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Abstract

In this study, the method of lines (MOLs) with higher order central difference approximation method coupled
with the classical fourth order Runge-Kutta (RK(4,4)) method is used in solving shallow water equations (SWEs) in
Cartesian coordinates to foresee water levels associated with a storm accurately along the coast of Bangladesh. In
doing so, the partial derivatives of the SWEs with respect to the space variables were discretized with 5-point
central difference, as a test case, to obtain a system of ordinary differential equations with time as an independent
variable for every spatial grid point, which with initial conditions were solved by the RK(4,4) method. The complex
land-sea interface and bottom topographic details were incorporated closely using nested schemes. The coastal
and island boundaries were rectangularized through proper stair step representation, and the storing positions of
the scalar and momentum variables were specified according to the rules of structured C-grid. A stable tidal
regime was made over the model domain considering the effect of the major tidal constituent, M2  along the
southern open boundary of the outermost parent scheme. The Meghna River fresh water discharge was taken into
account for the inner most child scheme. To take into account the dynamic interaction of tide and surge, the
generated tidal regime was introduced as the initial state of the sea, and the surge was then made to come over it
through computer simulation. Numerical experiments were performed with the cyclone April 1991 to simulate
water levels due to tide, surge, and their interaction at different stations along the coast of Bangladesh. Our
computed  results  were  found  to  compare  reasonable  well  with  the  limited  observed  data  obtained  from
Bangladesh Inland Water Transport Authority (BIWTA) and were found to be better in comparison with the
results obtained through the regular finite difference method and the 3-point central difference MOLs coupled
with the RK(4,4) method with regard to the root mean square error values.
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1  Introduction
Geographically, Bangladesh is situated at the interface of two

important relatively opposite geographical constituents, namely
ocean and hills (Ali and Choudhury, 2014). For such a type of
junction, this area is highly favorable for different natural calam-
ities, such as cyclones, storm surges, earthquakes, floods,
droughts, etc. The Himalayas and Kashi-Jaintia hills, situated at
the north and east of the country, respectively, are responsible for
inland flooding by making monsoon rain and melting snow and
ice through numerous rivers produced from their waterfall what
make erosion of the river bank, create sedimentation and river
migration, etc. On the other hand, the Bay of Bengal (BOB) is the
source of various disasters, namely tropical cyclones (TCs) and
associated surges, floods, salinity intrusion, coastal erosion, etc.
Among the disasters, TCs and associated surges cause major dev-
astation. It is documented that about five to six storms form every
year in the BOB region but with about 80% of the global casual-
ties (Debsarma, 2009). For making understand the ferocity of
these storm surges along this region, Fig. 1 having different storm
tracks and Table 1 with the corresponding losses are included.
From Table 1 and Fig. 1, one can figure out the extent of losses

made by the surges associated with some notable tropical storms
over the years and its impact on socioeconomic sectors. The
coast of Bangladesh, located at the northern tip of the BOB, is re-
cognized globally as the most vulnerable to cyclones and associ-
ated surges (Paul et al., 2017). The reasons behind the vulnerabil-
ity are the complex coastline, thickly populated offshore islands
of different shapes, shallow bathymetry, huge discharge through
the Meghna River and other rivers, high tidal range, etc. We can-
not prevent storm surges, but we can better be prepared for it.
However, this can best be done by increasing awareness among
the coastal people through a proper warning system and such a
system is highly dependent on an accurate storm surge predic-
tion model. Bangladesh Meteorological Department (BMD) has a
warning system based on a numerical model brought from the
IIT Kharagpur, India, which is a surge model and can predict the
landfall time, sea level rising as well as the storm track in a cer-
tain accuracy (Debsarma, 2009). But the predictions by the storm
warning center meteorologists of the BMD in terms of the pre-
cise location of cyclones, landfall timing, precise estimation of
surge height, etc. have often been criticized (Hossain et al., 2008).
Thus an appeal is emerged to the research community for the de-  
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velopment of a proper storm surge prediction model for the re-
gion executable in the existing system of the country.

A large volume of works (Das, 1972; Johns and Ali, 1980; Roy,
1995, 1999a, b ; Paul and Ismail, 2012a, b, 2013; Paul et al., 2016,
2017, 2018a, b ) have been made in this region in order to devel-
op a proper warning system. Among them, the pioneering work
due to Das (1972) was conducted by the FDM considering the
linear interaction of tide and surge with stair step representation
of the complex land-sea interface with a low resolution of grids.
But tide is a continuous process in the sea and hence it will al-
ways interact with surge nonlinearly (Johns and Ali, 1980).

However, Johns and Ali (1980) solved one of the problems men-
tioned above taking into account the nonlinear interaction of tide
and surge. But the study due to Johns and Ali (1980) was also lim-
ited to ensuring an improved resolution of grids. It is known that
the accuracy of the results from a model using stair step approx-
imation of coasts highly depends on the choice of grid resolution
(Paul et al., 2016). Hence, the results obtained in the study of
Johns and Ali (1980) may differ somewhat from the actual situ-
ation (Paul et al., 2016). All other studies based on the stair step
representation, specially Roy (1995, 1999a, b), Paul and Ismail
(2012a, b, 2013) and Paul et al. (2016, 2017) were conducted by
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Fig. 1.   The northwest corner of the Bay of Bengal and tracks of several cyclones (source: Banglapedia).
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the FDM with the goal of getting benefits in computational cost
and in the accuracy of the results including different surge affect-
ing factors. But in FDM, one cannot get the benefit in computa-
tional cost as well as in the accuracy in computed results at the
same time due to the maintenance of the Courant-Friedrichs-
Lewy (CFL) stability criterion. In this respect, the study due to
Paul et al. (2014) is an alternative one, where a new approach, the
method of lines (MOLs) in coordination with the RK(4,4) method
was adopted for solving SWEs in storm surge simulation. Later,
the study due to Paul et al. (2014) was reinvestigated by Paul et al.
(2018a, b) to obtain computational efficiency. It is to be noted
here that Ismail et al. (2007) firstly used the technique to simu-
late Indonesian tsunami 2004 along the west coast of Peninsular
Malaysia and Thailand. However, in the mentioned groups of in-
vestigations, the adopted discretization method for spatial deriv-
atives was 3-point central difference (3PCD). It is of interest to
note here that higher order finite difference approximation in-
creases the accuracy of a model result (Chapra and Canale,
2015). With this goal, a different approach, a higher order central
difference MOLs coupled with the RK(4,4) method is adopted in
this study to foresee water levels during storm surges along the
coast of Bangladesh. The present study is thus an improvement
over the study of Paul et al. (2014) who used the 3PCD MOL in
coordination with the RK(4,4) method, where the complexities of
the coast were incorporated with relatively low resolution of
grids. Also, it is our intention to see how the results obtained
through the different approach compare some observed data and
reported results and to see whether the present study can be a
serious alternative of the existing ones conducted with a rigorous
treatment of the problem.

The rest of the paper is organized as follows. Section 2 deals
with the higher order central difference MOLs. The problem
statement is stated in Section 3 and in its subsections. Numerical
procedure is described in detail in Section 4 and in its subsec-
tions. Section 5 deals with the model results, their discussion and
model validation. Finally, conclusion is presented in Section 6.

2  Method of lines with higher order central difference approx-
imation

Typically, the MOLs is a semi-analytic method that converts
partial differential equations (PDEs) into a set of ordinary differ-
ential equations (ODEs) discretizing all variables related to the
derivatives using finite difference approximations leaving one
continuous (Pregla, 1987; Pregla and Pascher, 1989; Sadiku,
2000), whereas, generally, the time derivatives, if exist, are kept

continuous. Over the several years, the method makes good pop-
ularity to the research community due to having some benefits,
especially, in computational coast, stability criterion, and simpli-
city in solving PDEs (Schiesser and Griffiths, 2009; Bakodah,
2011; Paul et al., 2014).

As a higher order finite difference approximation method, in
our study, we have used 5-point central difference (5PCD) ap-
proximation in the following form (Rehman and Taj, 2009, 2011;
Rehman et al., 2014):

du(x)
dx

= au(x ¡ 2h) + bu(x ¡ h)+

cu(x) + du(x + h) + eu(x + 2h); (1) 

a; b; c; d and ewhere  are constants to be determined. The val-
ues of the constants can be determined from the solution of a set
of algebraic equations generated by equating the terms on the
right hand side with the left one of Eq. (1) obtained from Taylor
series expansion. Substituting the values of the constants in Eq.
(1), one can see it to the form:

du(x)
dx

=
1

12h
(u(x ¡ 2h)¡ 8u(x ¡ h)+

8u(x + h)¡ u(x + 2h)) :
(2) 

The approximation specified by Eq. (2) is implemented in the
model equations for their discretizations.

3  Problem statement

3.1  Model equations
The vertically integrated SWEs for the dynamical process in

the sea can be given by (Paul and Ismail, 2013; Paul et al., 2014,
2018a, b)
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where  and  represent the coordinate axes directed towards
the south and the east, respectively, with the reference point

 on the mean sea level at the north-west corner of
the study domain;  and  symbolize the Reynold’s averaged ve-
locity components in x- and y-directions, respectively; de-
notes the undisturbed water depth and  stands for denot-
ing the elevation of the free surface at any point over time  about
the undisturbed surface level;  is the Coriolis para-
meter, where  represents the angular speed of the earth rota-
tion and  is the latitude of the place of interest;  is the accelera-
tion due to local gravity;  denotes the density of sea water; 

Table 1.   Landfall locations and losses of life due to storm surges
(data sources: Debsarma (2009) and NASA website)

Year Location of landfall Human death

1970 Bangladesh 500 000

1897 Bangladesh 175 000

1991 Bangladesh 140 000

1876 Bangladesh 100 000

1822 Bangladesh   40 000

1965 Bangladesh   19 279

1963 Bangladesh   11 520

1961 Bangladesh   11 468

1977 India   10 000

1960 Bangladesh    5 149

2007 Bangladesh    3 376

2009 India      275

2016 Bangladesh        24
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Tx Ty

x y
the friction coefficient;  and  stand for the components of
wind stress acting on the water surface along  and  directions,
respectively.

In this study, the surface stresses are parameterized using a
conventional quadratic law (Jelesnianski, 1965):

(Tx; Ty) = ½aCD
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¢
(ua; va); (6) 
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where  is the surface drag coefficient, which varies with the
wind speed and the stability of the atmosphere (Das et al., 1974).
In our study, we have used , which is found to be
used by most modelers (Das, 1972);  is the density of the air;
and  are the velocity components of the surface wind in x-
and y-directions, respectively. Though there are various empiric-
al formulae for generating wind stress depending upon the met-
eorological information, we have adopted the formula due to Je-
lesnianski (1965), being given by

Va =

8>>>><>>>>:
V0
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R

´3
for all ra < R ;

V0

sµ
R
ra

¶3

for all ra > R ;

(7) 

V0 R
ra

where  is the maximum sustained wind speed and  is the cor-
responding radial distance from the eye of the storm;  repres-
ents the radial distance at which the wind field is to be generated.
It is to be noted here that the meteorological information that are
required in generating the wind field led by the formula men-
tioned above are available in BMD. The generation of wind field
led by the above formula over the region of interest can be found
to be supported by various studies (Roy, 1995, 1999a; Paul and Is-
mail, 2012a; Paul et al., 2014, 2016, 2018a).

3.2  Boundary conditions
There are two types of boundaries, namely closed and open

boundaries. The coastal belt (northern boundary) and island
boundaries are treated as the closed boundaries, where the nor-
mal component of the Reynold’s depth-averaged velocity is as-
sumed to be zero. The other three boundaries are treated as open
boundaries, where the effects of different factors are required to
be included depending upon the availability of the data and spe-
cific modelling application (Mills, 1985). Due to unavailability of
sufficient information, in most of the studies conducted over the
BOB region, a radiation type boundary condition is found to use
for the open boundaries (Roy, 1995), which allows internally gen-
erated disturbances to propagate outwards normally across the
open boundaries without disturbing them (Sinha et al., 1986). In
our study, the following open boundary conditions are used
(Paul and Ismail, 2012b, 2013):
the west boundary:
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where  and  denote the prescribed amplitude and phase, re-
spectively, of the tidal constituent of interest, and  denotes its
period.

90:46±E and 90:61±E 23±N

Along the northern boundary of the innermost child scheme,
as we will see later, Meghna River is considered between longit-
udes  along latitude  and following
Roy (1995), the river fresh water discharge is taken into account
by the formula:

ub= u+
Q

B (h + ³)
; (11) 

Q Bwhere  is the fresh water discharge through the river, and  is
the breath of the river, which is approximately 16 km in width at
the mentioned position.

4  Numerical procedure

4.1  Set-up of nested scheme

15± to 23±N 85± 95±E
The study domain (Fig. 2) of interest is extended from latit-

udes  and longitudes  to . The reason be-
hind the consideration of such a big domain is that it is required
for keeping the storm at least for three days on the domain, which
is prerequisite to make people aware of the situation along the
coastal region (Rahman et al., 2017). To incorporate the complex
land-sea interface and bottom topographic details, a high resolu-
tion of grid is required. But the use of such an improved grid res-
olution over such a big domain increases the computational cost
tremendously. In order to solve this fact, following Paul et al.
(2016), one-way nested grid technique is used in this study. The
coarse mesh scheme (CMS) is the parent one extended over the
whole domain of interest with relatively lower resolution (Fig. 3).
It is to be noted here that in the deep sea, the elevation of sea sur-
face is rarely affected by the factors mentioned above (Paul et al.,
2016). But they are highly effective on surge towards the coast
(Paul and Ismail, 2013; Paul et al., 2016, 2017). Therefore, a fine
mesh scheme (FMS) with a relatively high resolution (Fig. 3) is
nested into the CMS covering the whole coastal region of the
country. The FMS is designed in such a way that it can be able to
incorporate the coastal complexities and the effect of islands
properly except that of the Meghna deltaic region. Here the
mouth of the Meghna River falls into the sea and the sedimenta-
tion and fresh water discharge through the river are changing the
topography of the sea bed continuously. So in this area, an extra
care is needed to be taken into account, which is made sure with
the nesting of another very fine mesh scheme (VFMS) into the
FMS (Fig. 3). A detailed description of the three schemes is
presented in Table 2, whereas Fig. 2 may help to make under-
stand the study domain with nested schemes. The coupling of the
schemes is made by the process used in Paul et al. (2016).

4.2  Discretization of special derivatives

x i = (i ¡ 1)¢x ; i = 1;
2; 3; :::;M yj = (j ¡ 1)¢y; j = 1; 2; 3; :::;N

i j ³

The governing equations specified by Eqs (3)–(5) along with
the boundary conditions prescribed by Eqs (8)–(10) are discret-
ized with the aid of Eq. (2) providing the discrete points in the
computational xy-plane defined by 

 (even) and   (odd)
using the staggered C-grid in which there are three distinct types
of computational points. With  even and  odd, the point is a -
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point at which  is computed. If  and  both are odd, the point is
a -point at which  is computed and if  and  both are even, the
point is a -point at which  is computed.  and  are chosen to
be even and odd, respectively, to ensure  and  points along the
southern open sea boundary and  and  points along the east-
ern and western open sea boundaries. It is to be noted here that
to discretize model equations by finite difference approximation
method, the domain should be rectangularized. Stair step meth-
od can be of help in this regard. A fictitious coastal boundary and
its stair step representation on an Arakawa C-grid are shown in
Fig. 4 for better understanding. It is pertinent to point out here
that in approximating the complex land-sea interface on the
Arakawa C-grid, following the rule of stair step representation,
we used our developed MATLAB routine. Our approximated
coastal and island boundaries after imposing stair step method
on the different schemes are shown in Fig. 3, which show incor-
poration of the coastal complexities differently in different
schemes. However, after the discretizations, the continuity equa-
tion and the  and  components of the momentum equation
can be written in the following forms:
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Similarly,  for every grid point ,  where 

, , and the -component of mo-
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form:
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equation specified by Eq. (5) can be written as
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Fig. 2.   Domain of the study area with doubly nested schemes (after Paul et al. (2016)).
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l = i ¡ 3; i ¡ 2; i ¡ 1; i; i + 1; i + 2; i + 3; and m = j¡
3; j ¡ 2; j ¡ 1; j ; j + 1; j + 2; j + 3:
where 

k
k + 1

In the above equations, the prefix  means that the values of
the variables are at the current time level and  means that
the values of the variables are at the advanced time level.

4.3  The data sources and used numerical values
In order to run the model, some data are to be allocated as in-

put data including oceanographical, meteorological, hydrologic-
al, and geographical. To specify the water depth data accurately
to the grids discussed in Section 4.1, the area covering our domain
is cropped from Fig. 3, which was used in the study of Johns et al.
(1985). Then by a MATLAB routine, a matrix with water depth in-
formation specified by the given contours is produced. Depth in-
formation at the remaining elements of the matrix is generated
using Shepard interpolation. A contour map of our interpolated
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Sitakund

Chittagong
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Fig. 3.   Grids of the schemes, CMS, FMS and VFMS and approximated coastal and island boundaries though stair step representation
in the respective scheme with enlarged view at the right of each of the schemes for a portion. a. CMS, b. FMS and c. VFMS. These
schemes are similar to those of Paul et al. (2016).

Table 2.   Details about the nested schemes
Scheme Domain xStep size along -axis yStep size along -axis Number of grid points

CMS 15°–23°N, 85°–92°E   15.08 km   17.52 km £60 61

FMS 21°15′–23°N, 89°–92°E     2.15 km     3.29 km £92 95

VFMS 21.77°–23°N, 90.40°–92°E 720.73 m     1 142.39 m       £190 145
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­ = 1 040 m=h ½ = 1 025 kg=m3

Cf

T = 12:4 h

bathymetry is shown in Fig. 5. The bathymetric data at each of
the longitudinal and latitudinal positions of the computational
grid points of the CMS, FMS and VFMS are then compiled from
the generated matrix using again the Shepard interpolation. The
meteorological inputs namely, storm track, maximum sustained
wind speed and maximum wind radius are collected from the
BMD and in this regard, Table 3 and Fig. 6 are included for better
understanding. The rotation speed of the earth and density of the
sea water are taken as , and 

(Paul et al., 2014), respectively. The value of the friction coeffi-
cient  is taken as constant for computational simplicity, which
is 0.002 6. The tidal period is taken as  (Roy, 1995). Ini-
tial values of the momentum and scalar variables are taken as

³

u v
¢t = 60 s

zero to represent an initial state of static equilibrium, which is
supported by the studies due to Loy et al. (2014) and Paul et al.
(2016, 2018a, b). It is to be mentioned here that the mentioned
initial state is the best assumption; otherwise, the real values of ,

 and  have to be made available at all grid points in the region
of analysis (Loy et al., 2014). The time step is taken as 
that ensured CFL stability criterion.

4.4  Solution procedure
The obtained discretized equations given by Eqs (12)–(14) are

solved with the RK(4,4) method.

³

³

³

(1; j ) j = 7; 9; 11; 13; 15;

'

M2

M2

First, Eq. (12) with the initial conditions and the defined val-
ues of the parameters involved (Appendix, Eq. (A1)) is solved by
the RK(4,4) method for the values of . A detailed description of
the solution procedure can be found in Paul et al. (2014). After
getting the values of  at the points specified by the Arakawa C-
grid, its values are calculated at the specified grids of the bound-
aries through Eqs (A3)–(A5) (Appendix) and then averaging pro-
cedure is taken into account to obtain  at each of the grid points
representing water, coastal and island boundaries. Path of the
storm is then generated with the obtained data from the BMD
(Table 3) and the wind field is generated subsequently with the
values of the required parameters from the BMD with the help of
Eqs (6) and (7). Equation (13) is then solved with the help of the
RK(4,4) method. Finally, Eq. (14) is solved for the y-component of
momentum equation. The procedure mentioned above is made
for all the schemes. The only difference is in the boundaries as is
mentioned earlier. The Meghna River fresh water discharge is in-
corporated in the northern open boundary of the VFMS using Eq.
(A6) at the points  where  17, 19. This
procedure is repeated over time supplying the updated values as
initial ones for calculating water levels due to tide, surge, and
their interaction. It is pertinent to point out here that for generat-
ing a stable tidal regime over the model domain, the model was
run setting the initial conditions to zero, known as "cold start" in
the absence of atmospheric pressure gradient force and wind
stress. First, the values of amplitude (a) and phase ( ) related to
the  tidal constituent are prescribed in Eq. (10) along the
southern open boundary of the CMS from the study of McCam-
mon and Wunsch (1977). The period of the tidal oscillation T is
taken as 12.4 h, as the mean period is always found to be approx-
imately 12.4 h, which is of  tide. Then from the cold start in the
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Fig. 4.   The used staggered Arakawa C-grid system with a ficti-
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Fig. 5.   Our generated bathymetric figure through Shepard interpolation.
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'

'

t = 0

absence of wind field, a stable tidal regime is achieved after four
cycles of integration. But the problem to generate a pure oscillat-
ory response in the BOB region corresponding to the tidal con-
stituent with period T lies with adjustment of the exact values of a
and . Thus some techniques are needed to be adopted for pre-
cise specification of the values of the constants and in this re-
gards, we use the technique of Roy (1995) to adjust the values of a
and . Generation of a stable tidal condition by the process along
the area of interest is supported by several studies (Johns et al.,
1985; Roy, 1995, 1999b; Paul and Ismail, 2012b, 2013; Paul et al.,
2016). For the pure surge (in the absence of astronomical tide),
the model was also run from the cold start. It pertinent to pin-
point out here that the zero initial values will not affect the calcu-
lated results as their effect on the results over several hours will
almost disappear (Zhang et al., 2007). For estimating water levels
due to the interaction of tide and surge, the generated pure tidal
regime provided the initial condition at the model time .

4.5  Cyclone arrival time and its characteristics

(10±N; 89±E)
(15:5±N; 87:5±E)

m=s

The numerical experimentations were carried out with the
cyclone April 1991. The reasons behind the choice of the cyclone
are that it was a severe one and it passed nearby the Meghna
River mouth, the region of our interest. Also, the investigated in-
formation about the cyclone is relatively more. The cyclone was
so ferocious that about 150 000 people and 70 000 cattle were
died having an economical loss of about Tk 80 billion (Khalil,
1992). For discussions of our model simulated results, the time
history of the storm is utmost urgent. A detailed description of
the time history of the storm can be found in Paul et al. (2016,
2017, 2018a), therefore, a gist of it is presented here for conveni-
ence. The cyclone was first detected as a depression on 23 April
1991 from the satellite pictures taken at Space Research and Re-
mote Sensing Organization (SPARRSO) from National Oceanic
and Atmospheric Administration (NOAA)-II and Geostationary
Meteorological Satellite-4 (Khalil, 1993). It was gradually propag-
ated towards the coast gaining energy. At 0300 universal time co-
ordinate (UTC) of 25 April, it was identified as a deep depression
near . The depression was gradually intensified and
at 0300 UTC of 28 April, it was detected at  hav-
ing central speed of 30 . Suddenly it changed its direction and
started moving easterly towards the estuary of Meghna River. Fi-
nally, it hit the coast of Bangladesh near Chittagong along
Noakhali coast at 2000 UTC of 29 April. The maximum sustained

wind speed 65 m/s of the storm was examined at Sandwip.

5  Results and discussion
The program was executed for 80 h from 1800 UTC of 26 April

to 0200 UTC of 30 April and the results were displayed for the last
48 h from 0200 UTC of 28 April to 0200 UTC of 30 April.

Figure 7 depicts our model simulated tidal results at different
coastal stations (Fig. 2) splitting the domain of interest into three
coastal plains, namely the Ganges tidal plain, the Meghna deltaic
plain and the Chittagong straight plain. It can be seen from Fig. 7
that the five coastal stations along the Ganges tidal plain exhibit
about the same tidal characters, whereas in the other two plains,
amplitudes and phases of the tides are found to be varied. Our
simulated time variation of astronomical tides with respect to the
mean sea level at Hiron Point, Char Chenga (Hatiya) and Chit-
tagong with the tidal data obtained from the BIWTA are presen-
ted in Fig. 8. It can be inferred from the figure that our simulated
astronomical tides are in a reasonable agreement with the tidal
data obtained from the BIWTA. The reason behind the choice of
the stations is that the accessibility of data is comparatively more
at those three stations over the other locations.

Our simulated water levels due to pure surge at different
coastal locations are depicted in the same way as mentioned
above in Fig. 9. It can be seen from Fig. 9 that at the five stations
included in the Ganges tidal plain, resurgent happened faster rel-
ative to the stations included in the other coastal plains. It may be
a result of surge negative impact of the mangrove forest. Among
the stations included in the Meghna deltaic plain, the resurgent
happened slowly. The reason behind the happening may be that
during surges, waters were migrated through the numerous
rivers situated in this plain (Figs 1 and 2) and hence they came
back slowly when resurgent occurred. But in the Chittagong
straight plain, we could not find such types of impacts but resur-
gent occurred comparatively faster here due to the direct hit of
surge with the straight shore line of the plain. The maximum and
minimum peak surge heights were estimated to be 4.09 m and
3.23 m at Tiger point and Kuakata, respectively, in the Ganges
tidal plain. In the Meghna deltaic plain, the peak surge heights
were found to vary between 3.74 m (Chitalkhali) and 5.98 m
(Companigonj), whereas along the Chittagong deltaic plain, the
peak surge values were found to range from 2.10 m (Cox’s Bazar)
to 5.09 m (Mirsarai). However, the peak surge levels along the
coast were found to vary between 2.10 m (Cox’s Bazar) and 5.98 m

Table 3.   Time series for the positions and nature of the cyclone April 1991 (data sources: BMD)
Date (1991) Hour (UTC) North latitude East longitude Nature of the storm

Apr. 26 1800 11.80° 87.50° cyclonic storm

Apr. 27 0300 12.50° 87.50° cyclonic storm

Apr. 27 0600 13.00° 87.50° cyclonic storm

Apr. 27 0900 13.60° 87.50° severe cyclonic storm

Apr. 27 1800 14.50° 87.50° severe cyclonic storm with hurricane core

Apr. 28 0600 15.80° 87.70° severe cyclonic storm with hurricane core

Apr. 28 0800 16.50° 88.00° severe cyclonic storm with hurricane core

Apr. 28 1800 17.60° 88.30° severe cyclonic storm with hurricane core

Apr. 29 0600 19.80° 89.40° severe cyclonic storm with hurricane core

Apr. 29 1200 20.80° 90.40° severe cyclonic storm with hurricane core

Apr. 29 1800 22.00° 91.40° severe cyclonic storm with hurricane core

Apr. 29 2000 22.30° 91.80° crossing the coast near Chittagong

Apr. 30 0000 23.00° 92.40° crossed the Bangladesh coast

Apr. 30 0200 23.50° 92.80°

km=h          Note: Maximum sustained wind speed: 234  and maximum radius of sustained wind: 50 km.
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(Companigonj), which agree fairly well with the results obtained
in Paul and Ismail (2012a, 2013), Paul et al. (2014, 2016, 2017,
2018a). Figure 10 shows simulated total water levels obtained
from the study with the nonlinear interaction of tide and surge
presented in the same way mentioned above. From Fig. 10, it can
be inferred that the peak total water levels came out through our
simulation vary between 2.05–6.78 m with maximum 6.78 m at
Companigonj. Flather (1994), in his investigation, also found the
highest total water level (7.21 m) on the Noakhali coast. Thus, our
simulated peak total water level at Noakhali coast (6.78 m) com-
pares well with the corresponding result found in Flather (1994).

For the validation of the model results and for making clear

the idea of interaction phenomena, our computed water levels
due to tide, surge, their interaction and superposition are presen-
ted with observed water levels during the mentioned period of
displaying results in Fig. 11 choosing the three stations Hiron
Point, Char Chenga and Chittagong from each of the mentioned
coastal plains. We chose the same stations for a reason men-
tioned before. However, it can be perceived from Fig. 11 that our
computed results due to the interaction of tide and surge com-
pare reasonably well with the observed data form the BIWTA. It
can also be seen from Fig. 11 that the water levels that came out
through the superposition of tide and surge are in agreement
with observed data. Thus with the superposition of tide and
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Fig. 6.   Observed track of the cyclonic storm April 1991 (after Paul et al. (2016)). The numbers in the left such as 29.04/UTC 2000 mean
the time is 2000 UTC of 29 April; and the numbers in the right such as 22.3, 91.8 indicate the location is 22.3°N, 91.8°E.
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Fig. 7.   Computed time variation of astronomical tide with respect to the MSL for the chosen period of displaying results in different
coastal stations along the Ganges tidal plain (a), the Meghna deltaic plain (b), and the Chittagong straight plain (c).
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Fig. 8.   Comparison of our simulated time variation of astronomical tides with respect to the MSL with the tidal data obtained from the
BIWTA for the chosen period of displaying results at Hiron Point (a), Char Chenga (b) and Chittagong (c). In each case, a solid curve
represents the configuration for our computed tidal levels, and a circle represents a tidal data at that moment obtained from the
BIWTA.
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Fig. 10.   Computed time variation water levels with respect to the MSL due to the dynamical interaction of tide and surge associated
with the storm April  1991 at seventeen coastal  stations along the Ganges tidal plain (a),  the Meghna deltaic plain (b),  and the
Chittagong straight plain (c).
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Fig. 9.   Computed time variation of pure surge levels (in the absence of astronomical tide) with respect to the MSL at different coastal
stations; along the Ganges tidal plain (a), the Meghna deltaic plain (b), and the Chittagong straight plain (c).
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surge, a rough estimation on total water levels can be made. But,
in actuality, tide is a continuous process in the sea and it will al-
ways interact with tide nonlinearly.

Our model simulated results are also presented with the res-
ults obtained by the FDM (Paul and Ismail, 2012a) and 3PCD
MOLs in coordination with the RK(4,4) method (Paul et al., 2014)
in Fig. 12, whereas peak surge levels and peak total water levels
are presented in Table 4 for better understanding and for making
a comparison to show the effectiveness of the model results. It
can be inferred from Fig. 12 and Table 4 that the obtained results
from the study are reasonable and are found to compare well
with the results obtained with the 3-point regular FDM and the
3PCD MOL in coordination with the RK(4,4) method.

³

We have tested the effect of the dynamic interaction of tide
and surge at the seventeen coastal locations. To test this effect, as
in Paul et al. (2016), total water level  was represented as the
sum of the water levels due to tide, water levels due to the pure
storm surge produced by the meteorological conditions only, and
the residual elevation (interaction effect) due to tide and surge
interaction (Paul et al., 2016). The effects of the dynamic interac-
tion of tide and surge are depicted in Fig. 13. It can be observed
from Fig. 13 that a considerable interaction between tides and
surges occurs at some stations. The maximum effect is found at
Chittagong of about 1.9 m. The water levels due to the interac-
tion of tide and surge is found to be less than the water levels due
to pure surge at times of high tide and greater than the water
levels due to surge alone at times of low tide, and consequently
the peak values of total water levels consistently occur after the
time of high tide except when the storm is nearer to the coast,
where tide can be found to be dominated by surge (Fig. 11).
However, a considerable change in amplitude and phase can be

found to be produced along the Meghna estuarine region due to
the interaction effect (Figs 11 and 13). Thus the interaction effect
may affect the timing of peak water levels during storm events.
Therefore, it is crucial to understand and incorporate the tide
and surge interaction along the coast of Bangladesh for the pre-
cise forecasting of storm surges in coastal defense.

R MSE =

vuut 1
N

NX
i=1

(X obs; i ¡ X model; i)
2 X obs; i X model; i

i n

The efficiency of the results obtained in the study is also
tested with respect to the root means square error (RMSE) values
and are presented in Table 5. The expression for RMSE is

, where  and 

are observed and modelled values at time , respectively, and 
represents the size of the sample. We have also presented the
RMSE values of the results obtained by the FDM and 3PCD MOLs
with the RK(4,4) method and the results obtained in some vari-
ety of investigations (Roy et al., 1999; Paul et al., 2016, 2017) in
Table 5. The RMSE values were calculated with observed data
and the model simulated results in the said period. It is found
from Table 5 that our model results can be acceptable and found
to be better over the FDM and 3PCD MOLs in coordination with
the RK(4,4) method with regard to the RMSE values.

For testing the flexibility of the method adopted in the present
study, we run the present model as well as the models by the
FDM and 3PCD MOLs with the RK(4,4) method in estimating
total water levels with different time steps, namely 10 s, 30 s, 90 s
and 120 s. The FDM failed to yield results for some of the chosen
time steps. Thus MOLs technique can be found to be flexible as it
may process a stable solution flexibly maintaining the CFL stabil-
ity criteria. For testing computational efficiency, each of the men-
tioned models was run on the same computer (Intel® CoreTM i5-
7500 Processor) in estimating total water levels with time step 60 s.
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Fig. 11.     The time variation of water levels with respect to the MSL due to tide, surge, their interaction and superposition with
observed data obtained from the BIWTA at Hiron Point (a), Char Chenga (b) and Chittagong (c). We have almost used all the observed
data set obtained in the mentioned period.
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In the case of the present study, we need a little bit more compu-
tational time over the other two methods. But the computational
cost can be reduced here with the proper choice of the time step.
The time step 60 s was chosen as it was suitable to run all the said
models. Therefore, based on the model simulated results, we
may say that the present study is an effective and efficient one in
the prediction of storm surges along the region of interest. It is to
be mentioned that water levels for the region of interest are af-

fected by several factors (Paul et al., 2016) with the coastal com-
plexities may be the main one but we did not present them in the
case of the present study as the main focus of the study is to get
benefit from computation and to see whether the study can be a
suitable alternative of the existing ones for having efficient res-
ults. However, the effects of surge affecting factors can be found
to present in Paul et al. (2016).

In our simulated storm surge magnitude, there may have un-

present study MOLs (3-point) FDM observed

present study MOLs (3-point) FDM observed

present study MOLs (3-point) FDM observed

6

4

2

0

-2

El
ev

at
io

n/
m

6

4

2

0

-2

El
ev

at
io

n/
m

6

4

2

0

-2

El
ev

at
io

n/
m

a

b

c

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

 

Fig. 12.   Comparison of our computed water levels due to the interaction of tide and surge simulated by the present study with those
obtained by the 3PCD MOLs with the RK(4,4)  method and FDM with observed data  at  Hiron Point  (a),  Char  Chenga (b)  and
Chittagong (c).

Table 4.   Comparison of our computed peak water levels simulated by the present study with respect to the mean sea level (MSL) and
those obtained by the 3PCD MOLs in coordination with the RK(4,4) method and FDM

Coastal
location

Present study MOLs (3-point) FDM

Simulated max
surge level/m

Total peak
water level/m

Simulated max
surge level/m

Total peak
water level/m

Simulated max
surge level/m

Total peak
water level/m

Hiron Point 3.61 3.95 3.92 4.01 3.88 3.37

Tiger Point 4.09 4.71 4.21 4.57 4.24 4.42

Patharghata 3.76 4.38 3.97 3.01 3.91 4.09

Kuakata 3.23 3.85 3.52 3.86 3.45 3.62

Rangabali 3.91 2.23 4.10 4.50 4.14 4.34

Char Madras 5.05 5.62 5.50 5.81 5.60 5.85

Char Chenga 4.61 5.58 5.11 5.81 5.27 5.90

Char Jabbar 5.79 6.45 6.19 6.35 6.32 6.40

Chitalkhali 3.74 3.87 4.64 4.42 4.96 4.68

Companigonj 5.98 6.78 6.70 7.28 7.10 7.21

Sandwip 4.93 5.89 5.24 5.63 5.43 5.73

Mirsharai 5.09 5.98 5.50 4.61 5.77 5.40

Sita Kunda 4.48 6.02 4.83 5.78 5.13 5.93

Chittagong 5.22 6.30 5.17 6.26 5.39 6.55

Banshkhali 4.78 5.61 5.03 6.10 4.98 3.12

Moheskhali 2.88 3.17 3.13 3.77 2.90 3.84

Cox’s Bazar 2.10 2.59 2.12 2.65 2.09 2.99
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certainty, which can arise from bathymetry data, track of the cyc-
lone, maximum sustained wind speed, and the maximum sus-
tained wind radius (Madsen and Jakobsen, 2004; Lewis et al.,
2014; Paul et al., 2016). As in Paul et al. (2016), uncertainties con-
cerned with each of these factors have been estimated with freely
available data sources retaining the other factors remained fixed.
The result in our computed water level magnitude came out to be
~0.4 m, which is comparable to the prediction accuracy of water
levels (Table 5). It is to be noted at this juncture that uncertain-
ties from freely available data sources may be very high (Lewis et
al., 2013).

6  Conclusions
In this study, a cyclone-induced storm surge model with a

higher order central difference MOLs, in specific, a 5PCD MOLs
in coordination with the RK(4,4) method has been developed to
foresee water level accurately along the coast of Bangladesh. The
developed model is applied to simulate water levels due to the in-
teraction of tide and surge associated with the tropical storm
April 1991 at some coastal stations of Bangladesh. The model-
simulated results are found to be in a reasonable agreement with
the observed data from the BIWTA and with the results obtained
by the 3PCD MOLs with the RK(4,4) method and FDM. The mod-

el is found to be more flexible in storm surge simulation over the
FDM with regard to stability and can be found to be suitable over
both the 3PCD MOLs coupled with the RK(4,4) method and FDM
in terms of accuracy. Also, computational cost in the case of the
present study can be reduced with the choice of suitable time
step. Thus based on the different approach adopted in the study,
an effective storm surge prediction model can be established. A
sophisticated time integrator may make the present study a more
effective one, where one can also use a higher order (7 or 9) cent-
ral difference MOLs for more efficient results.

Acknowledgements
The first author thanks Sujit Kumar Debsarma for his valu-

able discussion about the data sources. We thank Mizanur Rah-
man from Sylhet University of Science and Technology for
providing necessary data. The second author thanks Aslam
Hossain, lecturer, Department of Applied Mathematics, Gono
University, Savar, Dhaka, Bangladesh for his kind help during
editing the manuscript.

References
Ali A, Choudhury G A. 2014. Storm Surges in Bangladesh: An Intro-

duction to CEGIS Storm Surge Model. Dhaka, Bangladesh: The

Hiron Point

Char Madras Char Chenga Char Jobbar Chitalkhali Companigonj Sandiwp

Tiger Point Patharghata Kuakata Rangabali

Mirshari Shitakunda Chittagong Bashkhali Moheskhali Cox′s Bazar

2

1

0

In
te

ra
ct

io
n 

ef
fe

ct
/m

-1

-2

2

1

0

In
te

ra
ct

io
n 

ef
fe

ct
/m

-1

-2

2

1

0

In
te

ra
ct

io
n 

ef
fe

ct
/m

-1

-2

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

Time (UTC, 28-30 April, 1991)
0200 0800 1400 2000 0200 0800 1400 2000 0200

a

b

c

 

Fig. 13.   Computed time variation of interaction effect associated with the storm April 1991 at seventeen coastal stations along Ganges
tidal plain (a), Meghna deltaic plain (b), and Chittagong straight plain (c).

Table 5.   Estimated RMSE values in metre by the present study, 3PCD MOLs with the RK(4,4) method and FDM at Hiron Point, Char
Chenga, and Chittagong

Coastal station
The present

study
MOLs (3-point) FDM

The study due to Paul et al. The study due to Roy et al.
(1999)(2014) (2016) (2017)

Hiron Point 0.05 0.32 0.03 0.39 0.16 0.32 0.49

Char Chenga 0.38 0.38 0.58 0.46 0.58 0.65 0.78

Chittagong 0.25 0.32 0.48 0.57 0.73 0.73 0.67

          Note: The errors have been estimated between observed and computed water levels. We used almost all the data in the chosen period.
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Appendix:
Â(x i; yj ; t) (x i; yj) tk　　If  be any dependent variable at any grid points , at time , then it can be discretized on spatial variables

remaining one continuous as follows. The operators used in our discretization are given below.

Â(x i; yj ; tk) = Âk
i; j ;

1
2
(Â(x i+1; yj ; tk) + Â(x i¡1; yj ; tk)) = Âk

i; j

x
;

1
2
(Â(x i; yj+1; tk) + Â(x i; yj¡1; tk)) = Âk

i; j

y
;

1
4
(Â(x i+1; yj+1; tk) + Â(x i+1; yj¡1; tk) + Â(x i¡1; yj+1; tk) + Â(x i¡1; yj¡1; tk)) = Âk

i; j

xy
:

　　On the discretization of Eq. (3), one can see µ
³

t

¶
i; j

= CR 1+ CR 2; (A1) 

i = 2; 4; 6; :::; M ¡ 2i j = 3; 5; 7; :::;N ¡ 2where  and .

CR 1 = ¡ 1
12¢x

(z1 ¡ 8z2+ 8z3 ¡ z4); CR 2 = ¡ 1
12¢y

(z5 ¡ 8z6+ 8z7 ¡ z8)　　In Eq. (A1),  ,

where

z1 =

8<: (³k
i¡2; j + hi¡2; j)uk

i¡2; j

x
;

(3 ³k
i; j ¡ 2 ³k

i+2; j + 1:25 hi¡1; j ¡ 0:25 hk
i; j )(3 uk

i¡1; j ¡ 2 ³k
i+1; j );

if i 6= 2;
otherwise;

z2 =

8<:
³
³k

i¡1; j

x
+ hi¡2; j

´
uk

i¡1; j ;¡
1:25 ³k

i; j ¡ 0:25 ³k
i+2; j + hk

i¡1; j

¢
uk

i¡1; j ;

if i 6= 2;
otherwise;

z3 =
³
³k

i+1; j

x
+ hi+1; j

´
uk

i+1; j ;

z4 =

8<: (³k
i+2; j + hi+2; j)uk

i+2; j

x
;

( ³k
i+2; j + hk

i+2; j )(1:25 uk
i+1; j ¡ 0:25 uk

i¡1; j );

if i 6= M ¡ 2;
otherwise;

z5 =

8<: (³k
i; j¡2 + hi; j¡2) vk

i;j¡2

y
; if j 6= 3;

(³k
i; j¡2 + hi; j¡2)(3 vk

i; j¡1 ¡ 2 vk
i; j+1 ); otherwise;

z6 =
³
³k

i; j¡1

y
+ hi; j¡1

´
uk

i; j¡1;z7 =
³
³k

i; j+1

y
+ hi; j+1

´
uk

i; j+1;

z8 =

8<: (³k
i; j+2 + hi; j+2) vk

i;j+2

y
; if j 6= 3;

(³k
i; j+2 + hi; j+2)(1:25 vk

i; j+1 ¡ 0:25 vk
i; j¡1 ) ; otherwise:

　　After discretizing Eq. (4), one can bring it to the following form:µ
u
t

¶
i; j

= UR 1+UR 2+UR 3+UR 4+UR 5+UR 6; (A2) 

i = 3; 5; 7; :::;M ¡ 1 i = 3; 5; 7; :::;N ¡ 2where  and .

　　In Eq. (A2),

UR 1 = ¡uk
i; j

1
12¢x

(x 1 ¡ 8 x 2+ 8x 3 ¡ x 4); UR 2 = ¡vk
i; j

xy 1
12¢x

(x 5 ¡ 8 x 6+ 8x 7 ¡ x 8);

UR 3 = ¡f i; j vk
i;j

xy
; UR 4 = ¡g

1
12¢x

(x 9 ¡ 8 x 10+ 8x 11 ¡ x 12);
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UR 5 = ¡
Cf uk

i; j

³k+1
i; j

x
+ hi; j

µ¡
uk

i; j

¢2
+
³

vk
i;j

xy´2
¶
; UR 6 =

¿x

½
³
³k+1

i; j

x
+ hi; j

´ ;

x 1 = uk
i¡2; j ; x 2 = uk

i¡1; j

x
;

x 3 =

8<: uk
i+1; j

x
; if i 6= M ¡ 1;

0:5(3uk
i; j ¡ uk

i¡2; j ) ; otherwise;

x 4 =

8<: uk
i+2; j ; if i 6= M ¡ 1;

(3uk
i; j ¡ 2uk

i¡2; j ); otherwise;

x 5 = uk
i; j¡2; x 6 = uk

i; j¡1

y
; x 7 = uk

i; j+1

y
; x 8 = uk

i; j+2;

x 9 =

8><>:
³k+1

i¡2; j

x
; if i 6= 3;

0:5
³

3³k+1
i¡1; j ¡ ³k+1

i+1; j

´
; otherwise;

x 10 = ³k+1
i¡1; j ; x 11 = ³k+1

i+1; j ;

x 12 =

8><>:
³k+1

i+2; j

x
; if i 6= M ¡ 1;

0:5
³

3³k+1
i+1; j ¡ ³k+1

i¡1; j

´
; otherwise:

　　Discretization of v-component of momentum equation is similar to that of the u-component and hence the discretized v-
component of momentum equation is not presented here for the sake of brevity.

j = 1 j = N　　From the boundary conditions, given by Eqs (8)–(10), the elevations at ,  and i = M are computed, respectively, in the
following manner:

³k+1
i;1 = ³k+1

i;3 ¡ 2

s
hi;2

g
vk

i;2; (A3) 

³k+1
i;N = ³k+1

i;N¡2 + 2

s
hi;N¡1

g
vk

i;N¡1; (A4) 

³k+1
M ;j = ³k+1

M¡2;j + 2

s
hM¡1;j

g
vk

M¡1;j + 4 a sin

µ
2 t

T
+ '

¶
; (A5) 

i = 2; 4; 6; :::;M ¡ 2 and j = 1; 3; 5; :::;Nwhere .

　　Finally, Eq. (11) can be written in discretized form as

(ub)
k+1
1; j = uk+1

3; j +
Q³

³k+1
3;j

x
+ h3;j

´
B

; (A6) 

j = 7; 9; 11; 13; 15; 17; 19:where 
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