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A two-dimensional vertically integrated shallow water equation in the Cartesian coordinate
model is used to estimate the water level considering the impact of Coriolis force. The
shallow water model equation was discretized by a finite difference method (FDM).
Consider the forwarding of time and central space as a moderator of this discretization.
The model approximates coastal boundaries, small islands, small rivers and complex
tributaries by an accurate stair step representation. The model equations are solved by a
static semi-implicit finite difference technique where a structured Arakawa C-grid system
is used as the condition. A one-way nested scheme technique is used to incorporate
complex land-sea interfaces such as small offshore islands and water depths with sufficient
accuracy as well as decreasing the computational cost. A stable tidal condition was created
by applying M2 tidal forcing with the largest tide along the southern open boundary of the
Bay of Bengal. The model uses the Coriolis force as an external force that can affect water
buoyancy. The main task is to analyse the effect of Coriolis force on water buoyancy. The
described model was applied to simulate sea-surface elevation associated with the severe
cyclone in April 1991 that strike on the east coast of Bangladesh. We have found a
significant impact of Coriolis force on surge height. However, the model gives an accurate
numerical estimate of surge height.

© 2022 The Authors. Published by Penteract Technology.
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/).

1. INTRODUCTION

of Bangladesh, none of them can be analysed the effect of
Coriolis force on storm surge estimation. The Coriolis effect

Bangladesh is a low-lying country in south Asia which is
situated at the northern tip of the Bay of Bengal. The coast of
Bangladesh is affected by various environmental problems.
Storm surge is one of them which causes a tremendous loss of
lives and properties every year. It is caused by a combination
of wind and low atmospheric pressure. An increasing number
of tropical cyclones associated with surge always cause a great
loss of many lives and properties along the region of interest.
Cyclones in November 1970, 1985, April 1991, 1997, SIDR
2007, and AILA 2009 caused a lot of death tools [1]. Many
analyses on prediction of surge due to tropical storms have
been made for the Bay of Bengal region covering the coastal
area of Bangladesh and the east coast of India [1]-[9]. Though
a considerable number of studies have been done for the coast
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refers to the apparent deflection of objects in motion in
physics. The motion of objects is described in this case
relative to a rotational context frame. In a clockwise rotational
context frame, the object's direction of motion is deviated to
the left. And in case of counter clockwise rotation, the
deviation occurs to the right. The Coriolis force is proportional
to the rate of rotation and the centrifugal force is proportional
to the square of the rate of rotation. The Coriolis force acts
perpendicular to its axis of rotation and in the direction of the
motion of the object in the rotating frame and is proportional
to the motion of the object in the rotating frame. The
centripetal force acts outward along the radius and is
proportional to the distance of the object from the axis of
rotation [10]. These additional forces are called passive forces,
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imaginary or pseudo forces. These forces play a role in the
application of Newton's laws to any structural system. These
are correction factors that do not exist in balanced dynamic or
static context structures [11]. Some of the researchers focus on
the Coriolis force and its associated surge effect [12]. He
explains the Coriolis force effect on storm surge estimation,
but he did not include its full effects on the topography and
typhoon changes. In this study, we have investigated the surge
height considering different Coriolis forces.

It is seen from the literature point of view that water
levels associated with storm surges may be influenced by
Coriolis force. An investigation of storm surge forecasting
models including Coriolis force to predict the water level
accurately which can contribute to improving the warning
system and definitely used in real time prediction of the water
levels at different locations along the coastal belt of
Bangladesh. The present study is an analysis of the estimation
of water level including Coriolis parameter based on the
Cartesian coordinate system of incorporating the complexity
of the coast of Bangladesh.

Station Information

J}\ B ‘{m;\nu\ nj
O "”“" N\gSitakunda
/S‘{ V'b Mes 1\.[
/t ;, \ .Bh‘\\m har

G Y Vl { “( hittagong
}S‘ > 7~ [ Pt ‘7 b‘llm\n

%i)\;;:/"eﬂm k“{:f‘ ﬁ’nl mtaz rﬁ

Latitude

Roaad.

215 &7

Cox's Bazar'®
¥

89 £9.5 90 9.5 91 91.5 92
Longitude

In this study, we used a two-dimensional shallow water
equation to generate the numerical simulation results of storm
surge considering different changes of Coriolis force. We
believe that the results obtained in our research are very
acceptable because our model simulation results make good
agreement with the observed result. In the next sections, the
details of the subject matter of the research are discussed in
stages.

2. DATA MATERIAL AND METHODS
2.1. Study Area

Bangladesh is a delta-like sovereign country in South
Asia whose official name is the People's Republic of
Bangladesh. Geographically, Bangladesh is bordered by
Myanmar to the southeast, India to the west, north and east,
and the Bay of Bengal to the south. In this study, our main
focus of our research is the disaster-prone coastal region of
Bangladesh.
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Fig. 1. Study Area with tidal location

Geographically, Bangladesh is located at the northern end
of the Bay of Bengal (see, Fig. 1) between 88 to 92 degrees
East longitude and 20 to 26 degrees North latitude. If we talk
about its surrounding countries, it is surrounded by the
landmasses of India, Myanmar and the Bay of Bengal in the
south. About 700 rivers flow through Bangladesh with small
and large tributaries which create many islands in coastal
regions. While this study focuses on coastal islands, special
attention is paid to certain regions and islands (like Hatia,
Bhola, etc.).

2.2. Model Equation

In this study for the numerical analysis, we considered a
rectangular Cartesian coordinate system where the Earth's
surface curvature is assumed to be zero along a horizontal
XY-plane and an upward z-axis. If the ratio of the horizontal
length scale to the vertical length scale is greater than zero, the
z component of the momentum equation can be approximated
by the hydrostatic equation. Furthermore, if the seawater
density variation is negligible, the continuity equation reduces

to non-divergence of the velocity. Ignoring this approximation
and molecular viscosity, we obtain the basic shallow water
equations. Neglecting this shallow water approximation and
molecular viscosity, an initial set of shallow water equations
[2] is given

tul v AwS - fv=—22 (1)
Srul v twil fu=—27 )
‘;—Z=—pg @)
ooy a0 @

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 the density of the sea water supposed
homogenous and incompressible; f = 2Qsin¢ the Coriolis
parameter, where Q is the angular speed of the Earth rotation
and ¢ is the latitude of the place of interest; g the acceleration
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due to gravity. After applying average procedure, vertical
integration process simplifies the equation we may get the
basic shallow water model equation as
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Where (&, ) = (( + h)(w, v) (8)

In the above equations, u and v in the bottom stress terms
have been replaced in order to solve the equations numerically
in a semi-implicit manner.

2.3. Model Setup
2.3.1.  Setup boundary conditions

The lateral boundary of the sea area must satisfy
appropriate conditions that always work properly during the
model simulation under consideration. But since our study
area has an ocean to the south, we can consider three-
dimensional boundary conditions. Considering some ocean
dynamics, a radiation-type boundary condition is applied to
the southerly gap region. Such boundary conditions can help
external forces enter the open. Therefore, the main boundary
conditions are assumed as follows.

fo=—g@+m5E+= -
(©)
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1

At the west boundary: v + (%)2 (=0 (9)
1

At the east boundary: v — (%)2 (=0 (10)

At the south boundary:

1 1
u— (%)2 {=-2 (%)2 a sin sin (% + (p) (11)
2.3.2.  Determination of the forcing terms

In general, the horizontal gradient of atmospheric pressure
is negligible compared to the length scale of a mesoscale
ocean model. On the other hand, during a storm, the factor is
not negligible, but the main mechanism in generating the wave
amplitude is the tangential stress due to the strong winds
associated with the storm. Therefore, to calculate tides, waves
and their interactions, atmospheric pressure gradients and
tangential factors can be neglected. The Coriolis force can be
determined by knowing the latitudinal location of the area.
Also, the effect of the changing Coriolis force can be
analysed. Generally speaking, wind pressure is measured in
terms of the wind field associated with the storm. This is often
done by the conventional quadratic law:

1 1
Tx = CDpa(ugL + vg)i and Ty = CDpa(uzzz + vg)f (12)

Where Cp is known as the drag coefficient, which is also
assumed to be constant in our model. For the Bay of Bengal
region, the wind field associated with a storm is not available
from the Bangladesh Meteorological Department (BMD).
Rather, the information is available in terms of the maximum
sustained wind velocity and the corresponding radial distance
from the eye of the storm and the difference of the
atmospheric pressure between the eye and periphery. The
circulatory wind field is at that
point created by different observational formulae. As in [5],
for the Bay of Bengal region most frequently used formula is
due to [13], which is given by

{Vo,l(ra/R)3 forall 1, <R 13)
“ Vo /(R/7)? forall 1,>R

where V, is the maximum sustained wind at the radial
distance R and 7, is the radial distance at which the wind field
is desired. The x and y components (u,, v,) of the wind field
are derived from V, given by the above empirical formula.

2.3.3.  Setup nested scheme

In this study, it can be seen that the model area is large
enough to properly include island boundaries and coastlines in
our numerical scheme, so we include the specific area of our
study in a much smaller mesh size. Several are real for the
mesh size to be a small problem, which has been observed in
many studies recently. The problems are

(i) The result will be correct. If the discussion area is
defined by small meshes, the number of grid points for these
small meshes is greatly increased. This requires large storage
facilities in computer memory that cannot be accommodated
with small laboratory computers.

(ii) The Courant-Friedrichs-Lewy (CFL) stability criteria
must be ensured at the grid points because the size of each
grid point and the time step of the arithmetic process
determine the stability.

So, according to [14], the time step At must be related to
the mesh size, Ax (or Ay), and ocean depth, h, by the relation

Ax

At <
2gh

(14)

Taking the above two facts into consideration, a high-
resolution numerical scheme (FMS) is nested in a coarse mesh
scheme (CMS) for the desired region. Further, to consider the
densely populated low-lying large and small offshore islands
between Barisal and Chittagong and to accurately incorporate
land dynamics in the numerical model, a very fine mesh
scheme (VFMS) is nested in the FMS (See, Fig. 2). The grid
size along the north-south direction (along the x-axis) is Ax =
15.08 km and along the east-west direction (along the y-axis)
is Ay = 17.52 km. The computational xy-plane has 60x61 grid
points with FMS 21°%15°N which covers the area between
15°N to 23° N latitude and 89° E to 92° E longitude. The
scheme area includes the study area and almost all offshore
islands.
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Fig. 2. Numerical schemed area and gridding system

The grid size along the north-south direction (along the x-
axis) is Ax = 2.15 km and along the east-west direction (along
the y-axis) is Ay = 3.29 km. The computational xy-plane has
92x95 grid points. VFMS covers the area between 21.77° N to
23°N latitude and 90.40° E to 92° E longitude. The mesh size
along the north-south direction (along the x-axis) is Ax =
720.73 m and along the east-west direction (along the y-axis)

is Ay = 1142.39 m. The computational xy-plane has 190x145
grid points. Details of various schemes are also presented in
tabular form. Table 1.1 shows the Domains, grid spacing, and
number of computational points of different schemes. So we
can say, a grid is a small-scale geometric shape covering the
physical domain, whose purpose is to identify discrete
volumes or elements where conservation laws can be applied.

Table 1.1 Computational points of different schemes considering domains and their grid spacing

Grid spacing Grid spacing Number of
Scheme Domain along x axis along y axis Computational
(km) (km) points
15°-23°N,
CMS 850 - 050 E 15.08 17.52 60x61
21°-15"- 23° N,
FMS 89°E t0 92° E 2.15 3.29 192x95
21.77°-23°N
VFMS 90.40° - 920 E 0.72073 1.14239 190x145

2.3.4. Discretized form of model equation

The governing equation (5) to (7) and the boundary
conditions (9) to (11) are discretized by finite-difference
technique (forward in time and central in space) and are
solved by conditionally stable semi-implicit methods using a
staggered grid system. So, the finite-difference method is as
follows

[ = ¢ — At[TL1 + TL2] (15)
~k
41 _ Wij~At(TL1+TL2+TL3)+At(TR1+TR2)
pj - = (1+At.FR3) (16)
St = ﬁi’fj—At(TL1+TL2+TL3)+At(TR1+TR2) (17)
LJ (1+At.FR3)

Consider, (i’f]ffl in equation (15) is computed at i = 2, 4, 6,
..,M-2 and j=3,5,7,...,N-2. 4" in equation (14) is
computed ati=3,5,7,... ,M-1 and j=3,5,7,..., N2
and ﬁi’ffl equation (17) is computed at i =2, 4, 6,....., M -2
and j=2,4,6, ..., N -1 In the similar case the discretize
form of the boundary conditions are

k+1 _ k+1 ,hi,z k
i1 T T 5,3 2 g Vi,z (18)
k+1 _ k+1 ,hi,N—l k
iN = TSiN-2 " 2 g Vi,N—l 19)
hpm—1j 2mkAt
k+1 _ k+1 M-1,j 17k :
Cmj = —Cu-z; +2 p UM_l‘j+4asm(T+qo)

(20)
where,i=2,4,6,...,M-2.and j=1,3,5,7,...,N.

2.3.5.  Numerical procedure

A stable tidal regime was generated over the model
domain by first applying the strongest tidal component near
the open boundary, the semidiurnal principal lunar tide. The
period of tidal oscillation is taken as 12.4 hours. It is noted
here that the period of tidal oscillation in the region of interest
is not exactly periodic but the average period is found to be
about 12.4 hours [9]. The initial values of amplitude and phase
relative to the component are determined through equation
(19) along the southern open boundary of the CMS following
[15]. Then using the atmospheric pressure gradient force and
constants involving a component from the initial state of rest
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in the absence of wind pressure, a stable tidal regime was
achieved after 4 tidal cycles. But the generation of a pure tidal
condition depends on the exact value of a and we have
followed the technique of [9] for precise specification of the
values of the constant. Its initial values are taken as zero to
represent a cold start and from this time, a stable tidal system
develops in the analysis area. The tidal regime at the start of
the model provides the initial state of the ocean at the time of
the model, and after a certain period, tidal effects are obtained
in coastal areas. The time step is taken as 60 seconds which

135

ensures the Courant-Friedrichs-Lewy (CFL) criterion for
stability of the numerical schemes.

3. RESULTS

We computed our results at some representative coastal
and island locations of Bangladesh for a specific major storm
that hit the coast of Bangladesh. Records show that April 1991
was the most severe cyclonic storm having maximum wind
speed 235 km/h.
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eye location of cyclone, April 1991
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To discuss the results, history of the storm is necessary.
The history of the storm is briefly described in the following
subsection. The most severe cyclonic storm of the last century
hit the coast of Bangladesh on the early morning of April 30,
1991. The cyclone April 1991 was first detected as a
depression (wind speed < 62 km/h) on 23rd April in the
satellite picture taken at the Space Research and Remote
Sensing Organization (SPARRSO) from NOAA-II and GMS-

4 satellites. The depression was located at 10.0° N latitude and
89.0°E longitude at 0900 Bangladesh Standard Time (BST) in
the morning of April 25. The system intensified into a deep
depression in the evening and very quickly turned into a
cyclonic storm at midnight of April 25. The maximum
sustained wind speed was 65-87 km/h, having a central
pressure of 996 mbar.

7 I T T T T T T T
CoxBazar
¢ H — Charchenga o
----------- CharMadraj

Elevation (m)

8.00 14:00 20:00 02:00

08:00

14:00 20:00 02:00 08:00

28-30 April, 1991, Time in hours(h)

Fig. 4. Water levels with respect to the mean sea level due to tide, surge and the non-linear interaction of tide and surge
associated with the storm April 1991 along the coast of Bangladesh considering the actual Coriolis force

It maintained this intensity until 1500 BST on 27 April
when it became a severe cyclonic storm. The maximum wind
velocity was 90-115 km/h, having 990 mbar as the central
pressure. On the same day at midnight, it turned into a storm
with a core of hurricane wind that had wind speeds of more
than 130 km/h. From 28 April, it started moving
northeastward and finally crossed the coast north of
Chittagong port on the Noakhali coast in the early hours of 30
April (0600 BST) (Fig. 3) We have used cyclone information
in our model to compute the surge height and compare the
result with observed data. For this study, we have collected
cyclone information from the Bangladesh Meteorological
Department (BMD). After running the model, we get the result

that is shown in Fig. 4. From this figure, we have found that
the surge height near the Cox bazar, Charchanga and
Charmadraj varies from 4 to 6 m. We have also found that the
surge height around the coast area is 3.5 to 6.2 m. [16] shows
4-6 meter average surge along this region due to the cyclone
1991. Before we run the model, we have set up M2 tide in the
open boundary [17]. After that we found the tidal range near
the Cox bazar is -0.5 to 2.1 meter (see, Fig. 5). In our model,
we have made a non-linear interaction with tide and surge. For
all the situations, we consider the actual Coriolis force for
simulation. To find the influence of Coriolis force on the surge
estimation we consider different values of Coriolis force.



Md. Towhiduzzaman et al./ Malaysian Journal of Science and Advanced Technology 137

3%
o

I I T T T T T T
| * Tide at CoxBazar

(8]

S
n

Elcvation (m)

-0.5

| 1 1 1 1 1 1

-1 1
8.00 14:00 20:00 02:00 08:00 14:00 20:00 02:00 08:00
28-30 April, 1991, Time in hours(h))

Fig. 5. Water levels with respect to the mean sea level due to tide along the coast of Bangladesh during the storm April 1991

We have considered the Coriolis value for the Bay of  model again. In the similar way, we have run the model again
Bengal region 2.6x10°3 as the actual Coriolis force value. Then for decreasing value. Fig. 6 shows the comparison of water
we increase 25% of the actual Coriolis force. After level for the different Coriolis value due to a catastrophic
consideration of the increasing Coriolis force, we run the  cyclone 1991.
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Fig. 6. Water levels with respect to the different Coriolis effect



Md. Towhiduzzaman et al./ Malaysian Journal of Science and Advanced Technology 138

From the above figure, we found that the changes of
water label due to change of the Coriolis value. Thus, it is
cleared that the Coriolis force has some effect on the surge
height.

4. DISCUSSIONS

In this study, changes in storm surges due to variations in
the Coriolis force were observed. Where it has been observed

that variations in the Coriolis force cause changes in storm
buoyancy. Before examining these issues, we review our
model simulation results for the deadly 1991 cyclone. The
simulation results are given in Fig. 4 above. In the storm of
1991, the highest inundation was seen in Cox's Bazar and its
surrounding areas. However, when the storm of 1991 hit, there
was a very large surge due to the tidal effect, which caused a
lot of damage to human life and property.
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28-30 April, 1991, Time in hours(h)

Fig. 7. Comparison of computed water levels with observed data

We therefore compare simulation results and
observational data to determine whether the 1991 storm surge
measurements are accurate or not. We find good agreement
between our model simulation results and observational
results. At Charchenga, a sub-district of Bangladesh, we see a
good match between the simulation results and the observation
results. However, due to non-availability of digital gauges and
adverse weather conditions, tide data was not available at all
time. After matching the results, we try to see the effect of
Coriolis force. To that end, we change the value of the
Coriolis force. Values are changed by 25% above and below
the original value and watch the tide change for that changing
mana. It can be seen that the required change in the Coriolis
force value 25 decrease or increase is not obtained. It can be
seen that when the value of Coriolis force is high, the model
does not give accurate results. However, it is observed from
this research that the effect of Coriolis force is small, but it has
a significant role in surge height.

5. CONCLUSION

In this study, the simulation of storm surges has been
carried out including different Coriolis forces. Considering
different values of Coriolis force to the prediction of sea
surface elevations along the coastal area of Bangladesh due to
the interaction of tide and surge associated with a storm. The
model is based on a semi-implicit finite difference method
(FDM) with proper stair step representation. Nested grid
techniques have been exercised. The model simulations
results are found to be better in comparison with observed and
reported results obtained through various investigators.
Overall water levels can be found to be influenced by Coriolis
force.
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