeshi inhabitants
possibly being submerged by 2100 (Tables 3–6)

Sea level is eventually rising from west to east over the Bay of Bengal, and it progresses
towards the North Bay of Bengal, causing subsidence over the coastal and adjacent regions.
It has been projected that by 2040, the MSL over the Bay of Bengal will be 0.1 to 0.4 m under
RCP 4.5. It will again increase by between 0.2 to 2 m during 2060. During 2080, the mean
SLR range will be between 0.2 and 3.3 m. (Figure 6). Land subsidence over Bangladesh
shows the highest magnitude over the southern and north-eastern parts as compared to
the other parts. Barishal, Chattogram, and Khulna division will experience prominent
SLR. Mainly, Khula, Satkhira, Pirojpur, Bhola, Patuakhali, Jalokathi, Barishal, Cox’s Bazar,
Feni, Cumilla, Dhaka, Faridrur, Hobogonj, and Sylhet will face land subsidence during
2040 to 2080, according to the RCP 4.5 projection (Figure 7). Furthermore, the components
and grain size of sediments play a role in subsidence [49]. In deltas, for instance, it was
thought that plate-driven tectonic processes served as the main sources of subsidence [49].
However, compaction plays a more significant role on subsidence than before [89]. Thus, it
is important to consider the compaction of strata (in deltas for instance), as this may also
affect water levels [90]. As is evident from Figure 7, SLR determines the surface land area
submergence, and land subsidence plays an important role, exacerbating the effect. It is
also difficult to determine the true causes and patterns of subsidence due to the number of
possible causes and patterns, including sediment loading, human activities, and decrease
in soil from root decomposition [49,89].
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Figure 7. Projected land subsidence (left) and sea level rise (right) for 2040 (A), 2060 (B), and
2080 (C) over Bangladesh and Bay of Bengal using CMIP5 model’s RCP 4.5 scenario [82–84].

As mentioned, sizes of locations, sediment composition, in-and-out fluxes of water
and runoff, and grain sizes all play a role in how localities will be affected by a rise in sea
levels. For example, subsidence factors in local areas occur faster than those over a greater
area, and loose material in deltas easily compacts, resulting in slow sinking of the land and
RSLR to rise 3.37 mm/yr (Table 5) [49,89]. The Ganges–Brahmaputra Delta, for instance,
receives a lot of water and sediment input from the Himalayas, with an input of more than
1 billion tonnes/yr [49,90–94]. The subsidence levels for the lower delta showed 3 mm,
the western ranged from 9 to 12.3 mm, and up 3.6 to 4 mm in the eastern, and it was also
discovered that, within the first 10 years of the 21st century, immense flooding affected
85% of the largest deltas in the world, as shown in Figures 7 and 8, [93–97]. Further, it is
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projected that the risk of flooding will increase by at least 50% by 2100 [49,93–98]. Thus, this
delta is sinking so rapidly that the RSLR may reach 20 mm each year [96–99]. Subsidence
rates for this delta range from 0 to >18 mm/yr [49,100,101].

Figure 8. Focal areas of subsidence in the GBM Delta (Source: Rates of subsidence retrieved from
Brown and Nicholls, 2015) [100].
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Furthermore, the melting of glaciers may lead to a shortage of fresh water in the
region, which will force humans to satisfy water needs from underground sources for both
agricultural–industrial and domestic use. Excessive extraction of underground water will
exacerbate land subsidence. Considering the impact of agriculture in water extraction,
according to an article made in 2006 by the Ground Water Hydrology and the Bangladesh
Water Development Board, 75% of the cultivated land is irrigated by groundwater; simulta-
neously, it also states that ~70 to 90% of abstracted groundwater is used for agricultural
purposes [98–100]. A major cause of concern is that, since 2004, the groundwater in
Bangladesh has not been recharging, as reported by the Bangladesh Agricultural Develop-
ment Corporation in 2011. The rate of extraction was around 53 billion cubic meters per
year, while the recharging rate was merely 50 billion cubic meters per year in 2011 [98,99].
The main occupation of the people in the Shyamnagar Upazila is agriculture and shrimp
farming, resulting in an average land subsidence in Bangladesh of ~5 mm/yr [98–100].

Additionally, the areas submerged beneath the ocean will vary in different SLR situa-
tions. It has been confirmed that 0.5, 1, and 1.5 m of SLR will submerge ~4.3%, 8.4%, and
11.3% of the coastal regions of Bangladesh, and the number of impacted inhabitants will be
112 million [1,49,97,100–103]. The greatest risk of SLR is on the Sundarbans—the largest
mangrove forest in the world—because it is not secured by coastal polders. It has been
predicted that approximately 12%, 43%, and 60% of the Sundarbans will be submerged 0.5,
1, and 1.5 m, respectively (Figures 7 and 8) [101–103]. Since the Sundarbans are significant
from the biological, environmental, geological, and financi al perspectives for Bangladesh,
its submergence with distinctive SLR circumstances will have devastating consequences.

Map shows the magnitude of land subsidence, with 3 mm for the lower delta, up to
9 mm of subsidence in the western delta, and up to 4 mm in the eastern delta. Additionally,
subsidence values are 12.3 mm (in the western delta) and 3.6 mm (in the eastern delta).
As is evident from Figure 8, SLR determines the surface land area submergence, and land
subsidence plays an important role, exacerbating the effect.

Summary illustration of subsidence and compaction measurements for a section
centered on the Brahmaputra incised valley is shown in Figure 9. Compacting sediments
are in shades of brown to yellow, with brown indicating faster compaction. The methods
applied to distinguish rates and their timescales and values are shown in green. The RSET
and KHLC measure compaction from their base to the surface (upward arrows), while the
other system measures subsidence below their base (downward arrows). At the bottom,
values for long-term subsidence, shallow compaction, and short-term subsidence for the
area around the polder, where we have all these systems, are given.

Though subsidence does play a role, it is important to consider the tide gauge and
vertical land motion. For instance, tide gauges are affected by geocentric sea level and
vertical land motion [102–106]. Thus, both are required to use satellite altimeters, as the
observed sea level needs to be converted into a geocentric reference frame [93,104–106].
Local estimates of vertical land motion are also needed to derive an accurate estimate of
ocean volume change, as mean vertical land motion at tide gauges is not the same as that
of the basin [104].

4.2. Comparison between Global, Regional, and Local Sea Level Changes and Impacts

The coastal systems were considered to be affected mainly by higher sea levels. Sea
levels will likely rise for many centuries at rates higher than that of the current century in
the global and regional contexts [1]. It is also essential to compare regional sea level rise
with the Bay of Bengal.
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Figure 9. Illustration of subsidence measurements in the GBM Delta (Source: subsidence and
compaction dimensions retrieved from Steckler et al., 2022) [93].

The satellite radar altimeter data in Table 7 show that sea level rise in the Bay of Bengal
is higher than other regions. The statistical study of river gauges shows that five of the ten
rivers measured are showing increased SLR at far higher rates than the global SLR averages
(Figures 2–6; Tables 3–7). Our data suggest considerably higher rates of SLR increase within
the coast of Bangladesh as compared to that of either global rates or the rates for the Bay
of Bengal. Both the tidal and the river gauges indicate far higher rates of SLR, with two
having an order of magnitude with higher rates, looking at Figures 2–6. RSLR can increase
beyond the global mean sea level rise by an order of magnitude and is able to reach more
than 100 mm/yr, and it is estimated that 50% of 33 deltaic regions have the potential to
rise above global averages by 2100, according to the IPCC [1,2]. This explains the vast
variation observed in our data, with rates considerably higher for sea level rise than the
global average in the Bay of Bengal region.

The statistical study of river gauges shows that five of the ten rivers measured are
showing increased SLR at far higher rates than the global SLR averages (Figures 2 and 3;
Tables 4 and 5). The SLR in the river delta of the study area could be explained by the
sinking and rising of the land, as the sinking of the land plays a role in the sea level rise in
Bangladesh [1,49,94,100–105]. A probable 1.6 billion tones/yr of alluvial content streams
towards Bangladesh through the Ganges and the Brahmaputra. Similarly, higher rates
of ice melt in the Himalayan region would cause SLR in the Bay of Bengal and its river
delta [103–106]. However, the subsidence of the deltaic landscape is considered to have
been stabilized by the replenishment of dredges pushing towards a gross SLR and, in some
regions, could rise due to an increase in river discharge by glacial meltwater. This could
explain the three gauges with rising SLR trends and the two with no trends (Table 4). Our
data suggest considerably higher rates of SLR increase within the coast of Bangladesh as
compared to that of either global rates or the rates for the Bay of Bengal. Both the tidal and
the river gauges indicate far higher rates of SLR, with two having an order of magnitude
with higher rates Table 7 (Figures 2–5). Strain from huge construction and engineering
projects can equally give rise to compacted sedimentation and land sinking, such as in
eastern Tokyo, Po Delta, Shanghai, and Bangkok [1,2,11]. It is also important to consider
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the size of the delta, as their size and composition rely on how much water is entering
and leaving, with humans having an impact on this gradient [1,2]. RSLR can increase
beyond the global mean sea level rise by an order of magnitude and is able to reach more
than 10 cm/yr, and it is estimated that 50% of 33 deltaic regions have the potential to rise
above global averages by 2100, according to the IPCC [1,2]. This explains the vast variation
observed in our data, with rates considerably higher for SLR than the global average or the
Bay of Bengal region.

Table 7. Regional sea level rise time series. Estimates for sea level rise were measured using satellite
radar altimeter data retrieved from the Laboratory for Satellite Altimetry NOAA. Time series are
available on TOPEX/Poseidon (T/P), Jason-1, Jason-2, and Jason-3 (launched in 1992), and altimeters
launched in 1991 including T/P, Jason-1, Jason-2, Jason-3, ERS-2, GFO, and Envisat [76–78].

Region—TOPEX and Jason-1, -2, -3 Seasonal Signals Retained MSL Trend mm/yr
(1992–2022)

Pacific Ocean 2.8 ± 0.4

North Pacific Ocean 3.0 ± 0.4

Atlantic Ocean 3.1 ± 0.4

North Atlantic Ocean 2.7 ± 0.4

Indian Ocean 3.3 ± 0.4

Adriatic Sea 2.2 ± 0.4

Global Sea 3.0 ± 0.4

Baltic Sea 3.8 ± 0.4

Bay of Bengal 3.9 ± 0.4

Bering Sea 1.8 ± 0.4

Caribbean Sea 3.0 ± 0.4

Gulf of Mexico 3.9 ± 0.4

North Sea 2.8 ± 0.4

Mediterranean Sea 2.3 ± 0.4

Sea of Okhotsk 2.1 ± 0.4

Sea of Japan 3.0 ± 0.4

South China Sea 3.8 ± 0.4

Southern Ocean 3.2 ± 0.4

Yellow Sea 2.7 ± 0.4

In Figure 6, the RCPs indicate a global SLR projection in a non-linear fashion. Although
the data are limited to local tide and river gauges, their trends will not be constant in the
near future but are instead going to increase in a non-linear fashion, and are important to
keep in mind, as flooding from tides can affect more areas.

As the global and the Bay of Bengal regional trends are correlated with local gauges in
Bangladesh, it is safe to assume that the RCP non-linear trend will be reflected in the tide
gauges, especially the coastal ones. Our global average linear projection falls below the
lowest RCP on the lower standard deviation estimates of RCP 2.6 (Figure 6). This prediction
is an underestimation of the other predictions, which would indicate that the regional Bay of
Bengal and the coastal tide gauges are underestimating future trends. These are ultimately
coupled, statistically, in our analysis based on Tables 3, 5 and 6, where Cox’s Bazar and
Char Changa have quite significant correlational values with respect to global averages and
regional Bay of Bengal values.Furthermore, due to the exacerbation of many factors causing
RSLR during the 21st century, the local SLR trends will have an even more pronounced
exponential curve than their comparison with the RCP prediction in Figure 6. Therefore,
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both Char Changa and Cox’s Bazar, with estimates of more than half a meter for the former
and over a meter for the latter in a linear trend based on the relatively little historical record,
could expect a few meters (Figures 2 and 3) of SLR for Cox’s Bazar and well over a meter for
Char Changa. This situation is critical for Bangladesh, and the scarce local data from gauges
have a relatively short temporal range, scarce locations of gauges, and a highly dynamic
environment with multivariable sources of RSLR, which together reduce the possibility
of a confident prediction of local SLR. The Table 8 provides a summary of the principal
climate-associated factors for the coastal setting, showing different climate related drivers,
their physical/chemical effects, trends, projections, and progress. It’s indicated whether
the climate related driver affects global, regional, or local SLR

Table 8. Summary of different effects, projections, etc., for local, regional, and global sea level changes.
(Adopted by IPCC, 2014) [1,2].

Climate-Related
Driver

Physical/Chemical
Effects Trends Projections Progress Scale of Effect

Sea level: global and
local southwestern

coastal region,
Bangladesh

Submergence, flood
damage, erosion;

saltwater intrusion;
rising water

tables/impeded
drainage; wetland
loss (and change)

Global mean sea level
very likely to increase

and SLR in Bay of
Bengal higher

than global

Global mean sea level
likely increases and

SLR in Bay of Bengal
will much increase

Improved confidence
in contributions to
observed sea level.

More information on
regional and local sea
level rise such as the
southwestern coastal
region in Bangladesh

Global, much effect
regional and local

Storms: tropical
cyclones (TCs),

extratropical cyclones
(ETCs) in SWCRB

Storm surges and
storm waves,

coastal flooding,
erosion; saltwater

intrusion;
rising water

tables/impeded
drainage; wetland
loss and change.

Coastal infrastructure
damage and flood

defense failure

TCs high confidence
in trends in
frequency,

ETCs likely poleward
movement of

circulation features
but low confidence in

intensity changes

TCs likely increase to
no change in

frequency; likely
increase in the most

intense TCs.
ETCs high

confidence that
reduction in

ETCs will be small
globally and in

Bangladesh. Low
confidence in

changes in intensity

Lowering of
confidence of

observed trends in
TCs and ETCs

since AR4.
More basin-specific

information on storm
track changes

Global, much effect
regional and local

Winds

Wind waves, storm
surges, coastal

currents, land coastal
infrastructure

damage

Low confidence in
trends in mean

and extreme
wind speeds

High confidence in
projected mean wind

speeds. Likely
increase in

TC extreme wind
speeds such as

Amphan in India,
Bangladesh

Improved
atmospheric

observations and
simulations for wind

Global and Local

Waves
Coastal erosion,

overtopping, and
coastal flooding

Likely positive trends
in Hs in

high latitudes

Low confidence for
projections overall

but medium
confidence for

Southern Ocean
increases in Hs

Large increase in
number of wave

projection studies
since AR4

Global and Local

Extreme sea levels
Coastal flooding

erosion, saltwater
intrusion

High confidence of
increase due to

global, regional, and
local mean sea

level rise

High confidence of
increase due

to global, regional,
and local mean sea

level rise, low
confidence of

changes due to
storm changes

Local subsidence is
an important

indicator of regional
sea level rise in
many locations

Regional and local
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Table 8. Cont.

Climate-Related
Driver

Physical/Chemical
Effects Trends Projections Progress Scale of Effect

Sea surface
temperature (SST)

Changes to
stratification and

circulation; reduced
incidence of sea ice at

higher latitudes;
increased coral
bleaching and

mortality, poleward
species migration;

increased
algal blooms

High confidence that
coastal SST increase
is higher than global

SST increase

High confidence
that coastal

SSTs will increase
with projected

temperature increase

Emerging
information on
coastal changes

in SSTs

Global, regional,
and local

Freshwater input

Altered flood risk in
coastal lowlands;

altered water quality
/ salinity; altered
fluvial sediment
supply; altered
circulation and
nutrient supply

High confidence in a
net declining trend in

annual volume of
freshwater input in

study area

Medium confidence
for general increase

in high latitudes and
wet tropics and

decrease in other
tropical regions

Emerging
information on

freshwater input
Regional and local

Ocean acidity

Increased CO2;
increased seawater

pH and carbonation
concentration (or

“ocean acidification”)

High confidence of
overall increase,

with high local and
regional variability

High confidence of
increase at

unprecedented rates
but with local and
regional variability

Coastal ocean
acidification increase

Global, regional,
and local

This information also explains the smaller variations in SLR trends observed in the
three river gauges, as these effects can be extremely localized, even within a single delta.
The SLR in the river delta of the study area could be explained by the sinking and rising
of the land, as the sinking of the land plays a role in the sea level rise in Bangladesh
Table 8 [1,2,100]. A probable 1.6 billion tones/yr of alluvial content streams towards
Bangladesh through the Ganges and the Brahmaputra. Similarly, higher rates of ice melt in
the Himalayan region would cause SLR in the Bay of Bengal and its river delta [106–109].
However, the subsidence of the deltaic landscape is considered to have been stabilized by
the replenishment of dredges pushing towards a gross SLR and, in some regions, could rise
due to an increase in river discharge by glacial meltwater Table 8. This could explain the
three gauges with rising SLR trends and the two with no trends (Table 4). Strain from huge
construction and engineering projects can equally give rise to compacted sedimentation
and land sinking, such as in eastern Tokyo, Po Delta, Shanghai, and Bangkok [1,2,12]. It
is also important to consider the size of the delta, as their size and composition rely on
how much water is entering and leaving, with humans having an impact on this gradient
Table 8 [87–89,105,106].

Another topic of interest is how shorelines may be affected by sea level rise. For
coastal areas, the subsidence is known as sinking land, and can result in increased sea
level and risks of flooding Table 8 [1]. However, sea level is reduced with uplifting of
land and increases coastlines migrate seaward migration [35]. From our results, we can
predict that shorelines will shrink and become smaller compared to the past as water
levels increase. The shoreline of Kuakata, in Bangladesh, for instance, is shown to be
affected by sea level rise and erosion Table 8 [82,85]. These could result in difficulties using
the land, maintaining a healthy coastal ecosystem, biodiversity, and economic livelihood
Table 8 [1,35]. This may require humans to re-structure and extend into the land to ensure a
shoreline is always accessible. This ties back to the human interaction with the land with
regards to land disruption and possibly drilling, depending on the means necessary to
maintain the shoreline.

Rising sea levels can affect three times more people by 2050 than earlier assumed.
Additionally, 300 million people living in the coastal areas of China, Bangladesh, Vietnam,
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and Indonesia will be recurrently flooded, a new study informs Table 9 [1,34]. Besides,
the SWCRB area, with a density of 1300 people per square km, will increasingly be im-
pacted by floods, coastline erosion, and storms, phenomena exacerbated by rising sea level,
where storm surge and sea level rise can indirectly result in dramatic effects Table 8 [35].
Predictions and probable underestimation of SLR trends in previous studies threaten the
habitable zone of tens of millions of people within Bangladesh. It is thus essential to
constantly observe the warming of the oceans as well as the Earth’s average surface air tem-
perature as they could affect more than half of the Bangladeshi population if not maintained
below 2 ◦C throughout the 21st century [1,2,49]. The population of coastal areas and their
assets will be impacted by SLR and its involved perils, as is strongly suggested by several
studies Tables 8 and 9. These calculations are, however, reliant on uncertain scenarios
implicated with global altitude and population data [1,2,101]. All the estimations provide
an indication of high and increasing vulnerability of low-lying coastal belts Table 8. It is
reported that ~2% of the covered global land area containing 10% of the global population,
i.e., 600 million, is constituted by the low-elevation coastal zone, with 13% of the global
population in the urbanized locality, i.e., 360 million, as per the estimations for the year
2000 [1,2,34,85]. A greater portion (~65%) of global metropoles with a populace of more
than 5 million are inhabitants in the low-elevation coastal zone [1,2,85,86]. However, the
global population manifested in the 1-to-100-year peak sea level—the sea level that has
a 1% chance of being surpassed each year—has risen by 95% from 1970 to 2010, with
approximately 270 million inhabitants and USD 13 trillion equivalent of properties exposed
to the 1-in-100-year peak sea level in 2010 [1,85–88]. In 2002, there was approximately
USD 1.9 trillion less wealth in the 1-in-100-year extreme sea level and it was spread in
these 10 port urban localities—Miami (USA), New York–Newark (USA), New Orleans
(USA), Osaka–Kobe (Japan), Tokyo (Japan), Amsterdam (Netherlands), Rotterdam (Nether-
lands), Nagoya (Japan), Virginia Beach (USA), and Guangzhou (China). When compared to
other localities, Asia demonstrated the highest exposure based on population and wealth
Tables 8 and 9 [1,85,86].

Table 9. A new study estimates that the number of people affected by rising sea levels has almost
tripled (Adopted by Gupta, 2019; CGTN’s) [34].

Country Previous Study New Study Change

1. China 29 million people 93 million people +67 million people

2. Bangladesh 5 million people 42 million people +37 million people

3. India 5 million people 36 million people +31 million people

4. Vietnam 9 million people 31 million people +22 million people

5. Indonesia 5 million people 23 million people +18 million people

6.Thailand 1 million people 12 million people +11 million people

Total, global 79 million people 300 million people +221 million people

5. Conclusions

Long-term measurements for three tide gauges located in the Bay of Bengal at Hiron
Point, Char Changa, and Cox’s Bazar, Bangladesh, showed that sea level rise in Bangladesh
is significantly higher than previously expected. This study found that in 2050 and 2100,
Hiron Point SLR will be 93 mm and 248 mm, respectively, Char Changa 228 mm and
608 mm, and Cox’s Bazar SLR 4665 mm and 1162 mm. Using satellite radar altimeters, this
study also found that SLR predictions in the Bay of Bengal are higher than globally, as 2050
and 2100 SLR in the Bay of Bengal shows 100.99 mm, 269.31 mm, respectively. For the
CMIP5 model, RCP 2.6, RCP 4.6, RCP 6, and RCP 8.5, the MSL shows 0.6, 0.7, 0.83, and 1.0 m,
respectively, in the Bay of Bengal region for the year 2100. The TOPEX and Jason-1, -2, -3
seasonal signal retained model shows an MSL trend in mm/yr (1992–2022) of 3.9 ± 0.4 mm
in the Bay of Bengal. Data retrieved from NOAA show SLR at Hiron Point is +3.09 mm/yr
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(307.85 mm in 100 yrs), Char Changa +7.04 mm/yr (704.09 mm in 100 yrs), and Cox’s
Bazar in Bangladesh +2.52 mm/yr (252.98 mm of change in 100 yrs). Our results for yearly,
2050, and 2100 closely reflect tidal data from 10 stations (Kalaroa, Benarpota, Protapnagar,
Basantapur, Kaikhali, Tala Magura, Chandkhali, Elarchari, Kobadak Forest, Shakra) of the
Ganges Delta (GBM). The SLR in the river delta shows an increase, specifically, for Kalaroa,
Benarpota, Kaikhali, Tala Magura, and Elarchari. The SLR is especially high for Kalaroa
and Benarpota, showing a rise of >40 mm/yr.

Thus, sea level rise is one of the most pressing issues for low-lying coastal countries
and especially for Bangladesh, one of the most populated and vulnerable deltas in the
world. This demonstrates why assessing, comparing, and creating projections of local,
regional, and global data is necessary to have a much clearer understanding of the complex
dynamics of relative sea level change (RSLC). This study proved that local variability
differed greatly from both regional and global localities, with five river delta stations
having much greater SLR trends than global and regional values, and two of them being
up to a greater order of magnitude. Similarly, invariant and even decreasing trends were
recorded. The coastal tide gauges had greater trends than regional and global averages,
but not as great as river gauge records. This is due to several factors, as deltaic regions are
highly dynamic geomorphological environments, where subsidence by sediment loading
and anthropomorphic effects are counterbalanced by an influx of fluvial sediments from
glacial meltwater. This explains the differing values of the deltaic and coastal gauges, the
latter having a greater influence on oceanic components. Similarly, increased Himalayan
glacial meltwater was found to increase the sea level at the Bay of Bengal, reflecting on
higher regional trends compared to global values. This situation is dire for the Bangladesh
coast, as RSLC indicates higher patterns than global averages, and a population extremely
vulnerable to even minor SLR, that can potentially leave millions of climate refugees. This
situation is far from fair, as Bangladesh is among the countries that releases the lowest
amount of emissions. However, the future will be determined within the coming decades,
as the predictions of future SLR are influenced by the activities of more industrialized
countries, and their commitment to the 2015 Paris Agreement. To overcome the detrimental
effects of climate change on the most vulnerable nations, including developing nations near
low-lying coastal regions, such as Bangladesh, observation at different scales is essential, as
well as establishing possible future predictions.
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