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Almost every year, Bangladesh experiences disasters such as tropical cyclones, storm surges, coastal
erosion or floods. Tropical cyclones originate from the North Indian Ocean and often cause devastating
flood inundations in Bangladesh. Storm surges of the Bay of Bengal (BOB) are larger compared to
other regions of the world for similar cyclones due to amplification by the shallow water depth, huge
continental shelf and convergent coastlines. This scenario of inundation for such storm surges in the
future when the sea level rise (SLR) occurs due to global warming will be different from the present.
The densely populated coastal region of Bangladesh is likely to become more vulnerable in the future
due to SLR. Disaster risks can be reduced if storm surges can be predicted well ahead. To assess the
possible changes of inundation in the future, a widely used coastal model, Delft3D, has been applied for
this BOB region. The model has been validated for the storm surge of three recent devastating cyclones,
namely, Sidr, Aila and Roanu in the southern coast of Bangladesh. The validated model has been run
to produce inundation maps and statistics for cyclonic storm surges such as Sidr, Aila and Roanu and
probable SLR. Three possible SLR boundary conditions are chosen from the business-as-usual climate
scenario representative concentration pathway 8.5 with values of 0.5 m (lower limit), 1 m (upper limit)
and 1.5 m (extreme case, considering the subsidence and a rapid collapse of the Antarctic ice sheet). It
is found that a category 4 cyclone such as cyclone Sidr would inundate 2.6%, 3.67% and 5.84% of the
area of the country if the SLR is 0.5, 1 and 1.5 m, which will affect the livelihood of nearly 4.1, 7.0 and
9.1 million people of Bangladesh, respectively. It will also inundate up to 21.0%, 42.1% and 65.1% of
the Sundarbans mangrove forest, which will undoubtedly affect the ecology of this unique ecosystem.
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1. Introduction

Bangladesh is a south Asian country which experi-
ences a plethora of natural disasters almost every

year. Tropical cyclones, storm surges, floods, river
bank erosion or landslides occur regularly. Tropi-
cal cyclones are the most common and devastating
extreme weather events in Bangladesh. Almost
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every year, a cyclone originates from the North
Indian Ocean (i.e., the Bay of Bengal (BOB)
and the Arabian Sea). The BOB cyclones typi-
cally cross Bangladesh and adjoining West Bengal
coast of India, and move in the north or the
north-easterly direction (Shrestha et al. 1998).
Bangladesh is also prone to severe flooding because
of its geology, combined with river water from the
melting Himalayan glaciers in the north and the
encroaching BOB in the south (Dastagir 2015).
This situation is aggravated by the occurrence
of cyclones and subsequent storm surges. Some
recent cyclones such as Sidr, Aila and Roanu fol-
lowed by the heavy flood caused a large extent of
destruction of life and property. Cyclone Sidr, a
category 4 cyclone, made a landfall in Bangladesh
on 15 November 2007. The maximum wind speed
of the cyclone was 260 km/h according to the Joint
Typhoon Warning Center (JTWC). At least 3447
people were killed and crop fields were damaged
with wind and a surge up to a height of 3 m. Sidr
was followed by two heavier-than-normal floods
that killed some 1500 people and damaged about
2 million tons of food. Storm surges are severe,
especially, in Bangladesh, because of the shape and
characteristics of the coastline. The eastern parts
of the coastline of Bangladesh can be considered
as a wide continental shelf. Due to this character-
istic, the storm surges amplify when propagating
from the deep water to the seawater (Alam and
Jabed 2015). The tangential wind of the tropi-
cal cyclone pushes the seawater from the south
upwards to generate the storm surge. Moreover,
cyclones and storm surges cause massive loss of life
and properties as the coastal areas of Bangladesh
are densely populated. Hence, the prediction of a
storm surge would greatly help in reducing the
impact of cyclones.

Considering the negative impact of climate
change, Bangladesh has been considered as one of
the most vulnerable countries. The global warming
due to the increase in greenhouse gases concentra-
tions in the earth’s atmosphere and the consequent
sea level rise (SLR) is going to add fuel to the fire.
Almost every socioeconomic sector in Bangladesh
is likely to be affected by climate change (Rama-
masy and Baas 2007). Bangladesh ranked fifth in
the Global Climate Risk Index, a ranking of 170
countries most vulnerable to climate change (Kreft
and Eckstein 2013).

The mean sea level (MSL) is calculated as
the average of hourly tide records measured by
mechanical tide gauges over extended periods of

time. Based on the context of the measurement,
SLR can be termed as global SLR and relative
SLR (Williams et al. 2009). According to the IPCC
(2013), the relative sea level (RSL) is calculated on
the basis of the earth land surface and the global
sea level (GSL) is estimated based on the reference
ellipsoid. On the other hand, the MSL is estimated
for a given location for a long time average data.
The spatial average of all MSL is defined as the
global mean sea level (GMSL). The notion that sea
level is changing was recognised in the first assess-
ment report (AR) of the Intergovernmental Panel
on Climate Change (IPCC), where the change from
the year 1990–2001 was addressed (Warrick and
Oerlemans 1990). Two major causes of SLR were
identified (Church and White 2011). The first one
is the expansion of ocean water due to global warm-
ing induced thermal expansion and the second one
is the addition of ice water in the ocean from
the land through the melting of glacier ice sheets
(Church and White 2011). The first IPCC report
also expressed that the SLR rate will be higher in
the 21st century than in the 20th century and will
continue to rise even if a significant reduction in the
greenhouse gas (GHG) emissions is achieved. The
processes that contribute to global and regional sea
level changes encompass the ocean, atmosphere,
land ice and the hydrological cycle. Thermal expan-
sion and cryospheric contribution are the two main
factors that are critical to SLR.

Bangladesh is vulnerable to current coastal
hazards and anticipated SLR because of its low ele-
vation. Drainage congestion and waterlogging are
already an alarming problem in the coastal area
of Bangladesh and are likely to be exacerbated by
SLR and increased river flooding. Large uncertain-
ties are associated with regional- to district-level
estimates of inundation, which is due to the com-
pounding effects of the variable rates of uplift
and sedimentation, river flooding and erosion. Sil-
tation is gradually increasing due to SLR. As a
result of the reduced upstream flow, the silt floc-
culate/deposit in the riverbed which restricts the
removal of excess water from the countryside and
causes drainage congestion. The Northern Indian
Ocean, which includes the BOB, has also been
reported to experience a relatively high rate of SLR
compared to other oceans globally (Unnikrishnan
and Shankar 2007; Han et al. 2010). SMRC (2003)
estimated the rise of sea level in Hiron Point, Char
Changa and Cox’s Bazar to be 4, 6 and 7.8 mm/yr,
respectively. Ericson et al. (2006) predicted that
the SLR of the BOB follows the trend of 10 mm/yr.
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The rising trend of the tides is almost twice on the
eastern coast than that of the western coast. This
difference could be due to the differential subsi-
dence and uplifting of land.

Evidence for global mean SLR has been
documented in all ARs of the IPCC. The IPCC
continuously revises its projections of global mean
SLR, drawing on the knowledge and data of the
international scientific community. The projections
of global mean SLR and its contributions have been
generated for four representative concentration
pathways (RCPs) and special report on emission
scenarios (SRESs). The RCP is described as the
emission and concentration of greenhouse gases,
aerosols and chemically active elements from the
present to the end of the century (Moss et al. 2008).
Each RCP is the representative value out of many
possible scenarios that would lead to specific radia-
tive forcing characteristics. Here, pathway has been
used to emphasise both the concentration and the
trajectory that will be followed to reach it (Moss
et al. 2010). The SLR estimations by IPCC include
global as well as local scenarios (IPCC 2013). For
the GMSL, a contribution from thermal expansion
and cryospheric contributions have been consid-
ered. On the other hand, semi-empirical models
(SEMs) are projecting the sea level based on the
relationships between global mean temperature
and the observed GMSL (Vermeer and Rahmstorf
2009; Grinsted et al. 2010) or between the total
radiative forcing in the future and the observed
GMSL (Jevrejeva et al. 2008, 2009). According to
the fifth AR (AR5) of the IPCC, for very high emis-
sions, a global SLR between 0.52 and 0.98 m may
occur by the year 2100, while even with aggressive
emission reduction, a rise between 0.28 and 0.61 m
may occur.

Regional variation is expected to be the
dominating factor over natural variability in sea
level change by the end of the 21st century
(IPCC 2013). Melting of land ice mass will be
the main contributing factor. Some of the regions
are expected to experience changes in sea level
extensively different from the global mean SLR
as revealed from the ensemble mean regional
RSL change between 1986–2005 and 2081–2100
under the RCP scenario of 4.5 (IPCC 2013).
In the AR5 of IPCC, projections of SLR for
nine representative coastal regions including the
BOB have been given for all emission scenar-
ios (IPCC 2013). The IPCC for the BOB pre-
dicts a SLR between 0.2 and 1 m for low to
high emission scenarios in 2100. The AR5 notes

that a collapse of the marine-based sectors of the
Antarctic ice sheet if initiated, could potentially
add up to further several tenths of a metre of
SLR, independent of the scenario that this could
be around 0.5 m. This additional amount, when
combined with the upper limit of the AR5 highest-
emission-scenario (RCP8.5) likely range, gives a
value of SLR by 2100 of around 1.5 m, not including
potential local variations or subsidence. Another
recent work (Jevrejeva et al. 2014) estimates 1.8 m
as the upper limit of the global mean SLR by 2100.

Considering all these predictions of SLR and
the severity and intensities of the storm surges in
Bangladesh, it is very important to know the inun-
dation pattern and areas which are in direct threat
of flooding by 2100 for storm surges along with
the probable SLR. A series of experiments were
carried out by means of the open-source Delft3D
hydrodynamic model which is a widely used 3D
modelling suite to investigate the hydrodynam-
ics, sediment transport, morphology and the water
quality of fluvial, estuarine and coastal environ-
ments (Hydraulics 2006). The software is used and
has proved its efficiency in many places around
the world. Delft3D has previously been success-
fully used in coastal applications (Lesser et al.
2004; Elshorbagy et al. 2006; Tung et al. 2009;
Van Holland et al. 2010; Horstman et al. 2013). In
this context, an investigation has been carried out
to estimate the changes of inundation patterns in
Bangladesh for three recent storm surges, namely,
Sidr, Aila and Roanu. Based on the above discus-
sion, this study has considered four different SLR
scenarios for simulating a coastal model: (i) cur-
rent sea level, (ii) plus 0.5-m SLR, (iii) plus 1.0-m
SLR and (iv) plus 1.5-m SLR. A two-dimensional
process-based coastal version of the Delft3D model
has been implemented to simulate these tropical
cyclones considering the different SLR scenarios
(figure 1). Among these SLR scenarios, 0.5-m SLR
corresponds to a surface temperature increase of
1.5◦C. This condition may arise for the high emis-
sion scenario (RCP 8.5) by the year 2040 (IPCC
2013). As this scenario is likely to occur in the near
future, it is of more importance for this study.

2. Study area

Bangladesh is a floodplain delta which lies in the
Ganges–Brahmaputra–Meghna (GBM) basin. This
country is crisscrossed with rivers and canals. It
extends from the north to the south with a gradual
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Figure 1. Coastal zone of Bangladesh along with the tidal gauge stations used for calibration.

slope. A coastline of about 710 km lies in the
southern part of the country. The coastal zone of
Bangladesh consists of 19 districts covering 147
Upazilas in total (WARPO 2004). Among these 19
districts, 12 districts are directly in touch with the
BOB or with an estuary. The coastal zone com-
prises the 47,201 km2 land area and that is 32%
of the total landmass of Bangladesh (Islam 2004).
The major rivers of Bangladesh, GBM and their
numerous distributaries discharge into the BOB.
This GBM delta and the river network form one of
the most productive ecosystems of the world. Most
of the coastal zone is flat except for the eastern
hilly area which consists of Chittagong and Cox’s
Bazar regions. In figure 1, the coastal districts of
Bangladesh are shown along with the tracks of the
cyclones, namely, Sidr, Aila and Roanu.

Among the total population of Bangladesh,
nearly 25% live in the coastal zone which comprises
about 38.51 million people (BBS 2011). There are
inner and exposed coastal regions which vary very
much in population density. The population den-
sity in the inner coast is 482 per km2, whereas its
value in the exposed coast is 1012 per km2 which is
even greater than the country’s population density
(839 per km2). A study (Islam 2004) shows that

there are about 6.8 million households in this zone,
most of which are very poor. These people mainly
live on fishing, agriculture, shrimp and salt farm-
ing. The Sundarbans is the largest mangrove forest
in the world and it plays a very important role
in maintaining the ecological balance of the south-
western coastal environment. It is also the major
source of livelihood of almost 10 million people
(Islam 2004).

3. Methodology

3.1 Two-dimensional coastal modelling using
Delft3D

Delft3D model is used for all simulations.
Specifically, the Delft3D-FLOW module has been
used extensively. Delft Dashboard has also been
used to process the cyclone data to prepare the
input file for the simulation. Delft3D-FLOW is a
widely used multi-dimensional (2D or 3D) hydro-
dynamic model. It solves the Navier–Stokes equa-
tions for an incompressible fluid and follows the
Boussinesq approximation. It follows the finite dif-
ference method to solve the partial differential
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equations. The time step is selected as 1 min and
horizontal background eddy viscosity and diffusiv-
ity are set as 1 m2/s.

3.2 Grid and bathymetry

Many different data sets were merged to create
the bathymetry for the model domain. The pub-
licly available general bathymetric chart of the
oceans (GEBCO) and ETOPO data are very coarse
ones which are applicable to deeper water but fail
to accurately represent the bathymetry of shal-
low water and inland areas. However, for this
research, these shallow water and inland areas
are of great importance. That is why the exist-
ing bathymetry data have been refined using the
data from the Bangladesh Water Development
Board (BWDB). The Institute of Water and Flood
Management (IWFM) also conducted a bathymet-
ric survey under the ESPA Deltas Project which
has been incorporated in the existing bathymetry.
Moreover, the tidal charts of Bangladesh Navy in
the shallow region have been collected as hard
copies and digitised afterwards. In order to have
the accurate scenario in the inland areas due to
the storm surges, the polder elevation data of the
139 coastal polders have also been incorporated
in the updated bathymetry. Finally, this updated
bathymetry is used for the simulations performed
for storm surges. This bathymetry data is currently
in the WGS84 coordinate system and the vertical
data in the MSL. The very good performance of
this bathymetry for hydrodynamic modelling has
been proved in the studies of Tazkia et al. (2017)
and Krien et al. (2016, 2017). The coastline has
been digitised using high-resolution (30 m) freely
available Landsat 8 images. Table 1 shows the
datasets which have been merged to develop the
updated bathymetry.

This model has been developed using a
structured mesh. Delft3D has options for both
structured and unstructured meshes but the
unstructured version is not open source yet. Ini-
tially, within the domain, a rectangular mesh is
created using the Delft Dashboard. This mesh has a
resolution of 0.006◦ which is about 666 m in length.
It expands in both M and N directions. This mesh
is later edited using the Delft3D-RFGRID tool to
refine and orthogonalise for better outcome. The
Delft3D-QUICKIN tool is used to interpolate the
bathymetry data and create a depth file which later
is used as an input file for the model. For this sim-
ulation, the Manning’s coefficient (n) is set as 0.02
throughout the whole area. In figure 2, the model
domain and updated bathymetry along with the
rectangular mesh used are shown.

3.3 Open boundary and cyclonic forcing

Open boundary conditions are used in this model.
In the BOB, time series data of the water level
have been prescribed along the open boundary.
These water level data have been generated using
the TPXO 7.2 global inverse tidal model. This
model provided the time series of water level for
different tidal components. Daily discharge data
have been provided in three different locations as
the upstream boundaries. The Hardinge bridge in
the Ganges river, the Bahadurabad transit in the
Brahmaputra river and the Bhairab Bazar rail-
way crossing in the Meghna river are the locations
where upstream boundaries are imposed. These
upstream boundaries are imposed to simulate the
effects of freshwater from the major rivers in the
GBM delta. The tide generated by the TPXO 7.2
global inverse tidal model has been validated by
Tazkia et al. (2017).

Table 1. Description of the datasets incorporated in the bathymetry.

Data Source Extent Resolution

GEBCO GEBCO (2014) Global grid 30 arcs

Digital elevation model

(DEM)

FAP 19 Coastal areas 300 m × 300 m

River bathymetry survey BWDB Rivers of coastal areas Cross-section along the rivers

(variable)

River bathymetry survey ESPA Delta Project of IWFM Rivers of coastal areas Cross-section along the rivers

(variable)

Coastal polders boundary

and elevation

CEIP-1 project of BWDB Coastal areas Along the polder dikes (variable)

Coastlines of Bangladesh Landsat 8 Coastal areas 30 m
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Figure 2. Model domain and structured mesh.

Figure 3. Calibration and validation of the model.

The tropical cyclone toolbar of the Delft3D
dashboard has been applied to generate winds and
pressure in the modelling domain for the three
recent cyclones, namely, Sidr, Aila and Roanu.

4. Results and discussion

4.1 Validation of the Delft3d model for storm
surges

The model is calibrated for different drag
coefficients between the wind and sea surfaces. The

default value assigned to Delft3D is 0.007. But
this value of drag coefficient indicates the maxi-
mum water level at Chittagong (figure 3) as higher
than the observed value. Therefore, the model is
run for various drag coefficient values 0.007, 0.005
and 0.003. Finally, 0.003 of the drag coefficient
value has been accepted for further work. With
a 0.003 drag coefficient, the water level is vali-
dated at Hiron Point, Cox’s Bazar and Khepupara
(figure 3). The coefficient of the determination of
the model output at Hiron Point, Cox’s Bazar and
Khepupara is 0.92, 0.92 and 0.88, respectively.



J. Earth Syst. Sci. (2019) 128:145 Page 7 of 11 145

Figure 4. Maximum water level for cyclones under different SLR conditions. Suffix (a) for Sidr, (b) for Aila and (c) for
Roanu. Suffix 1 for cyclone with the current sea level, 2 for cyclone plus 0.5-m SLR, 3 for cyclone plus 1.0-m SLR and 4 for
cyclone plus 1.5-m SLR.

4.2 Inundation analysis

Figure 4 shows the inundation pattern for cyclones
Sidr, Aila and Roanu. It is clear that for cyclone
Sidr, with the current sea level (figure 4a1), inun-
dation occurs avoiding the polder-protected areas.
If 0.5-m SLR is added with the surge of cyclone
Sidr (figure 4a2), the polders are still fully able
to protect the areas from inundation. Even with
1-m (figure 4a3) and 1.5-m (figure 4a4) SLR, the
surge of cyclone Sidr cannot overflow the polders at
most of the places. It can also be seen from figure
4(b1–b4) that although the tracks of Sidr and
Aila are completely different, the inundation pat-
tern is similar. Within Bangladesh territory, the
inundation pattern is governed by the map of
existing polders. For Roanu, the track is different
and the inundation pattern is also different from
that of Sidr and Aila. For cyclone Roanu, with

the current sea level (figure 4c1) and with 0.5-m
SLR (figure 4c2), the inundation is less than that
of Sidr and Aila. But for 1-m (figure 4c3) and
1.5-m (figure 4c4) SLR, the inundation surpasses
that of the other cyclones.

Table 2 shows the statistics of the inundation
areas and the affected population for cyclones
Sidr, Aila and Roanu along with probable SLRs.
The total inundated area excluding permanent
water body for cyclone Sidr with the current sea
level is approximately 1484 km2 which is nearly
1.14% of the total area of Bangladesh. If 0.5-m
SLR is added to cyclone Sidr, the total inundated
area excluding permanent water bodies becomes
3380 km2 which is nearly 2.6% of the total area
of Bangladesh. It means a 0.5-m SLR addition
causes nearly double the inundated areas com-
pared to the present condition. The total inundated
area excluding permanent water bodies for only
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1.0-m SLR is found to be approximately 5777 km2

which is nearly 7% of the total area of Bangladesh.
Therefore, including cyclone Sidr with a 1.5-m SLR
causes about three times increase in the inundated
area compared to the same cyclone with the current
sea level. Cyclone as strong as Sidr along with the
1.5-m SLR will inundate 7588 km2 which is about
5.84% of the total area of Bangladesh. Cyclone
Aila has nearly similar impacts but the scenario
for Roanu is much worse. The statistics for all these
cyclones are shown in table 2.

The inundation statistics of the Sundarbans are
shown in table 3. The cyclone Sidr with the current
sea level inundates nearly 9.4% of the Sundarbans,
whereas introducing 0.5, 1 and 1.5 m of SLR with
Sidr inundates 21%, 42.1% and 65.1% of the Sun-
darbans, respectively. Cyclone Aila along with the
SLR is more devastating than Sidr with SLR in
terms of inundation for Sundarbans because of its
track and time of landfall at the Bangladesh coast.
Cyclone Roanu along with the SLR causes similar
inundation as Aila.

This study has considered SLR projections based
on the IPCC reports which count changes of
thermal expansion, glaciers and ice sheet melt-
ing. However, uncertainty exists on the climate
model for capturing bio-physical processes as well
as the socio-economic drivers of climate change.
The model also uses a number of gridded data
and satellite-driven geospatial data which would
suffer from inaccuracy. This study also did not
consider relative SLR which includes the changes
of sea level related to the earth by including
various land processes such as sedimentation, tec-
tonic uplift, coastal subsidence, etc. Hence, the
possible changes of storm surge inundation pat-
terns in coastal Bangladesh generated in this
study also contain uncertainties that should be
taken into account before the application of these
results.

5. Conclusion

This paper presented the possible changes of storm
surge inundation patterns of the coastal areas of
the GBM delta considering the high-end climate
emission scenarios. This study investigated the
ability of an open source coastal model, Delft3d,
using improved bathymetric and topographic data,
to predict the possible changes of the water lev-
els and coastal inundation patterns in the northern
BOB. We have applied three possible scenarios of

SLR by considering the ‘business-as-usual’ climate
change scenario RCP 8.5. The lower boundary and
upper boundary of the projected SLR of RCP 8.5
scenario of a value of 0.5 and 1 m as well as
an extreme case considering the subsidence and
a rapid collapse of the Antarctic ice sheet with a
value of 1.5 m have been chosen to simulate the
surge-induced inundations.

It has been found that the inundation areas of
these cyclones will be increased for each of the pos-
sible SLR scenarios. For the category 4 cyclone
Sidr, the inundation areas will be increasing from
405 km2 (1.1%) to 906 km2 (2.6%), 1813 km2

(3.7%) and 2806 km2 (5.8%) for a SLR of 0.5,
1 and 1.5 m, respectively. This would affect the
population from 1.9 million to 4.1 million, 7.0
million and 9.1 million for a SLR of 0.5, 1 and
1.5 m, respectively. Moreover, the world’s largest
mangrove forest, the Sundarbans would face an
additional inundation area of 9.4–21.0%, 42.1%
and 65.1% for the above three SLR scenarios. For
cyclones Aila and Roanu, we conclude with a sim-
ilar pattern of increasing inundation in the GBM
delta as well as over the unprotected mangrove for-
est, the Sundarbans. The greatest inundation in the
Sundarbans from storm surges would be observed
for the cyclone Aila which is probably 78.7% of
the forest area. As cyclone Aila passed close to the
Sundarbans, a similar event will greatly affect that
region under the SLR scenarios. On the other hand,
the maximum affected population would be about
9.6 million for cyclone Roanu under a 1.5-m SLR
scenario. Cyclone Roanu will be more devastating
in the future under the high SLR scenario as it
passed through the densely-populated Chittagong
region which is considered as the business capital
of Bangladesh.

The modelled scenarios depicted in this study
can only illustrate some plausible futures for the
increasing coastal inundation patterns for different
sea-level rise conditions. However, it is not possi-
ble to give the exact estimation of the probabilities
of different levels of risks associated with storm
surges. Moreover, we have forced the model with
only the SLR scenarios without accounting for the
possible changes of the morphological conditions
or the local variations of the sea-level height of the
complex shorelines of the GBM delta.

Despite the limitations of this study, the possible
changes of the inundation presented by the model
scenarios for the various categories of storm surges
will provide an idea about the possible changes in
risks in the future. With our conclusions in mind,
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it is also worthy of mention that the ecology and
biodiversity of the Sundarbans will face devastating
effects of storm surges in the future, as the sea level
will undoubtedly continue to rise.
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