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A simple model to study wave-surge interaction
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ABSTRACT. In this paper we have tried o set up a mathematical model that will show the
contribution of wind-induced surface waves of the ocean, on surges in shallow basin of Bay of
Bengal. For this, the energy balance equation, excluding non-linear forcing term, is considered and
solved by Lax-Wendroff integration scheme. Wind is specified over all the grid points following
Cardone's formulation. The hydrodynamic equations in linearised form as used by Jelesnianski have
been considered and using Shuman’s algorithm, those equations have been solved. In the process of
solving these equations, the output of the energy balance equation is included as wave set up term
to incorporate energy contribution of wind waves to surges. The estimated surge height is compared
with and without considering wave contribution.
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1. Introduction

Storm surges are atmospherically forced
oscillations of the water level in a coastal or inland
water body, in the period range of a few minutes
to a few days (Murthy er al. 1986). According to
this, storm surges are distinct from wind waves and
swell, which have periods of the order of a few to
several seconds. Storm surges belong to the same
class of wave as tides and tsunamis, i.e., long gravity
waves. Amongst many, the two principal factors,

responsible for storm surge generation (Murthy et
al. 1986) in shallow region of sea, e.g., Bay of
Bengal are :

(i) The atmospheric pressure drop
(if) The wind stress
Most of the model studies of storm surges in the

Bay of Bengal, have used idealized model cyclones,
with most of them having a circular symmetry and
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movement along straight track with constant speed.
There are different assumptions regarding the
dependence of surface atmospheric pressure and wind
speed on distance from the storm centre. However, we
in this paper have taken the assumption of Jelesnianski
(1965). Pioneering work of surge modelling in Bay of
Bengal was done by Das et al. (1974). In 1972, he
considered wind to be cyclostrophic. In one of his
papers (Das 1981), he tried an analytical solution of
the governing equations for a basin of uniform depth.
He suggested that divergence of wind stress is more
important than curl of wind stresses in shallow basin.
Among others, a prominent group comprising Johns
et al. (1983) made a significant contribution in storm
surge prediction. They made a numerical model using
non-uniform grid spacing. They showed that near coastal
bathymetry is critical in determining the coastal surge
and corresponding sea surface elevation. Ghosh (1977)
attempted to estimate the peak surge height on the
basis of nomogram and linearised hydrodynamic
equations.

Al present our objective is 0 investigate the
surge from the coupling point of view, ie., how
the propagating surge gets influenced by wind waves
of comparable frequency. Before going into details
of coupling, let us discuss the work done on wave
studies. Wave forecasting techniques were first
designed and developed in 1940°s using émpirical
relationship between local wind speed and wave
height (Sverdrup and Munk 1947). These techniques
were designed for application at a single point and
permitted only a limited allowance for variable winds
during wave generation process. The techniques were
afterwards developed by Wilson (1955) to accommo-
date the varying wind but it also had lacking of a
sound theoretical basis that limits its usefulness. Such
a theoretical formulation was completed by Pierson
et al. (1955) by treating the water elevation
in terms of a spectrum of surface waves. The
individual component of spectrum could then be
deduced by linear propagation theory and wave
height has been obtained by integrating
Longuet-Higgins (1952) relations. The theory of
energy gain or loss within the different
components of the spectrum has been established
by Hasselmann (1962) in the form of energy
balance equation. Theories of energy loss were
put forward by Miles (1957, 1960) focussing on
whitccapping. Later on Golding (1983) prepared
a model for British Meteorological Office to give
forecast.

We are, here, considering this paper to find out
the energy of the surface waves generated at a
certain point of time. Before dealing with energy
balance equation we have generated the wind
velocities following Cardone (1969) over the region
87°E o0 92°E and 20°N & 22.5°N. The output of
energy balance equation is parameterized as Murthy
(1984) in the form of a forcing term and by Shuman
(1957) algorithm, the surge height before and after
coupling is calculated and compared.

2. Wind specification for wave analysis

Wind is the only driving force for all wave
models and hence, a wave model will be good when
the wind ficld will be generaled properly. Ideally,
wind specification must be such as to allow the
important physical process of wave generation, growth
and dissipation to be appropriately represented in a
wave model. In specifying wind, we have followed
Cardone's procedure. Cardone (1969) developed a
two-layer model of Marine Boundary Layer (MBL)
that includes the effects of atmospheric stability,
baroclinity and realistic description of the lower
boundary. The atmospheric stability measured by the
temperature difference between the sea surface and
the overlying air and has been identified as an
important factor influencing wave growth. Cardone
(1969) considered the universal relationships between
non-dimensional wind shear and temperature gradients
as follows :

_KzaU
Pu= U, o2 M
2z
®=3z )
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where, K = Von-Karman constant
0 -= Potential temperature
} = Sensible heat flux from sea to air

Cp= Specific heat of air at constant pressure

p, = air density

The non-dimensional gradients ®, and &, are related
by ¢, = o, 9,
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* by (eddy diffusivity)
ﬂh -

whire, "k, (eddy viscosity)

The assumption of similarity of wind and
temperature profiles in the surface layer implies that
o, iS constant and hence a modified form of the

stability length L’ (Monin-Ozukhov length) is written
as follows :

(%)
L= )

kga—z'

The set of Eqns. (1), (2) and (3) can be integrated
to get the following :

(&)

in the above. equations,
J

zZ) [ 1-9,0)
{2 =52

Zy = Roughness parameter

The expressions chosen for the stability functions
are :

@, (0) =1 neutral

¢“=l+ﬁ(f;}, B=7 stable

o:_r(§]¢3 -1 =0, T = 18 unstable

The wind profile parameters U., and L’ can be
calculated from the following equations :

oz oft]
T R0

KU,

= elz)]

mean potential temperature

= potential temperature for air

B‘l
6, = potential temperature at sea surface
Zﬂ

= Height at which 6,, the potential
temperature for air is determined
Z, = Height at which wind speed U,, is
measured

Zy = Roughness parameters

f=

using Eqns. (5) to (9) the solution for wind profile
in the surface layer has been determined.

[Charnock (1955)] ©

3. Wave-induced surge

To estimate the wave-induced surge, we have sought
to find out the energy of the wind waves in the shallow
region that is to be coupled with the goveming equations
of surge. In this context; we have considered Golding’s
(1983) approach in BMO model. He took energy
balance equation used by Hasselmann (1962).

dE _

Z =5(f,0,x,1) (10)
dE 9E 0 ( .do =
E-:ﬁ-l-v"(cgs)*'ﬁ(EI]:ﬂfte'x'o
o _ 90 L
& =

asa‘ 0

a—t+C' . V9=Cg-V9

Here, E = Energy density of the wave field described
as a function of frequency f, direction 0, position x
and time .

Cx Group velocity of the wave field

§ Source function representing the physical
processes that transfer energy to and from
the wave spectrum.

So, the energy balance equation is rewritten in the
form,

ot~ Propagation |~ Refraction.

d
[aE_ V-(CKE) ] EE{C"‘VG)L

S; S
+ in + ds
Growth = Decay

an

Considering the innermost bracketed term,




326 MAUSAM, 48, 2 (April 1997)
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A modified Lax-Wendroff integration scheme due
to Gadd (1978) is used.

a+1/2 1  n n
Ej‘*l/lzi(Ej*’EjT])_‘Lt“Cj"
~ s 1.
- (._,Ej_n 2Ax (11a)
n+1 n | n+1/
Ej =EJ-A1' [(1""]“Lj+1.£;+u..
n+1/2 n+1/2

=% C}—]/lEj-*l/:J = _*‘;l':f
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In our model we have assumed that the boltom
slope of the ocean varies very slowly so that no
appreciable change will occur in phase velocity of the
propagating wave, i.e., refraction will be absent. The
group velocity of the above has been considered
following Gadd (1978) and has been found to be,

Ce % lg tanh (KHYK)™ (1 + 2KH/sinh (2KH))
(12)

where, K = wave number, H = depth of waler
(21’:,"’)2 = ¢K tanh KH {(13)

The energy input Sin is represented by lincar and
exponential terms following Miles (1957, 1960) and
Phillips (1957) and has been wrillen as;

S, =A+BE (14)

This term represents a direct forcing of the water
surface due to turbulent fluctuation in the surface wind.
According to Snyder et al. (1981). This linear term
has become unimportant, so the following forms of A
and B are chosen :

6107
T 2nf,
for f=fmand 10-¢I < 90

= 0 otherwise

U* cos® (6-0) (15)

where, U = wind speed, ¢ = wind direction

Now

2( oppPa

Ucos(6-0)
C

>1 (16)

for UcosCfG—Cx; <1
=0 otherwise

The dissipation term is prescribed by Hasselmann
(1971) considering whitecapping as the principal
process for this, as

}0.25

su 0 =410" FE¢ 0] [[E @ 000} (7

Using the above algorithm and using numerical
integration scheme we have calculated the energy of
the propagating swell. After knowing the energy of
the swell, we have taken the following well known
equations of hydrodynamics following Jelesniansky
(1965) and Murthy (1984).

Q_lj . oh ’ (x)

—=—gD(x, ) —+fV+17 (x, ¥ ¢

S = 8Pxy) TV (e, ¥,0) (18)
f;t = - gD(x, »} -fU+ 1 (x, ¥, 1) (19)
dh  oU oV * d

{ C C

S e 2

Jt  dx oy u_[ x(“) 0

where, D = Depth of the basin from the equilibrium
surface

= Coriolis parameter

™ ® = Wind stresses per unit mass
h = Surface elevation from equilibrium
U = Tidal component of velocity along zonal

direction
vV = Tidal component of velocity along

meridional direction

The numerical scheme for the above equations
is given below :

,m-'-l_l/nﬂi At ~1 0 1 m
Ui-] = l.lJ' _ng.j——4 ﬂ.‘; -2 0 2 hl.j
-1 0 1
a1 21
LB g 2 | Vhea®d (8)
8 ] 1 2 1
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‘/fj+1=‘/fj_]‘39

A
a,j4AS

h
where, forcing term F= J [f—{u’)z]dz
X
D

The boundary conditions are :

(#) The transport U on left closed boundary is zero
() U and V are non-zero on right open boundary

(i) oV

T = 0 at the top and bottom boundary

(iv) A suatic height boundary condition was applied
to the right boundary in deep water

The above equations are solved numerically using
the well known Shuman’s algorithm in a nine point
grid system,

4. Results and discussion

For calculating the surge height for a model storm
as prescribed by Das et al. (1974), heating Bangladesh
coasl, the pressure profile is considered as per Das et
al. (1974).

P, = 1010 — AP/[1+(r/rp)] (21)

a

where, r = radial distance from storm centre

ro = radial distance at which wind auained
its maximum velocity

Ap= pressure difference between centre of
the storm and its outer periphery.

The cyclostrophic wind is prescribed as follows :

V-4 Vi u2(1 + )P (22)

3-850659, (3)
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Figs.1(a&b). Graph of (a) surge height and time without
wave and (b) surge height and time with
wave contribution

where, p=r/ o

Vin = maximum wind at r,

By using Egns. (21) and (22), the maximum wind
speed (V,,,) is related to the pressure deficit (Ap) by
the approximate relation,

vf'I =(13)* AP (23)

Vin 1s in knot and AP in hPa. For a central pressure

of 960 hPa, ie., AP = 50 hPa, Egn. (23) ficlds a
maximum wind of 100 knots at ry (30 km) from the

slorm centre.

The wind stresses 1 = kp, | V, 1V, and
™ =kp, 1V,1V, are calculated using Eqn. (22).

In Fig. 1(a) the graph of surge height and time
without wave and Fig. 1(b) graph of surge height and
time with wave contribution is plotted.

The storm track as per Das et al. (1974) is considered
and shown in Fig. 2. A fixed speed of 20 km hr™'
is chosen for the storm. A twenty four hour time run
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Fig. 2 Storm track (After Das et al. 1974)

assuming the storm to be at 20° N latitude and 88.8°E
longitude shows a peak surge of 3.8 m when the
contribution of wave is not considered. With the wave
contribution the figure is improved to 4.3 m, but stll
it is lower than the observed 6 to 9 or 5 m as
calculated by Das et al. (1974).

The result is tabulated below :

Model Model
(km hr'') (kt) (m) et al. without with
(m) wave wave

(m) (m)

Date Speed Vm Observed Das

13 20 87 56 w0 50 38 43
Nov 9.0
1970

In the present study we tried to concentrale on
wave-surge interaction. Although the approach is
idealistic in nature, the results are showing that the
wave contribution in final sea level elevation is
significant. The value of the surge height has been
found to be below the actual. One main reason may
be that we for simplicity did not consider the
advective term in the depth-averaged hydrodynamic
equation. Besides, the astronomical tide also has been
kept aside to give emphasis in surge-wave interaction.
Considera- tion -of Tide-Surge-Wave coupled model
will surely give better result.

Acknowledgements

The authors gratefully acknowledge the financial
and other assistance provided by Department Of
Ocean Developement, Govt. of India. Authors are
also grateful to Dr. P.K. Das for his kind interest
and valuable discussions without which this work
would not have been completed.

References
Cardone, VJ., l%ﬂ."SpedﬂaﬂMc‘ﬂuvrhddimihldmhth
marine boundary layer for wave forecasting”, Geoph. Science.
Lab., T.R. 69-1, School of Eng. & Sc., New York University,
118.

Chamock, H., 1955, "Wind stress on a water surface”, Quari. J.
Roy. Meteor. Soc., 81, 639-640.

Das, P.K., Sinha, M.C. and Balasubramanyam, V., 1974, "Storm
surges in the Bay of Bengal”, Quart. J. Ray. Meteor. Soc.,
100, 437- 449.

Das, P.K., 1981, "Storm surges in the Bay of Bengal", Proc. of
Indian. Acad. Sci., Vol 4. Sept, 269-276.

Gadd, AL, IWB.'Amqnelicalldveaimsdmwilhsmnllphlw
speed errors”, Quart. J. Roy. Meteor. Soc., 104, 583-594.

Golding, B., 1983, "A wave prediction system for real time sea
state forecasting”, Quart. J. Roy. Meteor. Soc., 109, 393-
416.

Ghosh, S.K., 1977, "Prediction of storm surges on the coast of
Indis", Indian J. Meteor. Geophys., 28 2, 157-168.

Hasselmann, K., 1962, "On the non-linear energy transfer in a
gravity wave spectrum - Part I", J. Fluid Mech., 12, 481-
500.

Hasselmann, K., 1971, "On the mass and momentum transfer between
short gravily waves and large scale motions”™, J. Fluid Mech.,
50, 189-205.

Jelesniansky, C.P., 1965, "A numerical calculation of storm tides
induced by a tropical storm implnging on a continental shelf”,
Mon. Wea. Rev., 93, 6, 343-358.

Johns, B.. Sinha, P.C., Dubey, S.K., Mohanty, U.C. and Rao, AD,,
1083, "On the effect of bathymetry in numerical storm surge
experiment”, Computer and Fluid, 161-174.

Longuet-Higgins, M.S., 1952, "On the statistical distribution on the
heights of sea waves”, J. Marine. Res., 11, 245-256.

Miles, J.W., 1957, "On the generation of surface waves by shear
flows”, J. Fluid Mech., 3, 185-204.

Miles, J.W., 1960, "On the generation of surface waves by turbulent
shear flows", J. Fluid Mech., 7, 469-478.

Murthy, T.S., 1984, "Storm surges-meteorological pcean tides,”
Published by Dept. of Fisheries and Oceans, Canada.
Munhy, T.S., Flather, R.A. and Henry, R.F., 1986, "The storm surge

problem in the Bay of Bengal”, Prog. Oceanog., 16, 195-233.

Phillips, OM., 1957, "On the generation of waves by turbulent
wind", J. Fluid Mech., 5, 177-192.

Pierson, WJ., Neumann,G. and James, R., 1955, "Practical methods
for observing and forecasting ocean waves by means of wave
spectra and statics”, H.O. Pub,, 003, U.S. Navy Hydrographic
Office, Washington D.C., P-284.

Snyder, R.L., Dobson, F.W., Elliot, JA. and Long, R.B., 1981,
"Amay measurements of atmospheric pressure fluctuations
above surface gravity waves”, J. Fluid Mech., 102, 1-59.

Shuman, F.G., 1957, "Numerical methods in weather prediction : o
Smoothing and Filtering,” Mon. Wea. Rev., 85, 11, 357-361.

Sverdrup, H.U. and Munk, UH., 1947, "Wind, Sea and Swell :
Theory of relationship for forecasting”, U.S. Navy
Hydrographic Office, Pub. No. 601.

Wilson, B.W., 1955, "Graphical approach to the forecasting of waves
in moving feiches", Beach Erosion Board U.S. Amy Corps.
of Engineers. Tech. Memo. No. 73, 31 p.




	Image00001
	Image00002
	Image00003
	Image00004
	Image00005
	Image00006
	Image00007
	Image00008
	Image00009
	Image00010
	Image00011
	Image00012
	Image00013
	Image00014
	Image00015
	Image00016
	Image00017
	Image00018
	Image00019
	Image00020
	Image00021
	Image00022
	Image00023
	Image00024
	Image00025
	Image00026
	Image00027
	Image00028
	Image00029
	Image00030
	Image00031
	Image00032
	Image00033
	Image00034
	Image00035
	Image00036
	Image00037
	Image00038
	Image00039
	Image00040
	Image00041
	Image00042
	Image00043
	Image00044
	Image00045
	Image00046
	Image00047
	Image00048
	Image00049
	Image00050
	Image00051
	Image00052
	Image00053
	Image00054
	Image00055
	Image00056
	Image00057
	Image00058
	Image00059
	Image00060
	Image00061
	Image00062
	Image00063
	Image00064
	Image00065
	Image00066
	Image00067
	Image00068
	Image00069
	Image00070
	Image00071
	Image00072
	Image00073
	Image00074
	Image00075
	Image00076
	Image00077
	Image00078
	Image00079
	Image00080
	Image00081
	Image00082
	Image00083
	Image00084
	Image00085
	Image00086
	Image00087
	Image00088
	Image00089
	Image00090
	Image00091
	Image00092
	Image00093
	Image00094
	Image00095
	Image00096
	Image00097
	Image00098
	Image00099
	Image00100
	Image00101
	Image00102
	Image00103
	Image00104
	Image00105
	Image00106
	Image00107
	Image00108
	Image00109
	Image00110
	Image00111
	Image00112
	Image00113
	Image00114
	Image00115
	Image00116
	Image00117
	Image00118
	Image00119
	Image00120
	Image00121
	Image00122
	Image00123
	Image00124
	Image00125
	Image00126
	Image00127
	Image00128
	Image00129
	Image00130
	Image00131
	Image00132
	Image00133
	Image00134
	Image00135
	Image00136
	Image00137
	Image00138
	Image00139
	Image00140
	Image00141
	Image00142
	Image00143
	Image00144
	Image00145
	Image00146
	Image00147
	Image00148
	Image00149
	Image00150
	Image00151
	Image00152
	Image00153
	Image00154
	Image00155
	Image00156
	Image00157
	Image00158
	Image00159
	Image00160
	Image00161
	Image00162
	Image00163
	Image00164
	Image00165
	Image00166
	Image00167
	Image00168
	Image00169
	Image00170
	Image00171
	Image00172
	Image00173
	Image00174
	Image00175
	Image00176
	Image00177
	Image00178
	Image00179
	Image00180
	Image00181
	Image00182
	Image00183
	Image00184
	Image00185
	Image00186
	Image00187
	Image00188
	Image00189
	Image00190
	Image00191
	Image00192
	Image00193
	Image00194
	Image00195
	Image00196
	Image00197
	Image00198
	Image00199
	Image00200
	Image00201
	Image00202
	Image00203
	Image00204
	Image00205
	Image00206
	Image00207
	Image00208
	Image00209
	Image00210
	Image00211
	Image00212
	Image00213
	Image00214
	Image00215
	Image00216
	Image00217
	Image00218
	Image00219
	Image00220
	Image00221
	Image00222
	Image00223
	Image00224
	Image00225
	Image00226
	Image00227
	Image00228
	Image00229
	Image00230
	Image00231
	Image00232
	Image00233
	Image00234
	Image00235
	Image00236
	Image00237
	Image00238
	Image00239
	Image00240
	Image00241
	Image00242
	Image00243
	Image00244
	Image00245
	Image00246
	Image00247
	Image00248
	Image00249
	Image00250
	Image00251
	Image00252

