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Hauz Khas, New



Using the basic hydrodynamic equations governing motion in the sea, a coastal zone numerical model has been developed for the prediction of storm surges along the west coast of India. Numerical experiments were performed with the help of this model to simulate the surge generated by the devastating 1975 Porbandar cyclone. The resu Its of the experiments were in good agreement with the reported values along the Gujarat coast. Key words: mathematical



Most of the work on numerical modelling of storm surges associated with tropical cyclones has been concerned with the Atlantic and Pacific regions.‘-lo Modelling of storm surges in the Indian seas has so far been confined to the Bay of Bengal11-‘3 and no model has yet been presented for the west coast of India. Although more cyclones occur in the Bay of Bengal than in the Arabian Sea, there are records of severe cyclonic storms hitting the Gujarat and the north Maharashtra regions of the west coast. In November 1982, such a storm struck the Gujarat coast causing extensive loss of life and property. A numerical model has therefore been developed for the prediction of storm surges along the west coast of India. This model has been used to simulate the surge generated by the 1975 Porbandar cyclone for which detailed data are available. A severe cyclonic storm crossed Gujarat coast near Porbandar on the afternoon of 22 October 1975, causing large-scale damage in the northern parts of Gujarat state. The cyclone formed over the central and southern Bay of Bengal on the morning of 15 October and intensified into a depression, moved west-northwest and lay centred 50 km east-southeast of Ongole at 0300 GMT, 18 October. At this time a low pressure area formed over east central Arabian Sea with its centre near 14’N 73’E. The depression in the Bay of Bengal crossed the Andhra coast near Ongole on the afternoon of 18 October, weakened into a low pressure area and moved into the Arabian Sea between Harnai and Ratnagiri. The system over the Arabian Sea also moved north-westward. Finally, the two systems merged and concentrated into a deep depression by the evening of 19 October, centred near 17’N 73.5”E. The subsequent history of the storm is shown in Figure 1. While continuing to move north-westward, the system intensified into a deep depression and then into a cyclonic storm 0307-904X/85/04289-06/$03.00 0 1985 Butterworth & Co. (Publishers) Ltd
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with its centre near 19”N 69.5’E on the evening of 20 October. On the morning of 21 October, the storm started to deviate towards the north and then moved northnortheast and by that evening it had concentrated into a severe cyclonic storm. The system further intensified and, on the morning of the 22nd, lay near 20.8”N 69’E with a
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core of hurricane winds. The reported maximum windspeed associated with the storm during this period was 115 knot. l4 The purpose of this paper is to simulate numerically the surge induced by a cyclone having the idealized characteristics of the Porbandar cyclone. The basic dynamical formulation of Johns and Alir2 is used here but without inclusion of the astronomical tide or of any river system. The model covers an area lying between 10”N and 23.2”N and between 67.8’E and 76’E (Figure 2). The coastal boundary of the west coast of India is represented by orthogonal straight line segments, which has the advantage of representing the Gulf of Cambay.



Formulation For the model formulation a system of rectangular Cartesian coordinates is used in which the origin, 0, is within the equilibrium level of the sea-surface; Ox points westward, Oy points southward and Oz is directed vertically upwards. The eastern boundary of the analysis area (Figure 2) corresponds to the west coast of India. There are three open-sea boundaries situated along longitude 67.8’E (western boundary), latitude 23.2”N (northern boundary) and latitude lOoN (southern boundary). The Navier-Stokes equations for an incompressible, homogeneous fluid in a rotating plane may then be expressed in the following form:
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components of fluid velocity Coriolis parameter pressure density of sea water components of frictional stress



In the above equations the molecular viscosity has been neglected. The terms in 7X and ry are included to model vertical turbulent diffusion. If z = 0 is the undisturbed sea-surface, z = c x, y, t) is \ denote the free surface, z = - h(x, y) the seabed, (& r,,) the wind-stress components and pa is the surface pressure, the boundary conditions become: u=v=w=O 5 ry = ry5 1 7, = 7x,
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The last condition expresses the fact that the free surface is materially following the fluid. Since the main interest here lies in predicting long gravity waves (- 100 km) in shallow coastal waters, one can make the reasonable assumption of shallow water theory, i.e. the pressure varies hydrostatically with depth: -hetc .



(12)



In view of the strong associated wind in a cyclone, forcing due to barometric changes, i.e. ap,/ax and ap,/ay is usually neglected in surge prediction models. For subsequent numerical treatment, the predictive equations (9)-(11) are expressed in flux form as (dropping the overbars for convenience): _ !?+a”+!!Ko (13)
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transient response more quickly as a result of the frictional dissipation in the system. Concerning their effectiveness Flather” noted that application of a radiation condition in the numerical model may remove the unrealistically large currents and grid scale oscillations in the vicinity of the open boundary, which may be produced by application of the conventional open-sea boundary condition (i.e. { = 0).
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Finite difference formulation The predictive equations (13)-( 15) are now solved numerically by considering a discrete set of grid points defined by: i=1,2
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(1% where, ii = u(t + h) and 5 - v(< + h). The surface and bed stresses are parameterized by a conventional quadratic law as follows: (& r$) = c&&;f
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where cd = 2.8 x 1OS3and cf = 2.6 x 1OT3are empirical surface and seabed friction coefficients respectively, pa is the density of air and (u,, v,) are the components of the surface wind. Since the eastern lateral boundary of the analysis area (west coast of India) is represented by vertical side-walls in either the x or y direction, the condition of zero normal velocity at these yields: ii=0
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At the open-sea boundaries, are applied which lead to: v +
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The computations are performed on a staggered grid in the (x, y) plane, similar to that described by Johns and Ah.” The grid lines are parallel to the coordinate axes and form a uniform network with a rectangular mesh having sides of length Ax in the x-direction and Ay in the y-direction. With: i even, j odd, the point is a S-point at which { is computed; i oddj odd the point is a u-point at which u is computed; i even j even, the point is a v-point at which v is computed. The rectangular grid system described above is chosen to cover the whole analysis area with m chosen to be even and n to be odd. The lateral boundaries of the finite difference grid are so constructed that the northern and southern open-sea boundaries 0, = 0 and y = L) consist of c-points and u-points. The western open-sea boundary consists of c-points and v-points. Meridional side-walls consist of Upoints and the latitudinal side-walls consists of v-points. The coastal boundary of the model region is formed by line segments connecting U, v-points so that the natural coast is approximated as closely as possible by a step-wise boundary configuration. The manner of the boundary construction is illustrated in Figure 2. The grid points lying within the analysis area and located at the coastal boundary or outside the analysis area are separated by defining an integer array. This array is formed by the numbers, 0, 1 representing land points and sea points respectively. During each step of computation reference is made to these numbers by an appropriate conditional statement in the program. Any variable X, at a grid point (i, j> may be represented by: x(Xi, Yj, fp) =
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where Ax and Ay are the grid increments. A sequence of time instants is defined by: t=t,=pAt
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In order to describe the finite difference equations, ence operators are defined by: A,X = (X$’
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a 1on g western open-sea boundary (20) The physical meaning of the radiation boundary conditions is that disturbances generated within the analysis area, and propagating towards the open-sea boundaries, are transmitted across those boundaries, in the form of outgoing progressive waves. They also help to eliminate the
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and a shift operator is defined by: EJ



using:
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The discretization



of (13) is then based on:
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Equation (27) yields an updating procedure to compute the elevation at all the interior c-points and is consistent with the mass conservation in the system. The elevations at j = 1 and i = 2,4, . . . , (m - 2) are determined by equation (18); in practice, this is applied at j = 2 and replaced by:



(28) thus, leading to an updating procedure for the elevation on the northern open-sea boundary 0, = 0) in the form of: (29) Similarly, along the open-sea boundaries at j = IZand i = m the elevations are updated by application of (19) and (20), which leads to: (30)



(31) The discretization
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It may be seen that when (34) is applied at j = 2 and at j = n - 1, the averaging operator references a value of v outside the analysis area. In this case, appropriate one-sided definition of 6, is used. The following general points are made about the discretizations. In equations (32) and (34) the pressure gradient terms are evaluated at the advanced time-level. This is possible explicitly using values of j- previously updated by application of (27) and, following Sielecki,“j ensures computational stability subject only to the timestep being limited by the space increment and gravity wave speed. In (32) the Coriolis term is evaluated explicitly at the old time-level whereas in (34) it is evaluated at the advanced time-level using the previously updated value of u. In both (32) and (34) the friction term is evaluated partly implicitly, the resulting difference equations being solved algebraically before incorporating them into the updating scheme. This ensures unconditional computational stability with reference to the treatment of the dissipative terms. While updating u and v at points adjacent to the stairstep boundaries, the central-difference scheme is used for the horizontal advection terms (a(uv)/ay and a(u$)l which automatically reduce to their one-sided approximation. This is because central-differences of these terms always contain a component of the horizontal velocity, either u or v depending on the position of the boundary, normal to the boundary which should, by definition, vanish.
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Equation (32) is used to update ti at the u-points. Updated values of u may then be deduced from ii and { by applying: u = a/(?” + h)



(33)



It can be seen that when equation (32) is applied at i = m - 1, the averaging operator references the value of u outside the analysis area, and to overcome this difficulty, an appropriate one-sided definition of 6, is then used. Similarly, when j = 3 and j = n - 2 the averaging operator references values of u at j = 1 and j = n and at these positions, a one-sided definition of 6, is used. With this procedure, values of fi (and hence u) may be updated at all the interior u-points. A similar discretization of (15) is based on: A,5 + &.(ii”?) = -gE,[(fy -
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Equation (34) is used for updating 5 at the v-points. Updated values of v are then deduced from those of V and < by
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