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Abstract—River-ocean coupled models are described for the evaluation of the interaction between

river discharge and surge development along the Orissa coast of India. The models are used to study the

effect of fresh water discharge from the Mahanadi River on the surge response along the Orissa coast due

to the October 1999 super cyclone which led to severe flooding of the coastal and delta regions of Orissa.

The so-called 1999 Paradip cyclone was one of the most severe cyclones; causing extensive damage to

property and loss of lives. The present study emphasizes the impact of the Mahanadi River on overall surge

development along the Orissa coast. Therefore, we have developed a location specific fine resolution model

for the Orissa coast and coupled it with a one–dimensional river model. The numerical experiments are

carried out, both with and without inclusion of fresh water discharge from the river. The bathymetry for

the model has been taken from the naval hydrographic charts extending from the south of Orissa to the

south of west Bengal. A simple drying scheme has also been included in the model in order to avoid the

exposure of land near the coast due to strong negative sea-surface elevations. The simulations with river-

ocean coupled models show that the discharge of fresh water carried by the river may modify the surge

height in the Bay, especially in the western Bay of Bengal where one of the largest river systems of the east

coast of India, the Mahanadi River, joins with the Bay of Bengal. Another dynamic effect of this inlet is the

potentially deep inland penetration of the surge originating in the Bay. The model results are in good

agreement with the available observations/estimates.

Key words: Mahanadi River, Bay of Bengal, tropical cyclone, numerical model, storm surge, fresh

water.

1. Introduction

The destruction caused by storm surges associated with severe cyclonic storms

along the Indian coastline is of great concern (DUBE et al., 1997). The coastal regions

of the state of Orissa (Fig. 1) occasionally experiences loss of life and severe damage

to property from tropical cyclones originating in the Bay of Bengal (MURTY et al.,

1986; DUBE et al., 1994, 1997, 2000a,b; DAS et al., 1983). The coastal districts of

Orissa (Fig. 2) have experienced major surges in the past. Storm surges and the rains
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� Birkhäuser Verlag, Basel, 2005

Pure and Applied Geophysics

Used Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.GENERAL ----------------------------------------File Options:     Compatibility: PDF 1.2     Optimize For Fast Web View: Yes     Embed Thumbnails: Yes     Auto-Rotate Pages: No     Distill From Page: 1     Distill To Page: All Pages     Binding: Left     Resolution: [ 600 600 ] dpi     Paper Size: [ 481.89 680.315 ] PointCOMPRESSION ----------------------------------------Color Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitGrayscale Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitMonochrome Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 600 dpi     Downsampling For Images Above: 900 dpi     Compression: Yes     Compression Type: CCITT     CCITT Group: 4     Anti-Alias To Gray: No     Compress Text and Line Art: YesFONTS ----------------------------------------     Embed All Fonts: Yes     Subset Embedded Fonts: No     When Embedding Fails: Warn and ContinueEmbedding:     Always Embed: [ ]     Never Embed: [ ]COLOR ----------------------------------------Color Management Policies:     Color Conversion Strategy: Convert All Colors to sRGB     Intent: DefaultWorking Spaces:     Grayscale ICC Profile:      RGB ICC Profile: sRGB IEC61966-2.1     CMYK ICC Profile: U.S. Web Coated (SWOP) v2Device-Dependent Data:     Preserve Overprint Settings: Yes     Preserve Under Color Removal and Black Generation: Yes     Transfer Functions: Apply     Preserve Halftone Information: YesADVANCED ----------------------------------------Options:     Use Prologue.ps and Epilogue.ps: No     Allow PostScript File To Override Job Options: Yes     Preserve Level 2 copypage Semantics: Yes     Save Portable Job Ticket Inside PDF File: No     Illustrator Overprint Mode: Yes     Convert Gradients To Smooth Shades: No     ASCII Format: NoDocument Structuring Conventions (DSC):     Process DSC Comments: NoOTHERS ----------------------------------------     Distiller Core Version: 5000     Use ZIP Compression: Yes     Deactivate Optimization: No     Image Memory: 524288 Byte     Anti-Alias Color Images: No     Anti-Alias Grayscale Images: No     Convert Images (< 257 Colors) To Indexed Color Space: Yes     sRGB ICC Profile: sRGB IEC61966-2.1END OF REPORT ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 576.0 792.0 ]     /HWResolution [ 600 600 ]>> setpagedevice



associated with the cyclones are major causes of coastal flooding in the region.

Damage can be minimized if the storm surges are forecasted well in advance. RAO

(1968) classified the Orissa coast in a category in which surges of around 3–5 m may

be expected. The most vulnerable region is the coastal stretch between Puri and

Balasore. It has been found that most of the severe cyclones in this region made

landfall near Paradip.

DUBE et al. (1994) developed a real-time storm surge prediction system. Further

improvements in the prediction system are carried out by developing a model on the

regional scale for the Andhra coast (RAO et al., 1997). In the present paper we have

developed a location specific storm surge model for the Orissa coast (henceforth

referred to as the bay model), which is vulnerable to inundation due to storm surges.

The model runs on a personal computer. The analysis region extends from 18.25�N
to 22�N and 84�E to 90�E (Fig. 2). We use the actual bathymetry from the naval

hydrographic chart for the region extending from the south of Orissa to the south of

west Bengal and a simple drying scheme has also been included in the model in order

to avoid the exposure of land near the coast due to strong negative surges. The

coastal boundary in this model has been taken as vertical side-walls through which

there is no flux of water. However, the use of an idealized vertical side-wall may lead

to a misrepresentation of the surge development.
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Figure 1

Bay of Bengal coast of India showing the location of the state of Orissa.
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Initially, the numerical model does not take into account the effect of any river or

inlet joining the sea. This may result in an unrealistic high sea-surface elevation in the

region where one of the largest river systems, the Mahanadi River, joins the Bay.

Dynamically, this river system may be important for two reasons: (i) variations in the

fresh water discharge may modify the surge height in the Bay, and (ii) the presence of

such waterway allows a potentially deep inland penetration of the surge originating

in the Bay.

Earlier, JOHNS and ALI (1980) developed a river-bay coupled model for the

simulation of surges along the Bangladesh coast. In the present work we have

modified the bay model by taking into account the effect of the River Mahanadi

joining the Bay near Paradip. However, in contrast to the work of Johns and Ali

(1980) our method does not depend on the patching together of computational

regions with different uniform grid spacing. It is more similar to the work earlier

reported by JOHNS et al. (1983) wherein a continuously contracting grid system is

used to resolve the surge development along the Orissa coast of India. Another

noteworthy difference in the formulation of our model from that of JOHNS and ALI

(1980) is the way in which the topography of the Orissa coast is represented. The

treatment of the coastal boundary involves a procedure leading to a realistic

curvilinear representation of the natural shoreline.

Using this ocean-river coupled model, we have performed numerical experiments

to simulate the surge generated by the October 1999 Orissa super cyclone.

Comparison of the results of this model with those obtained from the bay model

indicates that the surge height is significantly affected in the region where the river

joins the Bay. Experiments are also performed to investigate the effect of fresh water

discharge on the modification of surge height along the coast, and to estimate the

extent of inland penetration of surge water through the river. Hence, simulations

using both models, with and without inclusion of the river along the Orissa coast,

BAY OF BENGAL

b (y)
2

BALASORE

CONTAI

KONARK

PURI

GOPALPUR

KALINGAPATNAM

b (y,t)
1

CHANDBALI

PARADIP

OPEN SEA BOUNDARY

18.25 N

22.0 N

84.0 E 90.0 E87.0

20.0

BAY OF BENGAL

INDIA

ARABIAN
SEA8 N

68.5 E 98 E

35 N

ORISSA

MAHANADI RIVER

Figure 2

Map showing the Orissa coast and the analyzed region of the model.
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show that the incorporation of a river in the storm surge model leads to an important

change in the prediction detail.

2. Basic Equations

For the formulation of the model a system of rectangular Cartesian coordinates

are used in which the origin, O, is within the equilibrium level of the free surface. Ox

points towards the east, Oy towards the north and Oz is directed vertically upwards.

The displaced position of the free surface is given by z ¼ fðx; y; tÞ and the position of

the sea floor by z = )h(x,y). A western coastal boundary (the east coast of India is

situated at x ¼ b1ðyÞ and an eastern open sea boundary is situated at x ¼ b2ðyÞ.
Southern and northern open sea boundaries are at y = 0 and y = L, respectively.

The treatment of the boundaries involves a procedure leading to a realistic

curvilinear representation of both the western and the eastern sides of the analysis

region (Fig. 2).

The depth-averaged equations of continuity and momentum for the dynamical

processes in the western Bay, after neglecting barometric forcing and tide generating

forces, are given in the flux form by

@f
@t
þ @~u
@x
þ @~v
@y
¼ 0 ð1Þ

@~u
@t
þ @

@x
ðu~uÞ þ @

@y
ðv~uÞ � f~v ¼ �gðfþ hÞ @f

@x
þ Fs

q
� cf ~u
ðfþ hÞ ðu

2 þ v2Þ
1
2 ð2Þ

@~v
@t
þ @

@x
ðu~vÞ þ @

@y
ðv~vÞ þ f ~u ¼ �gðfþ hÞ @f

@y
þ Gs

q
� cf ~v
ðfþ hÞ ðu

2 þ v2Þ
1
2 ð3Þ

where,

ð~u;~vÞ ¼ ðfþ hÞðu; vÞ

u; v :depth-averaged component of velocity in the direction of x, y respectively,

f :sea-surface elevation above the mean water level,

h :water depth,

t :time,

q :density of the seawater,

f :Coriolis parameter (¼ 2x sin/),
g :acceleration due to gravity,

FS ;GS :x and y components of the surface wind stress,

cf :bottom friction coefficient (¼ 2:6� 10�3)

The surface stresses are parameterized by a conventional quadratic law as follows

ðFs;GsÞ ¼ cdqaðu2
a þ v2aÞ

1
2ðua; vaÞ
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where cd ¼ 2:8� 10�3 is the surface drag coefficient, qa is the density of the air and

ua; va are the x and y components of the surface wind.

3. Boundary Conditions

The boundary condition at the western coastal boundary which is a vertical side-

wall, is given by

u� v
@b1

@y
¼ 0 at x ¼ b1ðyÞ: ð4Þ

At the eastern open sea boundary, a radiation condition is applied similar to that

used by JOHNS et al. (1981). This leads to

u� v
@b2

@y
� g

h

� �1
2

f ¼ 0 at x ¼ b2ðyÞ: ð5Þ

Conceptually similar radiation conditions are applied at the southern and northern

open sea boundaries to yield

vþ g
h

� �1
2

f ¼ 0 at y ¼ 0; ð6Þ

v� g
h

� �1
2

f ¼ 0 at y ¼ L: ð7Þ

Further, a curvilinear representation of the coastal boundaries has been carried out,

similar to the work by DUBE et al . (1994).

4. Fine Grid Resolution Adjacent to the Coast

Increased resolution near the coast is important to represent the topography

more realistically. Since the location of the first off-shore point influence compu-

tation of the surge, more accuracy in prediction can be achieved by increasing the

resolution near the coast. This can be done by further transformation of n
coordinate. This is achieved by defining a new variable g by

g ¼ nþ e ln
nþ n0

n0

� �
; ð8Þ

where n ¼ ðx� b1ðyÞÞ=bðyÞ; bðyÞ ¼ b2ðyÞ � b1ðyÞ, and e and n0 are disposable

parameters.

By virtue of equation (8) the increments Dn and Dg are related by

Dn ¼ Dg
1þ e=ðnþ n0Þ

ð9Þ
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If we consider a uniform value of Dg and take e ¼ 0:04 and n0 ¼ 0:001,

Dg! 0; so that

ðDnÞn¼0:0 ffi ð0:024ÞDg;

ðDnÞn¼0:5 ffi ð0:0926ÞDg;

ðDnÞn¼1:0 ffi ð0:0962ÞDg:

Thus, near the coastline, the transformation (8) will lead to a substantial mesh

refinement in which the grid increment is reduced to a fraction of its essentially

uniform value between n ¼ 0:5 and n ¼ 1:0. Therefore, the use of equation (8) in

equations (1)–(3) will assist in the incorporation of a more detailed bathymetric

specification in the important coastal region. It must, however, be emphasized that

the use of such a transformation is not without attendant danger. Equation (8) would

be a natural transformation to use if the solution were known to have an almost

linear dependence on f. This, of course, is not necessarily the case and an injudicious

choice of values for e and n0 could lead to results contaminated by a substantial

truncation error.

Writing

@n
@g
¼ F ðgÞ ¼ 1

1þ e=ðnþ n0Þ
ð10Þ

equations (1)–(3) take the form

@

@t
ðbfÞ þ 1

F
@

@g
ðbHUÞ þ @

@y
ðbHvÞ ¼ 0 ð11Þ

@~u
@t
þ 1

F
@

@g
ðU~uÞ þ @

@y
ðv~uÞ � f~v ¼ � gH

F
@f
@g
þ bF S

q
� cf ~u

H
ðu2 þ v2Þ

1
2 ð12Þ

@~v
@t
þ 1

F
@

@g
ðU~vÞ þ @

@y
ðv~vÞ þ f ~u

¼ �gH
b@f
@y
� @b1

@y
þ n

@b
@y

� �
1

F
@f
@g

� �
þ bGs

q
� cf ~v

H
ðu2 þ v2Þ

1
2

ð13Þ

where U is the velocity normal to the coastline and is given by

U ¼ 1

bðyÞ u� @b1

@y
þ n

@b
@y

� �
v

� �
ð14Þ

with ~u ¼ Hbu;~v ¼ Hbv;H ¼ fþ h.
A conditionally stable semi-explicit finite difference scheme with staggered grid is

used for the numerical solution of the model equations. The staggered grid consists

of three distinct types of computational points on which the sea-surface elevations

and the zonal and meridional components of depth-averaged currents are computed.

Following SIELECKI (1968), the computational stability is achieved by satisfying the
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CFL (Courant-Friedrich-Lewy) criterion. In the present model this condition is

satisfied by limiting the time step of integration to three minutes.

The bottom stress is computed from the depth-averaged currents using the

conventional quadratic law with a constant coefficient of 0.0026. This value has been

achieved by performing several numerical experiments (JOHNS et al., 1983).

The bathymetry for the model is derived from the Naval Hydrographic Charts

and is interpolated at the model grid points by using a cubic spline interpolation

scheme. With this procedure, sufficiently accurate and realistic bathymetry is

generated. A simple drying scheme has also been included in the model to avoid the

exposure of land near the coast due to strong negative surges.

5. The River Model

The Mahanadi River is the sixth largest among the 14 major rivers of India that

traverses and spreads over the states of Madhya Pradesh, Bihar, Maharashtra and

Orissa before joining the Bay of Bengal. The river is 857 km long with a drainage

area of 141,600 km2 and accounts for 4.3% of the total area of the country. The

depth of the river varies from 2–12 m. It extends between 80�30¢E and 86�45¢E
longitudes; 19�20¢N and 23�35¢N latitudes. RAO (1990) suggested that the monthly

stream flow data vary greatly; the largest value being in August and smallest during

pre-monsoon months.

The Mahanadi estuarine region is determined by the extent of penetration of

saline water, which depends on the season and different phases of the semidiurnal

tide. It is observed that the distance of penetration of salt water varies from 25 to

35 km from the mouth, depending on the season. Hence the river channel is

modelled by considering its length, ‘, to be about 30 km upto which saline water

intrusion is prevalent, neglecting other tributaries (Fig. 2). The breadth and mean

depth are based on the data available from the Survey of India (SOI). Numerical

experiments are performed for the river during the month of October. The channel

has 36 uniform computational points in the horizontal with the grid increment (Dx)
of 857 m and the time step has been taken as 90s. The freshwater discharge, Q, at

the head of the river is specified to be 32, 376 m3s)1 (ADSORBS, 1993–94). The same

depth has been ensured for the common grid point of the river and the bay models.

The river is modelled as a channel with a variable but prescribed rectangular cross

section with a flow that is assumed to be unidirectional. It is a 1-D barotropic depth-

averaged numerical model. In the western Bay of Bengal the Mahanadi River

connects with the main analysis area whose configuration is shown in Fig. 2.

Following JOHNS and HAMZAH (1968), the meanders of the river have not been

considered in the present model. However, in order to take into account the actual

breadth of the river it is assumed that the x-axis is chosen in such a way that it is

equidistant from either side of the river banks. The direct action of the meteoro-
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logical and astronomical influences is ignored. The origin, O, is taken in the

equilibrium level of the free surface and is located at the mouth of the river at x ¼ 0.

The landward end is denoted by x ¼ ‘. The axis Ox is directed towards the west and

Oz is directed vertically upwards. The elevation of the free-surface above its mean

undisturbed level is denoted by z ¼ fðx; tÞ and the bottom topography by z ¼ �hðxÞ.
The depth-averaged velocity, u, in the river then satisfies

B
@f
@t
þ @

@x
ðBHuÞ ¼ 0 ð15Þ

and

@

@t
ðBHuÞþ @

@x
ðBHu2Þ ¼ �gBH

@f
@x
� Bcf ujuj; ð16Þ

where BðxÞ is the breadth of the river at x. The bottom stress has been parameterized

by a conventional quadric law qcf ujuj. At the free surface the applied surface wind

stress is taken as zero.

Dynamical conditions in the Mahanadi River are determined from equations (15)

and (16). In order to generate the motion in the river the forcing is prescribed from

the bay model, in the form of surge height at the river mouth.

5.1 Matching Conditions

The precise way in which the matching conditions between the bay and the river at

the river mouth is accomplished, is important because of the transition from a fully

two-dimensional bay model to a one-dimensional river model. The appropriate

matching conditions at the river-bay junction are

fbay ¼ friver ð17Þ

ubay � vbay
@b1

@y
þ uriver 1þ @b1

@y

� �2
 !�1=2

¼ 0: ð18Þ

Equation (17) implies continuity of sea-surface elevation across the section while (18)

ensures continuity of the volume flux. Similar matching conditions of surface

continuity and volume continuity have also been used by JOHNS and ALI (1980).

5.2 Boundary and Initial Conditions for the River Model

At the river head we have considered two types of conditions. Either

u ¼ 0 ð19Þ

when no fresh water input is considered, or

u ¼ Q
BH

ð20Þ
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when the fresh water discharge is considered. Here, Q denotes the volume of fresh

water entering the river per unit time, and it may be a constant or a prescribed

function of time.

The matching condition (17) and boundary conditions (4) and (5) take the form

bU þ uriver 1þ @b1

@y

� �2
 !�1=2

¼ 0 at the bay-river junction ð21Þ

U ¼ 0 at g ¼ 0 ð22Þ

and

bU � g
h

� �1=2
f ¼ 0 at g ¼ gm ð23Þ

where

gm ¼ 1þ e ln 1þ 1

n0

� �
: ð24Þ

6. Numerical Procedure

The grid points for the river model are on the x-axis which runs along the middle

of the river. There are two kinds of grid points for the river. When i is odd the point is

f- point at which f is computed. When i is even, the point is a u-point at which u is

computed. The river mouth is represented by a f-point while the river head is given

by a u-point. The depth h and the breadth B are prescribed at both types of points.

In the bay model the computations are performed on a staggered grid consisting

of three distinct types of grid points. When i is even and j is odd, the point is a f-point
at which elevation is computed. If i is odd and j is odd, the point is a u-point at which

both u and U are computed, and finally when both i and j are even, the point is a v-

point at which v is computed. Along g ¼ 0, there will be only u-points and at each of

these points U = 0 identically, except at the grid point on the mouth of the river

where the continuity of volume flux is ensured. We choose m to be even so that

g ¼ gm consists of both f-points and v-points. We also choose n to be odd thus

ensuring that there are only f-points and u-points along y = 0 and y = L. The factor

F ðgÞ is evaluated at each of the discrete g-points by applying a Newton-Raphson

iterative procedure. The corresponding discrete values of F ðgÞ are derived from (10).

Equations (15) and (16) yield procedures for updating elevation and current in

the Mahanadi River. The value of f at the head of the river is extrapolated from the

interior. The solution developed by this process must match the solution of the bay

model. With a forcing applied at the mouth, the river model can be operated

independently of the bay model.

Vol. 162, 2005 Effect of the Mahanadi River on Storm Surge’s in India 1681



6.1 Matching of the River Model with the Bay Model

For the solution process in the river model, the extrapolated value of the

elevation from the bay model at the bay-river junction (referred to as the pivot point)

provides a forcing for the motion in the river. The use of equations (15) and (16)

leads to updated elevations and currents at the f- and u-points in the river, except for

the current at the head of the river where the u-velocity is given by one of the

boundary conditions (19) and (20). The updated elevation at the pivot point from the

river model is chosen to update the elevations in the bay model by using condition

(17) for the next iteration.

Using the current computed at the first u-point of the river, the boundary values

of Umay be determined for the bay model. This must be consistent with (21) which is

replaced by

ðUÞg¼0 ¼ �
1

b
uriver
� �

x¼Dx
1þ @b1

@y

� �2
 !�1=2

: ð25Þ

By making use of the previously updated (or initial) elevations in the bay model, this

matching procedure leads to updated elevations in the river and, additionally, yields

boundary values of U across the mouth of the river to be used in the next updating of

the bay model variables.

7. Numerical Experiments

In the present study numerical experiments have been first performed with a

location specific storm surge model (bay model) for the Orissa coast having an

idealized vertical side-wall. Next, numerical experiments have been conducted with a

model in which the River Mahanadi joins the above-mentioned bay model near

Paradip. Here, two experiments have been conducted, with and without river

discharge from the upstream station, and their effect on the surge development along

the coast has been analyzed. For both the models, without river and with river (for

the case when the fresh water discharge is excluded), we prescribe an initial state of

rest and integrate the governing equations (11)–(13), (15) and (16) ahead in time upto

a total of 36 hours.

When fresh water discharge is taken into account in the river-bay model, the

preliminary integration of the model equations requires the establishment of initial

conditions corresponding to the fresh water discharge. In order to achieve this, we

first prescribe an initial state of rest and integrate the governing equations ahead in

time upto a total of 150 hours in order to reach a steady-state with only the

prescribed fresh water discharge and no wind stress at the sea surface. Defining this

steady-state condition as the initial state, the cyclonic wind stress was subsequently
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applied and the model was run for another 36 hours to obtain the final results. In all

our experiments, a time-step of 3 minutes was found to be consistent with the

computational stability.

Using both models, with and without the inclusion of river, numerical

experiments are performed to simulate the surge heights associated with cyclonic

storms which struck the Orissa coast during October, 1999. The track of the cyclone

in the analysis region is shown in Fig. 3. India Meteorological Department (IMD)

estimated a lowest pressure of 98 hPa and a radius of maximum wind of 40 km at

landfall near Paradip. These data were used in the model to carry out numerical

experimentation. The wind stress forcing for driving the models has been computed

by using the storm model of JELESNIANSKI and TAYLOR (1973).

8. Results and Discussion

A depression formed in the Bay of Bengal near 12�N and 98.5�E at 0600 UTC of

25th October, 1999. It became a cyclonic storm in the early hours of the 26th and was

located at 13.5�N and 96.5�E. The cyclone moved further in a northwesterly direction

and lay centered at 16�N and 92�E. It became a severe cyclonic storm with a core of

hurricane winds on the 27th at 0300 UTC. The cyclone further intensified into a very

severe cyclonic storm and lay centered at 17.5�N and 89.5�E on the 28th. The surge

prediction was carried out using the track given by IMD after the cyclone crossed a
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Figure 3

Surge contours (m) associated with 1999 Orissa cyclone and its track.
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few km south of Paradip in Orissa. For numerical experiments, the starting point of

the cyclone center is at 18�N and 88.5�E on the 29th of October at 0600 UTC.

Figure 3 delineates the computed surge contours along the Orissa coast using the

bay model. It may be seen that the maximum surge of 7.7 m occurs to the right of the

point of landfall. The coastal region between Konark and Chandbali is affected by a

surge of more than 5 m. Post-storm survey reports of IMD also show that the surge

was more than 7 m in proximity to Paradip.

In Fig. 4 we provide the distribution of the predicted maximum sea-surface

elevation (peak surge envelope) along the Orissa coast using both models. The surge

has been computed from the bay-river model both without and with fresh water

discharge (henceforth referred to as MWD0 and MWD, respectively). The peak

surge envelope for the bay model which does not include the river, henceforth

referred to as BM, is also shown in Figure 4 for comparison. It can be seen that the

maximum sea-surface elevations along the coast are the same except in the region

near Paradip where the River Mahanadi joins the bay. MWD0 and MWD predict a

maximum surge of 6.4 m and 6.5 m, respectively, at the river mouth where the

predicted peak surge from BM is 6.8 m. Thus, the surge height computed by BM is

higher than that obtained from MWD0 and MWD. This may presumably be

attributed to the unrealistic accumulation of water near Paradip because of the

assumption of an idealized vertical side-wall in BM. In MWD0 and MWD this piling

up does not occur since the water is allowed to penetrate through the River

Mahanadi thus reducing the maximum sea-surface elevation. A comparison of the

results obtained from MWD0 and MWD indicates that the maximum surge

predicted by the latter is about 10 cm higher at the river mouth. This may be due to

the fact that the initial conditions corresponding to the fresh water discharge lead to

a surface elevation above its equilibrium level in the river. We also note that the peak

surge of 7.7 m occurs at the same position, P , in all three cases and the inclusion of

the river has no impact on the peak surge, as the location of P is about 21 km away

from the river mouth.

Fig. 5 presents a comparison of the temporal variation of the surge at the mouth

of the Mahanadi River as computed fromMWD0, MWD and BM. We note that BM

yields, in general, a higher surge with a maximum difference of approximately 7%

between 0002 UTC and 0330 UTC on 30th October, 1999. It may be seen that during

the resurgence phase BM, MWD0 and MWD predict rapidly falling sea-surface

elevations. However, MWD0 produces about 6% lower surge values compared to

BM between 0700 UTC and 1800 UTC on 30th October, 1999. We also note that the

computed phase difference between MWD0, MWD and BM is insignificant and the

peak surge in the three cases occurs at about the same time.

The surface elevations in the Mahanadi River are also studied by integrating the

model for 36 hours after steady state is reached in the case of MWD. Figure 6

provides an idea of the inland distance along the river upto which significant surface
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elevations may be expected, using both cases of with and without fresh water

discharge at the river head.

It may be seen from Fig. 6 that the difference between the predicted surge

response from MWD0 and MWD is insignificant upto a distance of about 8 km from

the mouth of the river (x ¼ 0). Further landward there is an appreciable difference

between the results obtained from MWD0 and MWD with the former predicting

lower values of peak surge than the latter all along the river. A maximum difference

of 13% is seen at a landward distance of about 21 km. The surface elevation in the

river is higher, in general, in the case of MWD as compared to MWD0. This may be

due to the initial conditions corresponding to the fresh water discharge leading to a

surface elevation above its equilibrium level.
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Peak surge envelope along the Orissa coast.
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9. Conclusions

We have developed depth-averaged storm surge models for simulating the surges

along the Orissa coast. Our analysis area includes a representation of the River

Mahanadi. Using a forcing wind stress distribution representative of the 1999 Orissa

super cyclone, a comparison is made between simulations using models both with

and without inclusion of the river along the Orissa coast. The incorporation of a river

in our model has shown that surge may penetrate inland, thus leading to a flooding

hazard in the inland waterways of Orissa. It has also been shown that the surge

response inside the river depends significantly upon the fresh water discharge. Thus,

the response of the river on the surge development in the coastal and estuarine

regions is appreciable and should be taken into account for any storm surge

prediction study.

The model results reported in this study are in agreement with the available peak

surge observations/estimates. The results emphasize the suitability of fine resolution

location specific models for a reasonable prediction of surges along the Orissa coast.
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Temporal variation of the predicted surge (m) at the mouth of the Mahanadi River.
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In the present study, the cyclonic storm is the sole driving force for the dynamical

processes in the sea. Tidal solution has not been used to provide the initial conditions

for tide and surge interaction in the bay. Therefore, the nonlinear interaction of surge

and the tide has not been considered in this study. Such an interaction may be

significant if the occurrence of the surge coincides with that of the high tide. The

model may be used for operational prediction of storm surges along the Orissa coast

of India.
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