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cyclone of future climate has been investigated from the Database for Policy Decision-
Making for Future Climate Change (d4PDF) data under present and future climate
conditions. To find the surge height, a vertically shallow water Cartesian coordinate model
has been used to simulate the surge height. The shallow water model equations were
discretized through finite difference technique with the Arakawa C grid system and solved
by a conditionally stable semi-implicit manner. The fluctuated striking angle due to climate
change was then applied to the known cyclone BOB 01 and the associated surge height
was then investigated. We found that our simulated result and the observed result make
a good agreement. We have also seen that different types of cyclones have a significant
effect on the water level elevation due to their landfall angle.
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1. INTRODUCTION

Bangladesh is a disaster prone small country in South Asia.
The natural hazards of this country are increasing due to
global warming. According to the World Bank Group,
Bangladesh will be faced with various problems due to the
vulnerability to climate change (Al Mohit, Yamashiro,
Hashimoto, et al., 2018). Some factors are mainly responsible
for this vulnerability; the factors are densely populated, low-
lying topography, coastal structure, funneling shape of the
coast, El Nino Southern Oscillation, human activity, and so on.
The major concern is that the catastrophic cyclone strikes
Bangladesh in the next upcoming year due to global warming
(Al Mohit, Yamashiro, Ide, et al., 2018). According to Al Mohit,
Yamashiro, Hashimoto, et al. (2018), there are 269
depressions found in the Bay of Bengal in the last 44 years.
But, it is found in the last 25 years (1974-1999) that the
average depression rate of that period is 7.7, 3.46 of the
depression formed as a matured storm and 3.12 of storm
strikes on the Bay of Bengal coast. Every vyear, the

characteristics of the storm are changed due to global
warming and climate change (Kotal & Bhattacharya, 2013).
Some authors investigated the cyclone track features and
tidal phase shift for the surge simulation (Hussain & Tajima,
2017). Hussain did further development of the same work. In
their study, they investigated the parallel track features impact
on surge behavior. They found that the changes in surge height
occurred due to parallel track features (Hussain et al., 2017).
This study focuses on cyclone strike angle due to climate
change and associated storm surge behavior along the Bay of
Bengal. That's why we have used our own developed model to
estimate the surge behavior. Many analyses of storm surges
due to the tropical storm have been made for the Bay of Bengal
region covering the coastal area of Bangladesh and the east
coast of India (Al Mohit, Yamashiro, Hashimoto, et al., 2018;
Antony & Unnikrishnan, 2013; Dube, 2012; Jaman et al., 2021;
Paul & Ismail, 2012; Paul et al., 2021). Some of their studies
were on the behavior of silt on the coast after storms. The
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linear storm surge model was developed (Tadesse et al., 2020),
which was the first nested model for storm surge simulation.
Paul et al. (2021) provide the information about tide surge
interaction model and the interaction with tide and surge
associated with a storm nonlinearly for the accurate prediction
of the magnitude and time of the peak of water level on the
oceanographic scale.

However, the first nonlinear model made a good
agreement with observed data but it had some limitations.
Further, the model was developed and recently considered an
atmospheric model with this model (Mamnun et al., 2020).
Most of the researchers try to incorporate various marine
dynamics. Al Mohit, Yamashiro, Hashimoto, et al. (2018)
incorporate the dynamic effect of the Ganges—Brahmaputra—
Meghna river system in Bangladesh and offshore islands in his
model. The proper stair step process represented the offshore
islands. Nevertheless, they consider the Meghna estuarine
region including only two major offshore islands Sandwip and
Hatiya. Paul and Ismail (2013) found that the low-lying small
and big lands and offshore islands may influence surge
intensity. Furthermore, they develop the model of Paul (Paul &
Ali, 2019) by nesting a very fine grid model into the fine grid
model as well as extending the fine grid model for the whole
coastal belt to incorporate the offshore island properly. To find
the surge height accurately, Al Mohit, Yamashiro, Hashimoto,
et al. (2018) developed a two dimensional bay-river coupled
model incorporating the Ganges—Brahmaputra—Meghna river
system. However, these works were done for the storm surge
simulation in the Bangladesh coast, but none of them considers
the climate change impact on surge simulation. Nowadays, it is
important to investigate the global warming impact on surge
height simulation (Ramos-Valle et al., 2020). For the storm
surge simulation, the important factors are low pressure,
maximum wind speed, forward movement, storm size, coastal
shape, and so on (Musinguzi & Akbar, 2021; Shankar & Behera,
2019). So, we analyze the climate data to investigate the
behavior of a cyclone within the Bay of Bengal. All the work was
on the storm surge simulation within the Bay of Bengal, but this
study investigated climate data and checked the cyclone strike
angle behavior. After that, based on the changes of strike angle
storm surge was estimated.

In this study, storm surge height has been investigated as
well as the landfall angle impact on the storm surge height.
The fluctuated landfall angle was investigated from the d4PDF
present and future track information. The result found that
the future landfall angle might reduce the surge height when
the crossing angle is greater than 90 degrees.

2. DATA MATERIALS AND METHODS
2.1. Study area

Bangladesh is a cyclone disaster-affected country. The
astronomical position of the country is 88° E to 92° E
longitudes and 20° N to 26° N latitude. In this study, we have
considered the study area 85° E to 95° E longitude and 25° N
to 23° N latitude to investigate the surge height. We Have
considered this area to investigate a storm for at least three
days within this domain. However, we have collected the
cyclone track information from the d4PDF data within the
region of 75° E to 95° E longitude and 5° N to 30° N latitude.
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Figure 1. Bangladesh coastal area with the tidal station
location information

Figure 1 can explain the investigated study area. The color
marked point is the tidal station near the coast of Bangladesh.
Bangladesh Inland Water Transport Authority (BIWTA) has
the exclusive legal rights to access the data. The authority
processed the observed data and provided the data for
further analysis. However, not all the stations are digital at all,
so for this reason the observed data scarcity is common in this
region. Due to the low land area and complex coastal shape,
the surge height has fluctuated in the different coastal
positions.

2.2. The data

This study exercises the d4PDF, AGCM, and BMD data. The
d4PDF data consists of the output of 60 km atmospheric
global circulation model (AGCM) and Meteorological
Research Institute (MRI). This model is operated by the Japan
meteorological agency. To find the accuracy of regional data,
a proper downscaling is used for the Japan region. But, this
study used the 20 km grid data to find the general scenario of
cyclone track behavior around the Bay of Bengal. In the d4PDF
model simulation data, the computation grid cell was
640x320 grids in horizontal level and 64 grids in the vertical
level. The d4PDF model is simulated with the model of MRI-
AGCM 3.2 and MRI-AGCM3.2H (Mizuta et al., 2012). The
d4PDF present data consists of the 100 member’s ensemble
simulations and the future data experiments are CCSM4 (CC),
GFDL-CM3 (GF), HadGEM2-AO (HA), MIROC5 (M), MPI-ESM-
MR (MP), MRI-CGCM3 (MR). For each experiment, there are
15 members and the total ensemble members are 90 for
future climate experiments. In this study, we have used 100
members simulation data for the present climate scenario
analysis and six scenarios with 15 members in each scenario
(a total of 90 members) were used for future climate analysis.
Figure 2 represents the SST for the different scenario and
present climate AGCM track that strikes the Bangladesh
coast.
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Figure 2. Different Scenario SST (left), Present climate track of AGCM (right)

2.3. Mathematical model

A vertically shallow water model is used to simulate the
surge height. The model input is taken from the Bangladesh
Meteorological Department (BMD). We have considered the
cyclone BOB 01 known as cyclone 1991. The fluctuated
landfall angle is considered to simulate the surge height. The
original landfall angle of the cyclone 1991 was 88.97 degrees.
But, in our model simulation, we have changed the cyclone
track one degree from 85 to 93 degree angle. The mean
landfall angle shifted from 91.0373 to 93.9193 degrees due to
climate change.

From the concepts of atmospheric or oceanic
phenomenon, the z-component of the momentum equation
may be approximated by the hydrostatic equation when the
horizontal length scale is much larger than the vertical scale
and the continuity equation may reduce to the non-
divergence of velocity, the density variation in all directions is
negligible and neglecting the molecular viscosity of the
oceanic fluid, the basic shallow water equations are as follows
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Where u,v,w are the instantaneous components of
velocity in the directions of x, y, and z, respectively; t is the
time; p is the pressure; p is the density of seawater that is
considered to be uniform and incompressible; f = 20
sin sin @ is the Coriolis parameter, where (2 is the angular
speed of the earth rotation and ¢ is the latitude of the field
of view; g is the acceleration due to gravity.

After averaging procedure and vertically integrated the
equation, the model equation can be written in the final form
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Where (i, 7) = ({ + h)(u, v) and u, v are the Reynolds
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averaged components of velocities in the directions of x any
y respectively; f = 202 sin sin ¢ is the Coriolis parameter,
where (2 is the angular speed of the earth rotation and ¢ is
the latitude of the field of view; g is the acceleration due to
gravity. pis the density of seawater that is considered to be
uniform at the same density.

2.3.1. Boundary conditions

In this model, boundary condition consider a radiation
type of boundary condition (Al Mohit, Yamashiro, Hashimoto,
et al., 2018),

- (%)%{, forallt=0  [8]

Where, a denotes the direction of the outward normal to
the coast measured clockwise from the north direction. The
radiation type boundary condition allows the propagation of
energy only outwards from the interior in the form of simple
progressive waves. The modified form of the equation (8) is
used for the coastal boundaries. At the coastline, east
boundary, southern boundary, and west boundary the
direction angle a =0,a =270,a =180, and a =90
respectively. The following radiation types of boundary
conditions are taken for open sea boundaries:

1

ucoscosa +vsinsina

At the west boundary: v + (%)EZ =0 [9]
1

At the east boundary: v — (%)EZ =0 [10]
At the south boundary:

1 1

2 2 . . 2mt
u-— (%)2 {=-2 (%)2 a sin sin (% + <p) [11]

The normal components of the mean current are taken as
zero at the closed boundaries of the mainland and the islands.

2.3.2. Numerical procedure

In order to estimate the appropriate water level due to a
surge in the designated study area, it is important to
investigate the activity of the cyclone over the area at least 3
days before crossing the coast. The study area is divided into
three nested schemes. The prescribed nested schemes are:
fine mesh scheme (FMS), coarse mesh scheme (CMS) and a
very fine mesh scheme (VFMS). In this study, nesting is done
in sequence from CMS to FMS and from FMS to VFMS. The
CMS covers the domain 15° N to 23° N latitude and 85° E to
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95° E longitude. In this mesh size, the grid space is Ax =
15.08 km and Ay = 17.52 km related with the 60 X 61 grid
points in the computation domain. In a similar fashion, FMS
cover the area between the latitude 21°-15’ to 23° N and 89°
E to 92° E longitudes with 92 X 95-grid point associated with
the grid distance Ax = 2.15 km and Ay = 3.29 km. To
incorporate the landfall target area properly, the VFMS covers
the area between 21.770 N to 23° N latitude and 90.40° E to
929 E longitudes. In this scheme, the grid size of the x-axis
(north-south direction) is Ax = 720.73 m and the y-axis
(east-west direction) Ay = 1142.39 m with 190 x 145 grid
points. Every Number of grid points where the computation
parameter , u, v need to be computed. Before computing or
running the model code, to ensure the stability of an explicit
finite difference scheme. So that, the time step, At, should be
related to the mesh size of Ax, Ay, and the ocean depth, h, by
the following relation of CFL (Courant-Friedrichs-Lewy)

. A
condition At < —.
2gh

After Setup all the conditions and consider the tidal
condition at the open sea boundary to find the actual
estimation. After that, run the model code and exchange the
result in each scheme by using linear interpolation.

3. RESULTS

We have analyzed the cyclone track data to find the
general scenario of cyclone behavior within the Bay of Bengal.
Before the storm surge estimation, we have checked the data
similarity with observed and simulated data. Therefore, we
have compared the seasonal behavior of cyclones along this
region of interest. The compared result is shown in Figure 3.
More detail is discussed in the Discussion section.

In the discussion section, we have also discussed the
central pressure of cyclones and landfall angle. The result of
the behavior of central pressure and landfall angle due to
climate change are shown in Figure 4 and Figure 5.

The 100 member’s simulation of the present data shows
the mean crossing angle is 91.0373 and the future ensemble
of 90 member’s simulation shows 93.9193. This means that
the future cyclone shifted 2.882 degrees northeast to the
northwest side of Bangladesh coast, see Figure 5. After
applying all the changes of landfall angle statistics in a known
cyclone track then we found the different angled tracks.
Figure 6 shows the changed cyclone tracks that are changed
by the condition of the tracks analysis result.

To get the useful information about the surge height due
the landfall angle of a cyclone. At first, we ran the model for
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the 1991 cyclone and got the model simulation result. We
found that the simulated results make good agreement with
observed data. After that, we have run the model for different
tracks which are modified at different strike angles. We have
discussed the climate change behavior on the Bay of Bengal
cyclone and the landfall angle behavior due to climate change
is discussed in the discussion section. To get the actual
influence of strike angle on the water level elevation due to a
storm, we run the model with changed information.

Figure 7 shows the surge height in different tide stations for
the different cases. The result found that the surge height was
reduced due to the landfall angle change. When the landfall
occurred at an 85 degree angle, the surge height increased.
But, the surge height decreased when the landfall angle was 93
degree. For each case, the surge height is changed according to
the landfall angle. The maximum surge height fluctuation is
about 80 cm. Different tide stations show different water level
elevation due to its topographical condition and cyclone
position. In this simulation, we have chosen the 1991 cyclone
that struck the Bangladesh coast on 30 April at 2 AM local time.
The wind speed of this cyclone was 250 km h'* and the central
pressure was 918 hPa. The obtained result and the result from
other studies are similar in different tide stations. The resulting
fluctuation is about 1 meter. From the model simulation of the
1991 cyclone, the surge height was found near the Chittagong
district at approximately 6 meters (20ft) approximately. The
results of different scholars studies, our study and the observed
dataare shown in Table 1. Where the observed data is provided
by the Bangladesh Government Authority BIWTA, Bangladesh
Inland Water Transport Authority.

4, DISCUSSION
4.1. Climate data analysis

We have analyzed the d4PDF, MRI-AGCM and BMD data.
The MRI-AGCM data and d4PDF data represent the model
simulation climate data. The d4PDF data consist of historical
climate simulation: 1951-2010, 100 members, non-warming
simulation: 1951-2010, 100 members, +2K future climate
simulation: 2031-2090, 54 members, +4K future climate
simulation: 2051-2110, 90 members. In this study, we have
analyzed historical climate simulation: 1951-2010, 100
members for present scenario and +4K future climate
simulation: 2051-2110, 90 members for the future scenario.
For both cases of the present climate scenario of d4PDF and
MRI-AGCM we compare the seasonal behavior of cyclone
occurrence with the occurrence number of BMD. The
occurrence behavior makes good agreement with those data.
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Figure 3. Tropical cyclone occurrence behavior. The left figure represents the comparison of cyclone occurrence in different
models and observed data. The right side figure shows the comparison of present and future occurrence behavior.

36



Al Mohit & Towhiduzzaman

800

SAINS TANAH — Journal of Soil Science and Agroclimatology, 19(1), 2022

I Present Climate (100 member simulation)
Present Climate
700 I Future Climate (90 member simulation)
= = =Future Climate

600

500

400

300

100

1 L

930 940

0
920 950

960
Central Pressure (hPa)

Figure 4. The histogram fitted the normal distribution of cyclone central pressure under present and future ensemble data.

Figure 3 represents the occurrence behavior of the
different simulation results and observed data. From this
figure, we have found that September to November is the
cyclone-prone season of Bangladesh. This figure also found
the similarity of seasonal variation with observed data and
other model data. When we found the agreement result then
we tried to analyze the central pressure behavior and landfall
angle. The central pressure of the future ensemble simulation
data represents the cyclone intensity information and the
data shows the future intensity of a cyclone will be increased
in this region. Figure 4 shows the bell curve of the central
pressure distribution, which explains that the maximum
intense cyclone occurrence will be increased in the future. For
the present climate condition, the lower central pressure is
less prevalent than the future cyclone central pressure. On
the other hand, the normal distribution of the histogram
fitted graph shows the mean of the central pressure lies
between 985 to 995 hPa for present climate conditions and
980 to 990 hPa for future climate conditions. This shows that
the intensity of the Bay of Bengal cyclone will be increased in
future. After that, we used the novel technique to find the
landfall angle of the cyclone. To find the landfall angle, we
calculate the angle between the tangent of coastline and the
point before landfall and after landfall. The crossing angle
represents the angle between coastline and the cyclone path
line. After analyzing the data, we have found the 100
member’s simulation of the present data shows the mean
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crossing angle is 91.0373 and the future ensemble of 90
member’s simulation shows 93.9193. This means that the
future cyclone shifted 2.882 degrees northeast to the
northwest side of Bangladesh coast, See Figure 5. This
deflected angle due to climate change is the notable
information for the coastal researcher of Bangladesh. We
have used this information to estimate the water level due to
a storm. To estimate the water level elevation, we have used
a developed storm surge model.

4.2. Model result analysis

Model input data was obtained from the Bangladesh
Inland Water Transport Authority (BIWTA) and Bangladesh
Meteorological Department (BMD). The model input data are
cyclone 1991 track data, Bathymetry data and its relevant
information. We have applied the landfall change angle to the
known track of cyclone 1991 and changed the track one
degree from 85 degrees to 93 degrees. Because, climate
change has an impact on tropical cyclones (Miles, 2017,
Walsh et al., 2019). Therefore, for this reason, the associated
surge height changes in the coastal region of Bangladesh.
Before running the model, we have prepared the virtual track
which considers the different strike angles. The different
strike angle was estimated from the AGCM and d4PDF data
calibration (Hirahara et al., 2014; Mizuta et al., 2012;
Murakami et al., 2012).
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Figure 5. The left figure shows the polar histogram of the 100 members simulated on each track that strikes the Bangladesh
coast. The right figure shows the polar histogram of future cyclone striking angle.
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Figure 7. Surge height in different tidal stations for different landfall angles.

Firstly, we measured the actual strike angle of cyclone
1991 and we found that the angle is 88.97degree. After that
we analyzed the cyclone track data that was simulated in
present and future climate conditions (Baba, 2021; Du et al.,
2011). From the cyclone strike angle analysis, we found that
the strike angle is 91.0373 degrees for present climate
conditions, 93.9193 degrees for future climate conditions.
Considering this information, we have changed the original
cyclone track in such a way that the virtual tracks are in
between them. It should be noted that although the path of
the storm has changed, other aspects of the storm (center
pressure, wind speed, etc.) have not changed. We create
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different storm paths by changing the angle values and run
the model for each different storm path. The storms were
rotated at a certain angle, keeping the striking area fixed for
each path of the storm. Indeed, the idea of this change in the
path of the storm is adopted by looking at the characteristics
of the storm that have changed under the influence of
different climates (Chen et al., 2020). Figure 6 represents the
one-degree change of landfall track on both sides from the
original track. This figure shows the original track that strikes
Bangladesh coast at 88.97 degree angle. Keeping the same
point of landfall, the track feature is changed one degree
considering the fluctuation of landfall angle.
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Table 1. Simulation result comparison
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Simulated Overall

Overall Max. Simulated Max. Water Level
Overall Max. ) Observed Overall
. Water Level (m) (m) by FDM (Al Simulated Max.
Coastal Location Water Level (m) : . Max. Water Level
(Paul et al., . Mohit, Yamashiro, Water Level (m)
(Paul & Ali, . (m)
2014) 2019) Hashimoto, et al.,
2018)
Cox’s Bazar -- 2.59 5.14 5.80 4.8
Chittagong 6.25 6.30 6.10 5.87 5.4
Sitakunda 5.78 6.02 4.48 4.90 --
Sandwip 5.63 5.89 5.30 4.80 -
Companiganj 7.28 6.78 - 6.4 6.1
Hiron Point 4.01 3.95 3.80 3.45 3.5
8 Surge height comparison

6.5

55

Water level Elevation {m)
(2]

Station location
Figure 8. Overall surge height in different coastal locations.

However, the results are a little bit different from what we
expected. From the data of storm paths obtained in different
climatic conditions, we can see that most of the storm hitting
at an angle of 89 degrees, i.e. the storm hitting in the
northwest corner is a little higher. At first, we ran the model
associated with the data from actual storms of 1991 and
compared the results with other research findings and
observed data. When the results of our simulations make
good agreement with other studies then we use the model to
estimate water levels for other storms (other storms vary
depending on the landfall angle). From the obtained result,
we can see that in the southwestern district of Cox's Bazar in
Bangladesh, the 1991 storm had caused up to 6 meters of
water level. However, we found that there is a slight decrease
in the water level in this area for the landfall angle change.
After that, the different tracks were used to simulate surge
height considering the same parameter value as central
pressure, maximum sustained wind velocity, the radius of the
cyclone and so on except striking angle.

For the one parameter of track feature (landfall angle)
analysis may not explain the future scenario of surge height
changes. But, we can get some information from this study
that the surge height will decrease if the cyclone strikes the
Bangladesh coast at a greater than 90 degree angle.

Therefore, the cyclone track information shows that the
future cyclone strikes Bangladesh coast through the mean
landfall angle of 93.91 degrees. That's why the future surge
height may decrease based on the one parameter analysis.
In the near future, we will analyze the surge height
considering the associated parameter impact. The overall
storm surge features are shown in Figure 8. The small
fluctuation is found in the Hiron point station. The reason
behind this small fluctuation is the distance of the landfall
position. However, it is evident that the surge height
changes due to the same cyclone when the striking angle
changes. However, the cyclone struck near the coast of
Chittagong district, but we have investigated the surge
height all over the Bangladesh coast. We have found in this
study that the surge height reduces at Hiron point location
when the cyclone struck the Chittagong coast. For the
analysis of Different landfall angles of the track, we run the
model for every track which separates according to the
strike angle. We have found that the crossing angle
fluctuation is approximately 2 to 3 degree north-east to the
north-west direction in the coast of Bangladesh and for this
reason maximum surge height was fluctuated by 80 cm
approximately around the coast of Bangladesh.

39



Al Mohit & Towhiduzzaman

5. CONCLUSION

This study concentrated on the cyclone track behavior
changes impact on storm surge height. The d4PDF data of
cyclone track features shows that the landfall angle changed
approximately 2.88 degrees northeast to northwest direction
and due to this reason, the associated surge height may
decrease depending upon the coastal location. This study
found that the maximum surge height reduces 80 cm but the
average surge height decreases about 20 cm in each degree
when the landfall angle changes from 85 degrees to 93
degrees. So, it is found the cyclone strike from Southeast to
Northwest direction is dangerous for the Chittagong coast.
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