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Abstract

The sea level rise (SLR) in the Sundarbans areas is higher than the global-average rate
of sea rise, and many studies assume that most of the dry land of the Sundarbans will be
inundated by the end of the twenty-first century. This study aims to analyze the amount
of dry land that can potentially be inundated by SLR in Sundarbans and the impact under
different land cover conditions. Four SLR scenarios, a digital elevation data grid, and net
subsidence data are used to map areas that will be potentially inundated by 2100. Results
for the low (35 cm), mid (52 cm), high (70 cm), and extreme (147 cm) SLR scenarios indi-
cate that the Sundarbans landmass area will be flooded up to 40 km? (1%), 72 km? (1.8%),
136 km? (3.4%), and 918 km? (23%), respectively, under the current net subsidence rate
of —2.4 mm/year by 2100. Except for the extreme scenarios, the low, mid, and high SLR
will result in riverbank and beach areas to be covered by water. The potential inundation
areas of different vegetation cover classes that already exist today (2020) will be nominal
for the low, mid, and high SLR scenarios. We also analyzed the sensitivity of the results
through station-based SLR data, which fits with the low (35 cm) SLR scenarios under the
—2.4 mm/year subsidence rate. This study concluded that the inundation aspect of SLR
will not directly affect the Sundarbans; however, indirectly related threats and anthropo-
genic disturbances can be major drivers of the Sundarbans’ degradation by the end of the
twenty-first century. This work discusses reasonable inundation scenarios integrating SLR
and subsidence with a custom land-cover map that includes three forest-density categories.
The study’s findings contribute to forest management planning and support the UN goals
of the Bangladesh Delta Plan.

Keywords Sundarbans mangrove - Land cover - Inundation - Sea level rise - Digital
elevation models - Subsidence

1 Introduction

Sundarbans is the single largest continuous productive mangrove forest in the world

(Ghosh et al. 2015), offering a wide range of ecosystem services (FAO 2010). According
to the 2011 census data, about 3.5 million Bangladeshi people are directly or indirectly
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dependent on these ecosystem services for livelihood and socio-economic well-being (Kib-
ria et al. 2018; Ortolano et al. 2016; Roy et al. 2013; Giri et al. 2007), but the number of
people depending on Sundarbans is still increasing (Ghosh et al. 2015). Most importantly,
Sundarbans protect coastal communities and their properties from storms, cyclones, and
coastal soil erosion. Moreover, Sundarbans host many threatened and endangered spe-
cies (e.g., Bengal tiger: Panthera tigris tigris) (Ortolano et al. 2016). The carbon seques-
tration rate of mangrove forests is four times higher than other tropical forests (Donato
et al. 2011); consequently, Sundarbans contribute significantly to reducing greenhouse gas
emissions. Recognizing the significance and uniqueness of Sundarbans, the United Nations
Educational, Scientific and Cultural Organization (UNESCO) declared it a World Herit-
age Site in 1997 (Quader et al. 2017). Before this, it was included as a Ramsar site in 1992
(Rahman et al. 2015). Despite their importance, the area and biodiversity of the Sundar-
bans are decreasing at an alarming rate due to both anthropogenic activities and climate
change-related factors (Islam et al. 2020; Sannigrahi et al. 2020; Neogi et al. 2017).

Climate change, particularly the associated sea level rise (SLR), is considered a severe threat
to the coastal region, including the Sundarbans of Bangladesh (Jabir et al. 2021; Islam et al.
2016). The reason is that the SLR in Sundarbans regions is much higher (3.90+0.46 mm/year)
(Nishat et al. 2019) than the rate of global-average sea rise (1.8+0.5 mm/year) (Deb and Fer-
reira 2017; Karim and Mimura 2008). Jabir et al. (2021) reported that a SLR of 10 cm, 25
cm, 45 cm, and 60 cm will inundate 15%, 40%, 75%, and 100% of the Sundarbans, respec-
tively. Colette (2007) reported that a 45 cm rise in the global sea level by 2100 might lead to the
destruction of 75 % of the Sundarbans. A study by the World Bank (2000) predicted that a SLR
rise by 1.0 m will destroy most of the Sundarbans. However, Brammer (2014) reported that
there is a common misperception that the situation in Bangladesh’s coastal region will worsen
due to the rising sea level in the twenty-first century. Brammer highlights the following limi-
tations of present studies: (i) the assumptions and descriptions forecasting destructive inunda-
tion effects of the Sundarbans due to the SLR are largely incorrect; (ii) the potential inundation
level and its impacts on the Bangladesh coastal area (including Sundarbans) due to SLR in the
twenty-first century is still unclear; (iii) the adoption of appropriate measures based on knowl-
edge of the physical geography are not accounted for; and (iv) rates of coastal erosion and sub-
sidence rates do not account for variability and dynamicity of Bangladesh coastal areas.

The study on the future inundation of Sundarbans is essential to clarify the assumption
and inform future forest management strategies. However, a few studies have been completed
with remarkable limitations. Loucks et al. (2010) estimated that tiger habitat in Bangladesh’s
Sundarbans would decline by 96% from inundation if SLR increases by 28 cm in 2070. In
their estimation, they did not consider the subsidence rate which significantly influences cal-
culations of the future inundation of Sundarbans (Brammer 2014). Similarly, Lovelock et al.
(2015) projected inundation based on mean sea level (MSL) rise and did not consider tides,
sedimentation, and subsidence. Payo et al. (2016) and Ghosh et al. (2019) estimated future
inundation levels considering the subsidence, but they did not provide information on how
they used subsidence value to compute inundation. Furthermore, they applied the IPCC pro-
jections under the Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios of
West Bengal of India to find possible inundation of Bangladesh Sundarbans. However, the
SLR projection for the RCP 4.5 and 8.5 scenarios for West Bengal and Bangladesh Sund-
arbans is different. Mukul et al. (2019) projected SLR impacts on Bengal tiger habitats in
the Bangladesh Sundarbans in 2070 using the Shuttle Radar Topography Mission (SRTM)
data. However, SRTM data is associated with a significant vertical error (Al-Nasrawi et al.
2021), and the error increases for densely vegetated areas (Kulp and Strauss 2016). Moreo-
ver, Mukul et al. (2019) did not consider the subsidence of Sundarbans, which is an essential
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variable for calculating future inundation (Brammer 2014). Research on inundation effects
using the “Forest And Buildings removed Copernicus Digital Elevation Model” (FABDEM)
in the Sundarbans is not ideal as only 55% of forest pixels have an error lower than 2 m
elevation (Hawker et al. 2022). However, 36% of the lands of Sundarbans are less than 2 m
from the mean sea level (Supplementary Fig. 2). None of the aforementioned studies used the
station-based SLR data of Sundarbans to compare the differences with IPCC projection. In
addition, no studies have been found regarding the SLR impact on the land cover of Sundar-
bans in the future. These uncertainties in present literature have motivated this study. In our
study research, we tried to overcome the limitations of existing studies by careful investiga-
tion of data collection, data processing, and validation, which is a prerequisite to predicting
future inundation and its impact. Therefore, this study aims to map the potential inundated
and impacted areas with three different forest land cover classes (dense, moderate, and sparse
forest) of Sundarbans due to SLR by the end of the twenty-first century.

2 Description of study area

The present study considered the Bangladesh Sundarbans Mangrove forest, which is
located between 21°30" and 22°30’ N and 89°00" and 89°55’ E, covering 6200 km? (Ghosh
et al. 2015) (Fig. 1). The Sundarbans are formed on the estuary created by the Hooghly,
Ganges, Brahmaputra, and Meghna rivers in the Bay of Bengal. These rivers are the key
sources that supply fresh water and sediments to Sundarbans. The average elevation of the
forest floor is about 2 m above mean sea level (Payo et al. 2016). Approximately 30% of
areas of the Sundarbans are covered by water due to numerous rivers, canals, and tidal
flows (Nishat et al. 2019). The tide inundates the forest twice a day (Barlow et al. 2011).
The area is characterized by a tropical climate with a dry season from December to Febru-
ary and a monsoonal wet season from March to November (Quader et al. 2017). Seasonal
mean minimum and maximum temperatures vary from 12 to 24°C and from 25 to 35°C,
respectively. The total annual amount of precipitation is between 1500 and 2000 mm. Trop-
ical cyclones always make landfall in the Sundarbans during the monsoon season, causing
severe flooding and wind damage to the forests (Ghosh et al. 2015).
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Fig. 1 Sundarbans mangrove forest (study area)
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3 Methodology

Geospatial data were used to assess the future inundation level and impacted land cover areas
of the Bangladeshi Sundarbans. Adopted methodological steps consisted of the following: (i)
data collection and processing, (ii) calculation of inundation to generate the scenarios, and
(iii) geospatial modelling of future inundation level and impacted land cover areas. The input
data include the following: (i) digital elevation model (DEM) from 1991 from the Water
Resources Planning Organization (WARPO) at 50 m spatial resolution with 0.5 m accuracy
(1o), (ii) three subsidence rate scenarios +2.4 mm/year, 0 mm/year, —2.4 mm/year (Brown
and Nicholls 2015); (iv) four SLR scenarios from IPCC, 35 cm, 52 cm, 70 cm, and 147 cm;
(v) one SLR scenario of 29 cm from station data; and (vi) Landsat satellite images of Sunda-
rbans area at 30 m spatial resolution—see supplementary Table 1. The DEM refers to ele-
vation of the terrain without vegetation or above-ground structures. Elevation data is a key
assumption that drives results, and is described in detail in the next section.

3.1 Data collection and processing
3.1.1 Digital elevation model

The points used for creating the DEM that was used in this study were collected from the
Water Resources Planning Organization (WARPO). The survey and DEM for Sundarbans
were generated by a Finnish consulting firm (FINNMAP) in 1991 for the Bangladesh
government, measuring elevation above sea level for 80,584 points using GNSS (Ghosh
et al. 2019; Loucks et al. 2010). The original FINNMAP data were georeferenced to the
Survey of Bangladesh datum (SOB), which is a stable datum representing the present
mean sea level (MSL). According to Payo et al. (2016), the Institute of Water Modelling
(IWM) Bangladesh restructured the DEM data using Google images from 2006 to 2007
to rectify outdated FINNMAP elevation data. This new data was resampled at a resolu-
tion of 30 m and released to the Public Works datum (PWD), which has been estab-
lished by the Bangladesh government at 0.459 m below MSL (Payo et al. 2016). Based
on the WARPO data, we generated an elevation map of Sundarbans for this study (Sup-
plementary Fig. 1), using the PWD datum. The vertical resolution of the DEM data is
expressed in centimeters ranging from 0 to 400+ cm (max 608 cm). We found that 4% of
the area remains at >0 to 100 cm elevation. Most of the Sundarbans area (73%) belongs
to 151 to 300 cm elevation (Supplementary Fig. 2), and the average elevation is 200 cm
(2 m) from MSL. This DEM is a reference for several studies and has been defined as
the main source of elevation data (World Bank 2010): “the main source of topographic
elevation data for the coastal region of Bangladesh is the FINNMAP land survey, FAP
19- National DEM (1952-64), and projects of the Bangladesh Water Development Board
(i.e., Khulna Jessore Drainage Rehabilitation Project, 1997; Beel Kapalia project, 2008;
and Beel Khuksia project, 2004).” The FINNMAP topographic maps and other data were
digitized to develop a digital elevation model (DEM) of the coastal region of Bangla-
desh. The grid size of the model is 50 m X 50 m.

It must be noted that we assume the elevation values in the DTM to be consistent with
the documentation of the data; e.g., points were surveyed on the ground with state-of-
the-art topographic surveys and GNSS. The expected error of the elevation of the points
surveyed on the ground reasonably falls in an envelope of +50 cm (1o). Points surveyed
with GNSS receivers or classical triangulation usually reach higher accuracy, but to be
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conservative, we will assume that to be the expected accuracy. The interpolation procedure
to create the grid will increase slightly this figure, to reach the < 1 m value mentioned
in Payo et al. (2016). It is also true that the scale and resolution of the raster, 50 m pixel
resolution, is such that the intra-pixel elevation variance can be higher than the accuracy,
as terrain roughness in a 50 m X 50 m area can reasonably lead to higher variability. We
agree that this uncertainty propagates to the results, but argue that this product is what is
best available, also considering that past and recent studies have either used this product
or less accurate data. On these arguments, we hold true the following two assumptions:
(1) 50 cm is the conservative estimation of the accuracy of the center of each cell in the
WARPO DEM; i.e., the elevation value at the pixel is inside a +0.5-m envelope that repre-
sents ~68% probability of the real value falling inside that interval; and (2) we are expect-
ing this uncertainty to be randomly distributed across pixels, without any spatial autocorre-
lation. The results and discussion in this paper report scenarios that are consistent with the
above-stated assumptions. An improved digital elevation model with higher accuracy, with
today’s technologies, can be obtained with a LiDAR survey across the study area, but that
is not available at the time of writing.

3.1.2 Subsidence rate

The Sundarbans is located in the Ganges—Brahmaputra—Meghna (GBM) basin, which lies in
the largest active delta of the world (Paszkowski et al. 2021). For this reason, land subsidence
and land rise are common phenomena, resulting in changes of the land elevation with respect
to MSL. Land subsidence in deltas is due to tectonics, compaction, reduced sedimentation,
and other anthropogenic activities (e.g., groundwater withdrawal, mining, dam construction,
and deforestation) (Syvitski et al. 2009). The net subsidence is the difference between land
sinking and land rising: it could be downward (sinking > rising), upward (sinking < rising),
or level (sinking = rising). The land sinking and rising of Sundarbans are shown in Fig. 2:
the net subsidence of Sundarbans is downward, implying the inundation level should be
increased (Brown and Nicholls 2015). The calculation of the subsidence rate for the Sundar-
bans between two periods is calculated according to the Eq. (1).

SRy = LS~ LR (1)

where SR = subsidence rate, ¢; — t, = time difference, LS = land sinking, LR = land
rising

In this study, we considered net subsidence rates based on Brown and Nicholls (2015),
who reviewed Ganges—Brahmaputra—Meghna (GBM) net subsidence rates, reporting 205
measurements based on a range of methods and timescale. They found that the Sundar-
bans have the lowest net subsidence rate with a mean value of —2.8 mm/year and a median
value of —2.0 mm/year compared to other land uses of this delta. The lowest net subsid-
ence rate in the Sundarbans might be due to the final destination of sediment deposition
from upstream flow and low soil compaction. Brown and Nicholls (2015) concluded that
the median subsidence rate was preferable to the mean since a few big single subsidence
measurements influenced the results. Therefore, a representative value of —2.4 mm/year
of net subsidence rate in the Sundarbans was used in this study (Ghosh et al. 2019). In our
model, we also used +2.4 mm/year and 0.0 mm/year to assess the sensitivity of the results
to the uncertainty of the net subsidence rate.
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Fig.2 Land sinking, rising, net subsidence of Sundarbans

3.1.3 Sealevelrise

We collected IPCC (RCP 4.5 and 8.5) global projected and station-based measured SLR
data (Hiron Point) to understand the possible inundation level in Sundarbans by the end
of the twenty-first century. The low and mid sensitivity under the RCP 8.5 scenario is
almost similar to the high and mid sensitivity under RCP 4.5 (Fig. 3a and b). Moreover,
analysis of station-based data from 1977 to 2020 showed that the sea level is increasing
in Sundarbans according to a + 0.36 cm/year annual rate (Fig. 3c). By the end of the
twenty-first century, the SLR would be 29 cm (Fig. 3d), close to the RCP 4.5 low sensi-
tivity (Fig. 3a). Therefore, four different SLR scenarios of 35 cm (low), 52 cm (mid), 70
cm (high), and 147 cm (extreme) were considered for this study (Fig. 3d). The 35 cm,
52 c¢m, and 70 cm SLR are, respectively, based on the low, mid, and high projections
under the [IPCC RCP 4.5 scenario for Sundarbans regions (Ghosh et al. 2019; Payo et al.
2016). The extreme case scenario is like the H++ scenario range, which considers the
95 percentile value for RCP 8.5 (97 cm) plus 50 cm associated with Antarctic ice-sheet
melting (Levermann et al. 2014; Lovelock et al. 2015). The extreme case scenario is
considered possible but unlikely (Jevrejeva et al. 2014).

3.1.4 Land cover from Landsat 8 image analysis
Satellite open data provides the means to assess effects of forest disturbance across large
areas (Vaglio Laurin et al. 2020). Radiometrically and geometrically calibrated (Level

2) Landsat-8 images at ~30 m resolution were retrieved from Earth Explorer (https:/
earthexplorer.usgs.gov/) and used in this study to identify the land cover classes over
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Fig.3 a IPCC projection of SLR under the RCP 4.5 scenario; b IPCC projection of SLR under the RCP 8.5
scenario; ¢ SLR of Sundarbans based on station data (Hiron point); d SLR values from different scenarios
considered in the study

Sundarbans. Satellite images provide the surface reflectance (unitless) which is a meas-
ure of the fraction of incoming solar radiation that is reflected from the Earth’s surface to
the Landsat sensor.

A supervised classification using maximum likelihood (ML) algorithm was used to
classify the study area with five labels: dense forest, moderate forest, sparse forest,
barren land, and water body. The supervised ML algorithm has been used worldwide
over the past two decades to study mangrove land cover (Kumar et al. 2021; Islam
et al. 2019; Bera and Chatterjee 2019; Jones et al. 2016; Ghosh et al. 2016; Pham and
Yoshino 2015; Chen et al. 2013; Rahman 2013; Giri et al. 2010). An appropriate num-
ber of training samples is a prerequisite for a successful and accurate land cover clas-
sification (Lu and Weng 2007). We manually selected 200 training samples by careful
inspection of homogenous pixels of the five different land cover classes using high-res-
olution Google Earth images as a reference to identify the existing land cover for year
2020. The training samples were stratified among the selected land cover classes as
follows: 40 samples for dense forest, 40 for moderate dense forest, 35 for sparse forest,
30 for barren land, and 55 for water bodies. The water color varies near the coastal/
beach/shoreline areas than the deep river basins of Sundarbans due to the sedimenta-
tion, water deepness, and tidal effect; thus, the spectral variation is slightly different
(Akbar Hossain et al. 2022). In this case, we considered many water body sites for
training samples.

For the accuracy assessment, we randomly sampled an independent set of 200 con-
trol points with the same stratification over the five classes using the classified images
and validated them using Google Earth historical images. The classification accuracy
was assessed by computing error metrics (producer, user, and overall accuracy) and
kappa coefficient (Kanniah et al. 2015; Stehman 1996). The overall accuracy and kappa
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coefficient were 91% and 0.86, respectively (Table 1), which indicates an acceptable
degree of accuracy in the resulting land cover classification. After the accuracy assess-
ment, we completed the final map for 2020 (Supplementary Fig. 3). The study found
that the dense, moderate, and sparse forests are 25%, 24%, and 17%, respectively. The
largest LULC class corresponds to water bodies (33%), and fewer areas (2%) are bar-
ren land (Supplementary Fig. 4).

3.2 Calculation of inundation to generate the scenarios

The inundation of Sundarbans is not only associated with SLR but also subsidence. If the
subsidence rate is negative (i.e., lower than zero), then it must be added to the global SLR
to estimate the inundation level. In the case of zero subsidence, no need to add, while if
the subsidence rate is positive (i.e., higher than zero), it must be subtracted from the global
SLR (Brammer 2014). Therefore, our model adjusted the SLR and subsidence rate to cal-
culate inundation level, according to the following equations.

IUL ) = SLR G + (SRQ,) X t) [if, subsidence rate < O] )
IUL5) = SLR g, [lf , subsidence rate = 0] 3)
IUL) = SLR G + (—SR(),) X t) [if, subsidence rate > 0] 4)

where IUL g, = inundation level of Sundarbans, SLR, = global sea level rise (IPCC),
SR, = subsidence rate, and 7 = time difference between elevation data collection and
future projection (e.g., 2100—1991 = 109 years).

After calculating the inundation level, the twelve scenarios were developed using dif-
ferent SLR and subsidence rate to find out the potential inundated and affected land cover
areas of Sundarbans by the end of the century (Table 2).

3.3 Mapping future inundation and land cover change

A simple deterministic bathtub model was applied to map potential inundation levels.
In this method, the water level is simply raised on a coastal DEM by selecting all areas
below the desired new water level height to identify the inundation zone (Anderson
et al. 2018). This bathtub method (stated to as a “zero-side rule”) does not consider
surface connectivity at all between grid cells and is widely used to predict and assess
coastal flooding due to SLR (Poulter and Halpin 2008; Gesch 2018). The calculated
inundation values (see Section 3.2) were spatially processed by combining the four dif-
ferent SLR values (35 cm, 52 cm, 70 cm, and 147 c¢cm) and the three subsidence rates
(—2.4 mm/year, 0.0 mm/year, and +2.4 mm/year). Twelve raster files resulted from this
process. Raster data were then converted to a vector model to map the twelve SLR sce-
narios. Finally, these twelve SLR scenarios were overlaid on the land cover base map
(from the year 2020) to assess the potential impact of inundation levels on the different
land cover classes by the end of the twenty-first century (Supplementary Fig. 5).
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Table 2 Twelve scenarios using

different SLR and subsidence SLR (cm) Net subsidence

rate —2.4 mm/year 0 mm/year +2.4 mm/year
35 Scenario: 1 Scenario: 2 Scenario: 3
52 Scenario: 4 Scenario: 5 Scenario: 6
70 Scenario: 7 Scenario: 8 Scenario: 9
147 Scenario: 10 Scenario: 11 Scenario:12

4 Results
4.1 Landmass inundation in future SLR scenarios and net subsidence

The results of the SLR models indicate that the potential inundation of the Sundarbans
area by the end of the twenty-first century will be minimal for the low (35 cm), mid
(52 cm), and high (70 cm) SLR scenarios and significant for the extreme (147 cm) SLR
scenario (Fig. 4). The potential inundation areas under the —2.4 mm/year net subsidence
rate are predicted to be higher for low, mid, high, and extreme SLR scenarios than under
the other two net subsidence rates considered for the study (Fig. 5). The map in Fig. 5
shows that, except for the extreme scenario, the low, mid, and high SRL will inundate the
few areas of riverbank, beaches, and islands.

The Sundarbans landmass area is projected to be inundated by 40 km? (1%), 72 km?
(1.8%), and 136 km? (3.4%) by the end of the twenty-first century for the low, mid, and
high SLR scenarios, respectively, under the current net subsidence rate of —2.4 mm/year
(Table 3). The results indicate a maximum of 918 km? (23%) landmass area will be inun-
dated under the extreme SLR and a —2.4 mm/year. However, landmass inundation will

900 -
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Fig.4 Potential inundation of landmass areas under different SLR scenarios (cm) and net subsidence (mm/
year) in 2100
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Fig.5 Potential inundation areas under future (2100) SLR scenarios and net subsidence

decrease under 0 mm/year and the +2.4 mm/year net subsidence rates for all SLR sce-
narios. The results of the model show that the potential inundation areas will be located
disjointly for the low (35 c¢m), mid (52 cm), and high (70 cm) SLR scenarios. How-
ever, the inundation areas will be more adjacent and continuous under the extreme SLR
scenario, and the north-east and south-east parts of the Bangladesh Sundarbans will be

highly affected (Fig. 5).
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Table 3 Analysis of possible landmass inundation under different SLR scenarios and net subsidence (NS)
in 2100

Landmass SLR 35 cm SLR 52 cm SLR 70 cm SLR 147 cm
inundation

NS mm/year NS mm/year NS mm/year NS mm/year

-24 0 +24 24 0 +24 24 0 +24 24 0 +2.4

km? 40 19 6 72 31 14 136 54 25 918 555 316
% 1 05 02 1.8 08 03 3.4 1.3 0.6 23 14 8

4.2 Impacted land cover fraction

The results of the simulated model show that the potential inundation areas of dif-
ferent land cover classes by the end of the twenty-first century will be limited for the
low, mid, and high SLR scenarios (Fig. 6). The highest potential inundation is found
for the barren lands, followed by moderate dense forest, sparse forest, and dense for-
est for all SLR scenarios. The study indicates that 5 km?, 12 km?, and 28 km? dense
forest will be reduced for the low, mid, and high SLR scenarios, respectively, under
the —2.4 mm/year subsidence rate (Table 4). At the same time, 19 km?, 28 km?, and
41 km? barren land will be decrease for the same SLR scenarios and subsidence rate.
In the case of the extreme SLR, the inundated areas will be higher than the other three
SLR scenarios, resulting in larger forest areas being inundated than the barren land
(Table 4). The results of the model show that the potential inundation of dense, moder-
ate dense, sparse, and barren land areas will be higher for low, mid, high, and extreme
SLR scenarios under —2.4 mm/year subsidence rate than the other two subsidence
rates (Fig. 7).

350 -
m Dense forest
300 A
Moderate dense forest
250 A
a Sparse forest
200
é ® Barren land
$ 150
«
100
50
0
Low (35 cm) Mid (52 em) High (70 cm) Extreme (147 cm)

SLR scenarios

Fig.6 Potential inundation of land cover classes under different SLR scenarios (cm) and net subsidence
(mm/year) in 2100
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Table 4 Analysis of possible impacted area (km?) of land cover classes under different SLR scenarios and
net subsidence (NS) in 2100; DF dense forest, MDF moderate dense forest, SF sparse forest, BL barren land

Land cover SLR 35 cm SLR 52 cm SLR 70 cm SLR 147 cm
inundation
(km?) NS mm/year NS mm/year NS mm/year NS mm/year

-24 0 +24 =24 0 +24 =24 0 +24 =24 0 +2.4

DF 5 2 027 12 4 1 28 8 3 304 164 82
MDF 9 4 0.82 18 6 2 37 13 5 280 166 89
SF 7 3 078 14 5 2 29 10 4 197 124 75
BL 19 10 4 28 15 8 41 23 13 138 101 70

5 Discussion
5.1 Accuracy of elevation values for modelling future inundation

The DEM data significantly influences the calculation of potential inundation due to SLR. In
this study, we used 50 m resolution DEM data, which was first created by a Finnish consulting
firm (FINNMAP), measuring 80,584 GPS elevation points in millimeters (mm) above sea level
in 1991 (Ghosh et al. 2015). Therefore, the accuracy is higher than the SRTM and FABDEM,
which have not been used in previous studies. However, the WARPO DEM has an uncertainty
of 50 cm expressed as a standard deviation (16), which is a higher value than some of the sce-
narios in the study. The error in DEM values is considered to be unbiased and normally distrib-
uted, without any spatial autocorrelation. This assumption is done because we have a global
measure of the vertical accuracy and not the full reference dataset to allow analysis of correla-
tion on residuals. This implies using a deterministic approach to define the envelope around
values (Gesch 2018) and is a limitation that cannot be resolved without further ground measure-
ments. The estimated effect of SLR must be compared with a confidence value which is related
to the value of SLR normalized with the standard deviation of the DEM, which is the same as
the RMSE according to our assumptions. Gesch (2018) shows how express the confidence of
the contour line that delimits the flooded area as a function of the DEM accuracy metrics. The
68% confidence is given by twice the RMSE, thus in our case +50 cm. We can reverse the pro-
cess and find the confidence for the values of the SLR scenarios to be included in an interval
that has the same range as the SLR value for that scenario. This results in the 35 cm, 52 cm, and
70 cm SLR scenarios to have the line that separates inundated and non-inundated land, respec-
tively, with a 27%, 40%, and 52% expected probability to be placed vertically within an interval,
respectively, of +17.5 cm, +26 cm, and +35 cm of the true location. The inundated levels at
the 147 cm SLR scenario have a higher confidence of 86% that the inundation line is placed
vertically within +£73.5 cm of its true location. The practical impact of these confidence levels
of vertical position of water levels is that the results reported in this study, just like other stud-
ies, are strongly dependent on DEM accuracy, thus advocating for more efforts in investment in
technology for better global DEMs.

Regarding subsidence rates, we considered a net subsidence rate of —2.4 mm/year based
on Brown and Nicholls (2015), who reviewed net subsidence rates, reporting 205 measure-
ments based on a range of methods and timescales. The Sundarbans is located within the
largest and populous delta in the world (Paszkowski et al. 2021). Therefore, land subsid-
ence and rising are common phenomena, resulting in the change in the land elevation to
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Net Subsidence
0 mm/year +2.4 mm/year
T T

89°300°E
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Fig. 7 Potential inundation of different land cover classes under future (2100) SLR scenarios and net sub-
sidence overlapped with the current (2020) land cover classes

MSL over time. For this reason, we analyze the sensitivity of the results by considering
subsidence rates of 0 mm/year and +2.4 mm/year. This study showed twelve possible inun-
dation scenarios under different SLR (IPCC) and subsidence rates for the twenty-first cen-
tury. In addition, we justified the model using station-based SLR data of Bangladesh Sund-
arbans, which might increase the prediction accuracy for the potential inundation scenario.
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5.2 Potential landmass inundation due to future scenarios

According to our results, the potential landmass inundation of the Sundarbans due to SLR
by the end of the twenty-first century could be much lower than the assumption has been in
the last few decades. For instance, Jabir et al. (2021) reported that 75% of Sundarbans will
be inundated by 45 cm SLR. Similarly, Colette (2007) suggested that a 45 cm rise in global
sea level by 2100 might lead to the destruction of 75% of the Sundarbans. In addition, the
SLR rise by 100 cm (1.0 m) will destroy the entire Sundarbans (World Bank 2000). How-
ever, our model indicates that a SLR of 35 c¢cm, 52 c¢cm, and 70 cm under the current sub-
sidence rate (—2.4 mm/year) will inundate 1%, 1.8%, and 3.4% landmass of Sundarbans,
respectively. The result shows that a maximum of 23% of landmass will be inundated by
147 cm SLR and a —2.4 mm/year net subsidence rate. Except for the extreme case scenar-
ios, the low, mid, and high SLR under —.4 mm/year subsidence rate will inundate the river-
banks and beaches (Fig. 8). The extreme case scenario is considered possible but unlikely
(Jevrejeva et al. 2014). Moreover, our study’s elevation distribution graph (Supplementary
Fig. 2) shows that only 4% area of Sundarbans remains at >0 to 100 cm elevation, and
32% belongs to 101 to 200 cm elevation. The findings of our study are different from those
reported by previous studies (e.g., Jabir et al. 2021; Colette 2007; World Bank 2000) as
they rely on various assumptions; this raises concerns about the assumptions of previous
studies and ultimately questions their results. According to Brammer (2014), there is a gen-
eral misconception that the situation in the coastal areas of Bangladesh (including Sunda-
rbans) will deteriorate by the end of the twenty-first century due to SLR. The same author
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Fig.8 Close-up (from our model) of the potential inundation areas for low, mid, high, and extreme SLR
under —2.4 mm/year subsidence rate

@ Springer



104 Page 16 of 22 Climatic Change (2023) 176:104

also reported that the assumptions and results of a vast range of existing literature were
likely to be incorrect. For instance, Loucks et al. (2010) projected that 96% of the Bangla-
desh Sundarbans will be reduced if SLR rises by 28 cm in 2070; this assumption seems too
far in reality. The reason might be the DEM used in his study is not up to date or mistakes
in the estimation of inundation. About 96% of Sundarbans areas will be inundated if SLR
grows up to 3.5 m (Supplementary Fig. 2); however, it will take around 600 years with the
current SLR (3.6 mm/year) (Fig. 3c¢) and net subsidence rate (—2.4 mm/year). Our results
show that the potential inundation areas of the Sundarbans will not be the same as those
earlier estimated by Payo et al. (2016) and Ghosh et al. (2019) by the end of the twenty-first
century. Ghosh et al. (2019) estimated that the mangrove area is projected to be inundated
by 26 km?, 96 km?, and 747 km? by the end of the twenty-first century for the low, mid,
and extreme SLR scenarios, respectively, under the net subsidence rate of —2.4 mm/year.
However, our study shows that the project inundation will be 40 km?, 72 km?, and 918 km?
by the end of the twenty-first century with the same scenarios and subsidence rate. The dif-
ferent results might be that they used RCP 4.5 and 8.5 scenarios of West Bengal of India to
find possible inundation of Bangladesh Sundarbans. However, the IPCC projection of SLR
for West Bengal seems higher than the Bangladesh Sundarbans under the RCP 4.5 and 8.5
scenarios. A Hindu temple, about 400 years old, exists in the south Sundarbans, indicating
that the combined effect of SLR and net subsidence is nominal (Steckler et al. 2022; Bram-
mer 2014). The landmass of Sundarbans (i.e., offshore islands and sea-facing coastlines) is
reducing significantly due to tidal surges and the soil erosion rate is much higher than the
accretion (Akbar Hossain et al. 2022). Therefore, the SLR might not be the prime reason
for the disappearance of the landmass of the Sundarbans.

Another factor that leads to inundation is related to cyclonic storms that cause coastal
flooding. In this study, this factor was not considered as it is a seasonal event, and the inun-
dation is not permanent. Storms and other compound effects are terribly important for risk
studies, and this work can be a reference for future investigations on that topic.

5.3 Impact of future SLR scenarios and net subsidence

The results of our study depict that the potential inundation of the existing dense, moderate,
and sparse forest areas will be not significant by the end of the twenty-first century for low,
mid, and high SLR scenarios. The potential inundation of barren land areas is predicted to
be higher than the dense, moderate, and sparse forest classes because most of the barren land
covers the riverbanks and beaches (Supplementary Fig. 3) and lays in low elevation areas
(Fig. 8). The permanent inundation of riverbanks and beaches increases the adjacent soil
salinity and alters the successional path of mangroves. According to Ghosh et al. (2019), SLR
associated with increased salinity replaces low-tolerant species with halo-tolerant coastal spe-
cies, resulting in changing species composition. Regions with fast SLR and low sediment
supply increase flooding, causing tree mortality at seaward mangrove margins and landward
migration (Xie et al. 2022). The inundated areas for dense, moderate, and sparse forest classes
tend to be higher under the extreme scenarios. However, the extreme scenario is not consist-
ent for the Sundarbans regions. We justified the model using the station-based SLR rise data
(1977 to 2020) of Sundarbans, which matches with the low (35 cm) SLR scenarios under
a —2.4 mm/year subsidence rate. Therefore, SLR might not be a key factor in the degrada-
tion of Sundarbans. However, the other climate change-related hazards (e.g., cyclones, storm
surges, salinity, soil erosion, pest and diseases) are the threats to the degradation of Sundar-
bans biodiversity, and its ecosystem (Mandal and Hosaka 2020; Gopal and Chauhan 2006).
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Neogi et al. (2017) reported that the cyclonic storms increased by 26% from 1881 to 2001
towards the Sundarbans coastal area, resulting in long-term waterlog conditions, increasing
soil salinity, and reducing biodiversity. Cyclone disturbances can cause significant damage
to forest structures (Everham and Brokaw 1996) and forested landscapes (Foster and Boose
1992). The intensity of the tropical cyclonic damage is expected to be extremely high in the
next few years (Alam and Dominey-Howes 2015; Moon et al. 2019; Ranson et al. 2014; Var-
otsos et al. 2015; Walsh et al. 2016).

Das and Datta (2016) reported that anthropogenic activities (e.g., shrimp farming, dam
construction, and extensive extraction of forest resources) are one of the major causes of
the ecological degradation of Sundarbans. For instance, upstream freshwater discharge
from the Ganges River was reduced from 3700 m’s~! in 1962 to 364 m3s~! in 2006 due to
the construction of the Farakka Barrage in 1975, rising the salinity level of the Sundarbans
(Islam and Gnauck 2008). Moreover, the number of forest-dependent people adjacent to
the Sundarbans is increasing, which may lead to a growing demand for forest resources
(Ghosh et al. 2015) and a growing risk of over exploitation (Uddin et al. 2013) and ulti-
mately for the integrity of Sundarbans ecosystems (Ahmed et al. 2021). According to the
aforementioned studies, the SLR might not be a major cause of reducing the areas of the
Sundarbans and its biodiversity. The SLR model of our study shows twelve potential inun-
dations (Fig. 7) for the twenty-first century, and the level of inundation will not be a signifi-
cant factor in changing the land cover class distribution. Ghosh et al. (2019) reported that
the SLR would not only be a major cause of reducing the areas of Sundarbans mangrove
vegetation through inundation by the end of the twenty-first century.

6 Conclusion

The study found many misconceptions that most of the Sundarbans areas will be inun-
dated due to SLR by the end of the twenty-first century. The projection of future inundation
due to SLR is greatly influenced by the DEM and subsidence rate. The present study fol-
lowed appropriate methodological approaches regarding data collection, processing, and
calculation.

The results of our model indicate that the projected landmass area to be inundated by
1%, 1.8%, 3.4%, and 23% in the twenty-first century for the low (35 cm), mid (52 cm), high
(70 cm), and extreme (147 cm) SLR scenarios, respectively, under the current net subsid-
ence rate of —2.4 mm/year. However, the extreme case scenario is not consistent for the
Sundarbans regions. Projection of inundation level using the station-based SLR rise data
(1977 to 2020) of Sundarbans matches with the low (35 cm) SLR scenarios under —2.4
mm/year subsidence rate. The low, mid, and high SLR will inundate the part of the river
bank and beach areas. Therefore, the potential inundation due to SLR and its impact on
the land cover areas will not be significant in the twenty-first century. However, the other
climate change-related threats (e.g., cyclonic storms and soil erosion) and anthropogenic
activities (e.g., agricultural expansion and industrialization) can be key reasons for the deg-
radation of Sundarbans as they worsen the effects of SLR.

The findings of the present study might contribute to generating forest management
strategies and achieving some goals of the Bangladesh Delta Plan (BDP) 2100. Moreover,
the methodological approaches used in this study could help identify the future inunda-
tion level of the coastal areas due to SLR. However, DEM construction using the light
detection and ranging (LiDAR) data provide higher accuracy, which is not available for
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the Sundarbans. Therefore, further studies might use the LiDAR data to increase the DEM
accuracy and other subsequent analysis. Furthermore, as the Sundarbans area is highly
disturbed by anthropogenic activities, the spatial projection model of degradation might
develop using the drivers of forest degradation.
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