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Abstract

Employing a non-central difference method of lines in tandem with the 4th order Runge-Kutta technique, this study
adopts a sophisticated computational approach, ensuring precision and efficiency to resolve the shallow water
equations and predict water levels caused by a cyclone in the coastal area of Bangladesh. To discretize spatial
derivatives, a 4-point backward finite difference method utilized while keeping time derivatives continuous. The
authors transformed the shallow water equations with boundary conditions into an initial value problem and used the
Runge-Kutta(4,4) method for solving this transformed initial value problem. To effectively include the land-sea
boundary and bottom structure at a reasonable charge, the authors used a high-resolution approach. To create a regular
and stable tidal oscillation in the area, the authors applied the M, tidal component to the southern boundary of the
primary model. Then ran the surge model to estimate water elevations caused by the nonlinear interaction between
tide and surge. Using numerical experiments, the authors simulated water heights generated by tide, pure surge, and
tide surge interaction caused by the intense cyclonic storm SITRANG. The study's simulated results demonstrate a
commendable alighment with the reported data.

Keywords: SITTRANG, Bay of Bengal, Cyclonic storm, High resolution approach.

Introduction

As stated in a source [1], storm surge refers to a phenomenon that occurs when the sea level increases or decreases as
a result of alterations in wind stress and atmospheric pressure. As per [2], there are approximately five occurrences of
storm surges with a height of 5 meters or more in the Bay of Bengal (BoB) every ten years. Over the past century, the
BoB has witnessed the formation of 508 cyclones, among them, 17% of the cyclones hit Bangladesh's landmass.,
resulting approximately 80% of losses in both human lives and property across the globe were recorded [3,4]. The
CoB is distinguished by unique features, such as an extensive continental shelf with shallow depths, a coastline with a
shape resembling a funnel, abundant islands located off the coast, a complex boundary between land and sea, along
with low-lying areas inland [5-7]. While the IIT Kharagpur model can precisely forecast water levels resulting from
meteorological conditions [8], the BMD meteorologists rely on global models to predict total water levels. However,
since global models cannot account due to the complications that occur in a specific region, the accuracy of water
level predictions is significantly affected [9]. Furthermore, the BMD meteorologists rarely make further modifications
to the models [10, 11]. The authors of the cited study [10] rely on speculative predictions of water levels based on
wind speed and ancient statistical models. Therefore, researchers are actively pursuing more reliable numerical models
to provide accurate information for the CoB. Several numerical modeling studies have been conducted for storm
surges in this region, including [3, 10, 12-18] while many of these studies have used explicit or semi-implicit FDM, it
is crucial to comply with the CFL stability conditions to maintain stability, this approach can be both computationally
expensive and accuracy limiting. As a result, researchers are seeking economic and accurate alternatives, such as the
method of lines (MOLs), which offer stability advantages and lower computational costs [7]. The use of MOLs in
storm surge modeling along the CoB was first introduced by [14] with the use of a 3-point central FDM for
discretization of spatial derivatives with the RIK(4,4) process for solving ODEs. However, subsequent studies by [5-
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7, 24-25] made use of a more sophisticated time integrator, while still utilizing the same 3PCFDM for spatial derivative
discretization. It is worth noting that higher-order FDMs for spatial derivative discretization can lead to improved
results [19], and higher-order backward FDMs are particularly effective when used with MOLs [20]. Taking this into
account, the present study employs a four-point backward finite difference method (4PBFDM) to discretize spatial
derivatives, without affecting time derivatives, by applying non-central backward FDM. The system of ordinary
differential equations (ODEs) that results is solved using the RK(4,4) technique. Implementation of 4PBFDM along
with RK(4,4) provides an enhancement over the methodology used in [14].

Model equations
In order to investigate the dynamic processes taking place in the sea [18], utilizing the equations;
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In this particular research, the computational xy-plane is established with the origin positioned at 23° N, 85° E
as shown in Figure 1. The x-axis is defined as a south-directed line, while the y-axis represents an eastward stripe. The x
and ¥ components of velocity, denoted by u and v, respectively. The variable £(x,y,t) represents the water level
deviations, either above or below the average sea level (MSL), at the free surface., and the undisturbed depth of the water
is indicated by the functon h(x,y). The Cotiolis parametet, f = 2 £ sing, is determined by the angular speed of the
earth rotation, 2, and the latitude of the location of interest, ¢, expressed in degrees. The acceleration caused by gravity
at a particular location, denoted by, g (= 9.81 m/s?), and the seawater density, p, which is assumed to be uniform, ate
also considered in the research. In addition, a dimensionless bottom friction coefficient, Cy, is used, and the wind stress

acting on the sea surface is represented by the x and y components denoted as Ty and T,, respectively.

Similar to the methodology utilized in [14], the boundary conditions are expressed as follows:
For the western boundaty located at 85° E, the open boundary is defined by

v+ =0 @
Similarly, for the eastern boundary positioned at 95° E, the open boundary is
— |9F =
v \/; &=0. (5)

For the southern boundary located at 15° N, the open boundary is desctibed by

u —\[%E = —ZaJ%sin (%+ ¢)). (6)

where the amplitude, period, and phase of the tidal constituent are represented by a, T, and ¢, respectively.

Furthermore, in accordance with the methodology proposed in [21], Incorporated into our analysis is the estimation
of the Meghna River's fresh water dischatge, utilizing the child scheme approach, along the open section of the
northern boundary at 23° N latitude. Let Q be the volumetric flow rate of freshwater river discharge over time, and
let B be its corresponding width in meters, then;

s )
B(h+&)
The wind stress is the main driver of the storm surge model, and it can be expressed as X and Yy components, as shown
in [7]:
(T Ty) = PaColVal (o va); Val = (ui + vi)'/%, ®)
The surface wind's x and y components can be expressed as U, and v,, correspondingly. According to [7], we assume
Cp in the following form:

U, =u+
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1.052 x 1073 when |V,| < 6ms™!
Cp=10.638x 1073+ 0.609 x 10° when 6 < [V,| < 30 ms™? )

2.708 X 107*  when |V,| =30 ms™?
Utilizing the formula provided in reference [22], we can produce the wind field as

_ Vo[ (1 /R)? for all <R
Vo[ (R/1)3 forallr, 2 R’

Within the given context, Vj denotes the maximum wind speed (MSWS) at the farthest radial distance, R, from the center

of the cyclone, whereas 7, refers to the distance between the cyclone's center and the specified location within the wind
field.
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Figure 1. Boundaries of the physical domain along with the coordinate system.

Discretization of the governing equations
To discretize the governing equations, we can use the notation Ai-" j to represent the dependent variable A(xi, Vi tk)

at a grid point (xi, y]-) and time tj. Then, we can use the following notations:
—_X —y
AE] =0.5 (A(XH_]_, y], tk) + A(xi_l, y], tk)), A:.C,] =0.5 (A(xi, y]'+1, tk) + A(xi, yj—ll tk)),

—xy
Aic,] = 0.25 (A(x,-H, yj+1' tk) + A(x,-+1, yj—l' tk) + A(xl-_l, y]'+1, tk) + A(xl-_l, yj—l' tk)),
Using these notations, equations (1)-(6) can be written as:

(‘;—i)” = CR1+ CR2, 1
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where, CR1 = —i [z, — 6z, + 325 + 22,] and CR2 = —5 (25 — 62z + 32, + 224],
Here,

s = (&) + hiaj) Wiz, when i # 2
€ fll 2842, +1.25h; —0.25 h1;)(1.25u;_y ; — 0.25u;,,;)  otherwise
7 = (El 1j thio 1])UL 1,jr when i # 2
L =

(125 Ei,j —0.25 Ei+2,j + hi—l,j) ul-_l_j otherwise
— - X

z3= (& +hij) Uyy o 24 = (fi+1,j + hi+1,j)ui+1,j

(&ijmz + hijo2) Uiy s when j # 3

Z =
> (Ei,j—z + hl']_z)(125 ui_j_l —0.25 ui‘j+1) otherwise
—y .y —
Zg = (fi,j-1 + hi,j—1)ui,j-1,Z7 = (fi,j + hi,j) U, Zg = (fi,j+1 + hi,j+1) U jt1-
From Eq. (2),
(%) = UR1+UR2+UR3 + UR4 + URS + UR, (12)
ij
In Eq. (12),

UR1 = —uy; [x; — 6x, + 3x3 + 2x,]/6Ax,
UR2 = =" [xt5 — 6 + 3% + 2x5]/6Ay, UR3 = f, 7",
UR4 = —g [xg — 6x19 + 3x11 + 2x1,]/6Ax,

URS = _L((u”) + (_xy)z) and UR6 = ﬁ

k+1 K+l
Sij - thij p\§ij thij

where
Xy =Upj, X = 0.5 (Ui_pj + U ), X3 = Uy,

{05 (ui.‘_z’]‘ + ui’]‘) wheni #m—1
X4 =

1.25 ui,]- —0.25 ui_z,j otherwise
Xs = Ujjp, Xe = 0.5(Uj_p + U ), X7 = Uy j, Xg = 0.5(Uy 42 + Uy ),
Yo = O-S(Sti—s,j + Ei—l,j) wheni * 3
o 1.25 fi—l,j —0.25 €i+1,j otherwise ?

X10 = 'fi—1,j, X11 = O-S(Sci—u + Ei+1,j)’ X12 = Ei+1,j-

To maintain conciseness, we exclude the discretization procedure for the V-component of the momentum equation,
as it is similar to that of the u-component.

The raises at j = 1, j = N, and i = M can be figured from the boundary conditions (Eqs. (4)-(6)). Specifically, the
elevation at j = 1 is computed in one way, the elevation at j = N is computed in another way, and the elevation at
i = M is computed in a third way.

M= glyto2 Mk, (13)

k+1 I.kI-\;-lz ’hi,Z—1 vi’fN—l» (14)
e

Gl =gkt 42 | Mg Mok +4asin (— + qb) (15)

where i = 2,4,6,...,M —2andj=1,3,5,...,N
Now, Eq. (7) result as

(ub)k+1 = u’g‘jl + —— where j = 53,54, 55. (16)

>
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To numerically integrate the ODE scheme specified by Eqs. (13)-(15), an RK(4,4) time integrator is employed, taking
into account various parameters and input data provided. The first step involves the solution of Eq. (13) through
RK(4,4) method to update the water height & at diverse grid nodes, while adhering to the Arakawa C-grid approach
[23]. Subsequently, the updated & values are applied to the (even, odd) nodes in the CMS borders, using the boundary
conditions (Eqs. (14)-(16)). To determine the values of € at every other water grid node, a technique of inverse distance
weighted averaging is utilized. Eventually, the & values are computed at the land-sea interface grid points. To generate
the storm track, data is collected from BMD, and wind stress is calculated using Eq. (9) with relevant parameter values
obtained from Eq. (10).

Life cycle of SITRANG

During late October 2022, a tropical cyclone by the name of SITRANG (as shown in Fig. 2) had an impact on India
and Bangladesh. Despite being classified as a weak cyclone, it still had significant effects. On October 22nd, SITRANG
had its genesis in the waters off the Andaman and Nicobar Islands and gradually gained strength, ultimately reaching
its peak in the capacity of a severe tropical cyclone. On October 25th, during the early hours, SITRANG made landfall
near Barisal in Bangladesh.

The meteorological history of SITRANG

A low-pressure area was detected in the North Andaman Sea, as well as adjacent regions of the South Andaman Sea
and Southeast BoB on October 20th, 2022, according to meteorologists. By October 21st, the low-pressure area had
gradually intensified into a well-marked low-pressure (WMLP) region over the North Andaman Sea and connecting
Southeast BoB due to favorable environmental conditions. On October 22nd, a depression (D) formed over Southeast
and attached East Central BoB near the Andaman Islands due to these conditions. The depression then shifted
northwestwards and strengthened into a deep depression (DD) over West Central BoB on October 23rd, before
transforming into Cyclonic Storm SITRANG later that day. By the evening of October 23rd, SITRANG had become
a cyclonic storm and started to gradually recurve north-northeastwards. It made landfall on Bangladesh's coast
between Tinkona and Sandwip, neat Barisal, duting the night of October 24th, with MSWS of 80-90 km/h up to 100
km/h. On October 24th, it declining into a DD over northeast Bangladesh and further into a depression over interior
Bangladesh on October 25th. Finally, it turned into a WMLP over northeast Bangladesh and attached Meghalaya on
October 25th. The cyclone SITTRANG path can be observed in Figure 3.

Salient Features

Cyclonic Storm SITRANG's development and landfall had unique characteristics. Firstly, it followed a recutving path
that moved north-west initially due to the impact of south-castern winds at central and higher tropospheric stages.
Subsequently, the system gradually changed its course towards north-northeast due to the impact of a trough in
westerlies and an anticyclone towards its east over Myanmar. Secondly, the storm exhibited a rapid pace on the 24th,
influenced by a westetly trough, an anticyclone over Myanmar, and connections with land. Its average speed was
around 21.8 kmph, which was faster than the average 12.9 km/h for cyclonic storms ovet the BoB during the post-
monsoon season. During landfall, the storm moved at a speed of about 50 km/h. Finally, Cyclonic Storm SITRANG
had a relatively short life span compared to the long petiod average (LPA) for the Bay of Bengal's post-monsoon
season cyclonic storm category, lasting about 69 hours compared to the LPA of about 3 days and 16 hours.
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Figure 3. Path followed by Cyclonic Storm 'SITRANG' over the Bay of Bengal from October 22nd to 24th, 2022.
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Table 1. Time-varying information (21-24 October, 2022) of TC SITRANG (IMD).

Date Time Position Type Wind Pressure
UTC Lat. ON Long. °E m/s hPa
Oct 21 18:00 13.20 93.30 D 15 -
Oct 22 00:00 13.50 92.40 D 15 -
Oct 22 06:00 14.10 91.40 D 15 -
Oct 22 12:00 14.60 90.20 D 15 -
Oct 22 18:00 14.80 89.10 D 15 -
Oct 23 00:00 15.00 88.50 D 15 -
Oct 23 06:00 15.30 88.20 D 15 -
Oct 23 12:00 15.80 88.40 DD 20 998
Oct 23 15:00 16.26 88.60 DD 20 998
Oct 23 18:00 16.70 88.80 DD 20 998
Oct 23 21:00 17.15 88.99 DD 20 997
Oct 24 00:00 17.70 89.20 DD 20 997
Oct 24 03:00 18.45 89.44 DD 20 998
Oct 24 06:00 19.30 89.70 C 20 999
Oct 24 09:00 20.04 89.93 C 20 999
Oct 24 12:00 21.00 90.20 C 25 999
Oct 24 15:00 2241 90.57 C 20 996
Oct 24 18:00 24.10 91.00 DD 20 994

Source: https:/ [ zo0m.earth/ storms/ sitrang-2022/ #map=daily

On October 22nd, 2022, a cyclonic storm was formed and it dissipated on October 25th, 2022. The highest sustained
winds recorded for 3 minutes were 85 km/h (50 mph), while for 1 minute, it was 110 km/h (50 mph). The storm had
a maximum sustained wind radius of 25000 meters, and the lowest pressure recorded was 994 hPa (mbar) or 29.35
inHg.

The study area with numerical estimation

The area of interest for this study is situated between latitudes 15°-23° N and longitudes 85°-95° E (Fig. 1) and spans
approximately 9,35,568 sq km. The large size of this area allows for a tropical cyclone (TC) to remain present for at
least three days before making landfall, providing ample time to issue warnings and mitigate damage caused by storm
surges. In order to compute the scalar component &, even-odd nodes are used on the numerical xy-plane, while u
and v are kept at odd-odd and even-even nods, respectively. The coastal and island boundaries in the area are estimated
using a technique called the stair-step representation, as depicted in Figure 4. This approach involves approximating
the shoreline and island perimeters as a series of straight lines that resemble a staircase. By doing so, the curvature of
the coast and islands can be approximated reasonably well, even though the actual shoreline and island boundaries
may be more complex. This method allows for a simplified representation of the coastal and island boundaries, making
it easier to incorporate them into the simulation models, whereby it is approximated by connecting the nearest odd y-
directed lines and even x-directed lines. The study employs the course mesh scheme (CMS) across the entire area of
interest, with a fine mesh scheme (FMS) injected to accommodate complex coastal boundaries and bottom
topography. The FMS is designed to provide accurate approximations of the complex land-sea interface. To account
for the densely populated, low-lying islands between Barisal and Chittagong, and the highly curved coastline, a very
fine mesh scheme (VEMS) is nested within the FMS. Figure 5(a-c) and Table 2 provides information on numerical
calculations.
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Figure 4. Visualization of the nested scheme in the physical domain.

Table 2. The step-size and domains of different schemes with computational grids.

Scheme Domain extent Step size along x- Step size along y- Number of grid points
axis axis
CMS 159 to 239N and 85° to 93°E 15.08 km 17.52 km 60X61
FMS 21.150 to 239N and 89° to 920E 2.15 km 3.29 km 92%95
VEFGM 21.77°N to 239 N and 90.40° E to 92° E 720.73 m 1142.39 m 190 X 145

(a) CMS: Domain: 15°-23° N and 85°-93° E, Number of grid points: 60X61, Step size: x=15.08 km, y=17.52 km.

F
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(b) FMS: Domain: 21.15°-23° N and 85°-93° E, Number of grid points: 92X95, Step size: x=2.15 km, y=3.29 km.

(¢) VEMS: Domain: 21.77°-23° N and 90.40°-92° E, Number of grid points: 190x145, Step size: x=720.73 m,
y=1142.39 m.

Figure 5 (a-c). Stair-step representation in the physical domain with grid spacing and number of computational
points of different schemes.

23°N
e 3000
22°N:=
2500
21N

2000
20°N -

19°N 1500
18°N
1000

17°N

16°N

15°N
85°E 86°E 87°E 88°E 89°E 90°E 91°E 92°E 93°E 94°E 95°E

Figure 6. Our generated bathymetric figure through Shepatd interpolation from which water depth is compiled.
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Discussion of results

The study involved running simulations for 80 hours, and the results were recorded over the final 48 hours at multiple
locations, including both coastal and islands areas. To present our findings, we selected seven stations that are
representative of the Ganges tidal plain and the Chittagong straight plane The tidal outcomes in relation to the mean
sea level (MSL) at these locations are illustrated in Figures 7-10.

High surge: 1.90 m

Figure 7. Projected tidal wave due to CS SITRANG.
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Figure 8(a-b). Tide profiles for ESCS SITRANG at Ganges tidal plain and Chittagong straight plain.
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Surge profiles for ESCS Sitrang 2022
(a) Ganges tidal plain

-
T

Hiron Point
Kuakata

Tiger Point
Rangabali

Patharghata

Elevation (m)
o

-1E . . . . =
12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00
Time in hours (23-24 October, 2022)

(b) Chittagong straight plain

Moheshkhali

Coxs Bazar

0.5r

Elevation (m)

0

12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00
Time in hours (23-24 October, 2022)

Figure 9(a-b). Surge profiles for ESCS SITRANG at Ganges tidal plain and Chittagong straight plain.
TSI profiles for ESCS Sitrang 2022
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Figure 10(a-b). TSI profiles for ESCS SITRANG at Ganges tidal plain and Chittagong straight plain.

This warning was issued when the system was at the deep depression stage, which was roughly 60 hours before
landfall. Another warning was issued on 23rd October (0630 UTC) for the West Bengal coast concerning a storm
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surge of about 1 meter overhead astronomical tide. The Sitakund area of Bangladesh experienced the extreme storm
surge of approximately 1.7 m above astronomical tide, while the highest surge of around 0.5 m (Fig. 7). The funneling
form of the head Bay of Bengal led to the peak surge near Sitakund, which occurred roughly 130 km away from the
cyclone's landfall point in a rightward direction.

Conclusion

In this research article, a new model is presented that combines the non-central MOL approach with the RK(4,4)
technique to predict WLs generated by TCs along the coastal regions of Bangladesh. The model's computed WLs are
found to be in good agreement with the data collected from the BIWTA and other similar studies. The research
demonstrates that the track and intensity of a TC significantly impact the total WLs. While the model does have some
limitations, they are considered reasonable for such complex numerical computations. The authors aim to address
some of these limitations in future studies. It is also noteworthy that non-central MOLs of order six or higher can
replicate the results.
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