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ABSTRACT. A coastal zone numerical model has been used to estimate the surge generated by the
June 1982 Orissa cyclone. In this model the analysis area extends from 6 N to about 22 N along the ecast
coast of India and there is an open-sea boundary situated, on average, about 300 km from the coast.
The model utilises a curvilinear boundary treatment to represent the coastlines and uses a non-uniform
off-shore grid-spacing adjacent to the coastal boundaries. This allows an increased resolution near the
Orissa coast,

Using a forcing wind-stress distribution representative of the Orissa cyclone, we compare the
model predicted surges with the observed sea-surface elevations along part of the Orissa coast north of
Paradip. The predicted peak surge elevation above mean sealevel compares well with the observed

values at the Paradip port and Dhamra harbour,
1. Introduction

A servere cyclonic storm with wind speed of about
100 to 110 kt struck the north Orissa coast on the
night of 3 June 1982 at 2130 IST. Underits influence
high surges were generated and the coastal stretch
extending from Paradip to Balasore was affected due
to saline water inundation. All along this coastal
stretch heavy damage was caused to the paddy fields,
roads, buildings, irrigation embankments, as a result
of high tides.

The cyclonic storm which formed over the east
central Bay of Bengal on 1 June 1982 and was expected
to cause a gale wind with speed of 40 to 45 kt suddenly
intensified into a severe cyclonic storm with wind speed
of 85 to 110 kt in the afternoon of 3 June. The track
of the cyclone, which has been constructed on the basis
of synoptic and radar fixes of the storm centre, is shown
in Fig. 1.

In the present paper an attempt has been made to
simulate numerically the surge generated by this
cyclonic storm. A number of models have been develo-
ped for simulating the surges in the Bay of Bengal

by serveral workers (Das 1972; Das et al. 1974; Das
1981; Johns and Ali 1980; Johns 1981; Johns et al.
1981, 1982, 1983 a, 1983b, etc). In our simulation experi-
ment we use a coastal zone model, the dynamical
formulation of which has been discussed by Johns
et al. (1983 a). The analysis area of the model is shown
in Fig. 2. On average, the width of the coastal zone
is about 300 km and the coastline is represented by a
realistic curvilinear boundary treatment analogous
to that reported by Johns er al. (1981). The model
uses a non-uniform off-shore grid-spacing adjacent to
coastal boundary which permits an increased resolution
near the Orissa coast.

Numerical experiments performed with this model
lead to a surge response along the north Orissa coast
which is in good agreement with the observed values.

2. Basic dynamical formulation

The sphericity of the earth’s surface is neglected
and we use a system of rectangular cartesian coordinates
in which the origin, O, is within the equilibrium level
of the sea-surface. Ox points towards the east, Oy points
towards the north and Oz is directed vertically upwards.
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Fig. 1. Track of Orissa cyclone : 1-4 June 1982

T]le displaced position of the sea-surface is given by
= {(x,y,t) and the position of the sea-floor by
z = —h (x, ). A western coastal boundary (the east
coast of India) is situated at x=h,(y) and an eastern
open-sea boundary is at x=b,(y). Southern and
northern open-sea boundaries are at y=0 and y=L
respectively. This configuration is shown in Fig. 2.

The basic hydrodynamic equations of continuity
and momentum for the dynamical processes in the
sea, may then be given by:

%C___ x l(th)uj —,——l(s + h) 1'J=0 (1)
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where,
f: coriolis parameter,
g : acceleration due to gravity.

t: time,
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Fig. 2. Analysis area

u, v : depth averaged currents of water towards the
east and north respectively,

p @ density of the sea-water,

4 L .
(<" 7)) : x and y components of wind stress and

(r,~ %, 7,7%) : x and y components of bottom stress.

In writing the Eqns. (2) and (3), the pressure is taken
as hydrostatic and the effect of astronomical tide genera-
ting forces and barometric forcing are omitted. The
applied surface wind stress and the bottom stress are
parameterised by a conventional quadratic law :

‘r-l:E: CO Ug (”1:2 + V2 t (4)
7y = Co Ve (a? + vt (5)
and 7,7* = Cpu (u* - v'-')& (6)

Cpv (u"‘-l,—v“‘)!l )

uniform surface friction coefficient, which
is taken as 2.8 107%,

bottom friction coefficient,
taken as 2.6 10™* and

which is

components of the wind towards the
east and north respectively.
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Following Johns et al. (1981, 1982, 1983 a), the
lateral boundary conditions for the present model
may be written as :

b _ &
1—1 1 0 atx = b, (») (8)
Pl -a"= @mt - b () )

v -+ (g,fh)il; = aty =0 (10)

v—(h =0 aty =L (11)

3. Coordinate transformation

In order to facilitate the numerical treatment of
an irregular boundary configuration, we introduce
a coodinate transformation (Johns er al. 1981),
which is based upon a new set of independent variables,
&, y and t where,

—b,
£ x_b(y%l— (12)
b (}’) = b: (}') e bx U‘) (]3)

Eqns. (1), (2) and (3) may then be transformed into
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The lateral boundary conditions (8) and (9) become
U=0 at £ =0 (19)
b(WU—(g/ht{=0at £ =1 (20)

Since the coastal surge elevations are effectively
dependent upon the near-coastal bathymetry, a desira-
able feature of storm surge simulation schemes is the
ability to incorporate increased resolution adjacent
to the coastline. This is achieved by introducing a
log-linear transformation (Johns ef al. 1983 a) in which

n=¢§+eln{(f 4 &)} @n
where ¢ and £, are disposable parameters.

If we select ¢ =0.04 and £&; = 0.001, it may be
seen that the transformation (21) leads to a substantial
grid refinement adjacent to coastal boundaries in
which the first point off-shore of Paradip is about
7 km,

Taking #, y and ¢ as new independent coordinates
equations (14)-(16) then lead to
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Eqns. (22)—(24} form the basic set for the numerical
solution process.

4. Numerical solution procedure

We write discrete coordinate points in the %-p plane
as :

"J:"Uz(j'—'l)ﬁ"h Ji=12 + 1 s 3m3
An=nu[(m—1) (26)

where 7, is determined from (21) with ¢ =1,
T = 1+ eIn(l + 1/£p) 27

We also write

J’-':yj:(j—])Ay, J=]s 2,- o 13
Ay=L[(n—1) (28)
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Fig. 3. Grid-point arrangement

A sequence of time-instants is defined by

t=t,=pAt, p=0,1...... (29)

The finite-difference grid selected for the numerical
solution of (22)-(24) is completely analogous to that
used by Johns et al. (1981, 1982, 1983 a). In the -y
plane, we use a staggered grid in which there are three
distinet types of computational points. With 7 even
and j odd. the point isa {-point at which ¢ is computed.
If i is odd and j is odd the point is a w-point at
which both u and U are computed. If i is even and j
is even, the point is a v-point at which v is computed.
Along 7=0 we, therefore, have only u-points and
at each of these we have U =0 identically. We choose
mto be even so that n=1 consists of both {-points and
y-points. We also choose # to be odd thus ensuring
that there are only {-points and w-points along y=0
and y=L. This arrangement of grid points is shown
in Fig. 3. The factor F (7)) is evaluated at each of the
discrete 7-points given by (26). In order to do this,
relation (21) is used to determine the value of ¢ at
each of the,discrete 5-points by applying a Newton-
Raphson iterative procedure. The corresponding
discrete values of F () are derived from (25).

Any variable y, at a grid point (i, /) may be represen-
ted by
x (mis ¥ie 1) = %% (30)
In order to describe the finite-difference equations,
we define averaging operators by
;C'q = ",_"[xpi-"'uj -+ Xpi_w-j]s

’;y = ¥ [xPij41 + X0 jl

Difference operations are defined by
1

AgX = {x"’ —x, }I/_\,t

s x=4% e

- 4
x={x, .~ «, }/(?-M) €
and a shift operator is deﬁned by

»+1

Ex=x, (33)
The equation of continuity, (22) is then discretised

according to

A@O-+8, [b@ - NUL-L8,5%=0 (34

Eqn. (34) yields an updating procedure to compute
the elevation at all the interior I-points and is
consistent with the mass conservation in the system.
The elevations at j =1 and i =2,4,..., m-——2 is
determined by Eqn. (10), in practice, this is applied
at j=2 and is replaced by

(£ (6
— hl“l il

thus leading to an updating procedure for the elevation
on the southern open-sea boundary in the form of

T N wpt1 - ,4'}‘.-,‘ é N
i B = ( E_‘) Via (36)

Similarly, the elevations at j=p and i =2, 4,, ..,

m-—2 is determined from (11) which takes the form

I \ 2
3(.’[:;__'_) vlf"”_l (37)

The elevations along the eastern open-sea boundary
n=1 is determined from (20) which yields

el ( J’“_":‘.J\
g

my m—2, i

(38)

m—l. j

Eqn. (38) vields updated elevations for i =m.

Elevations along the coast at /=1 are not carried in
our computational scheme. They are, therefore, deter-
mined by linear extrapolation from the
{-points by using

ril 1 Pl +1
4 —.3(3%,. o ) (39)
Eqn. (23) is discretised as follows :
- 3?1 [U’] ;'"q ] + 3”[ i Ey J_
— 2 E [(z:*f -h) 8 c]
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=G E ()
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adjacent
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Fig. 4. Contours (in metres) of equal sea-surface elevation
at 2200 IST on 3 June

This equation is used to update ;; at the u-points.
Updated values of  may then be obtained by applying
(18) as

E; ()
B = L@+ 1) 9

Eqn. (40) is applied for i=3, 5,. . -, m—1 and j=3,
5,..., n—2. With the help of (19), the boundary value
of U at i=1 [referenced by the averaging operator in (40)]
is identically zero. When applied at i=m—1, the averag-
ing operator in (40) references a value of U outside the
analysis area and, to overcome this difficulty, an appro-
priate one-sided extrapolation of &y is used. Similarly,
when (40) is applied at j=3 and j=n—2, the averaging
operator references values of u at j =1 and j=n and,
at these positions, we also use a one-sided definition
of 8. In this way, values of . (or u) may be updated
at all the interior u-points.

A similar discretisation scheme is applied to Eqn. (24)
whose finite difference form may be written as

D+ ':ﬁ 61; (L_]y W ) -+ Oy (v E, (f'u_?;)')
W - - a b.l ,.b ¥y ,
= —gE[b (T -+ h) SyC—(W 18, _;}_)(C ;—i)
z b, Cpl Gv)? 214 )
ol At '7?# T [pf-:‘(@)r r _+,r ; P e @

This equation is used to update ¥ at the v-points.
Updated values of v may then be obtained by applying
(18) as

E @

B0 = ET@+ml “3)

Eqn. (42) is applied for i=2, 4,...., m—2 and j=2,
4...., n—1. One sided definitions of 3, are used when
j=2 and j=n—L.

Once u and v are updated, U may also be updated
by applying (17). The discretised form of this may be
written as

= L, (2 a_b_),,] 44
__b—[” (_8)—?-' §ay v (44)

5. Stability ' L

The stability characteristics of this computational
scheme have been discussed by Johns er al. (1981).
Infact, the computational stability is ensured by just
restricting the time increment At governed by the
CFL (Co:\{ant-Friejrich-Lewy) criterion, i.c.,

(2 )t %’r <1 (45)

Taking into account the maximum depth of water
hmax encountered within the model, a permissible value
of At may be determined.

6. Numerical experiments

Numerical experiments are performed using the
analysis area shown in Fig. 2. On average, the width
of the coastal zone is about 300 km. An idealized
cyclone moves along the indicated northwesterly track
for about 11 hours before landfall at the north Orissa
coast, Thus our experiment allows the complete re-
cording of the surge generating capacity of the cyclone
after its intensification into a sevete cyclonic storm
(1030 IST on 3 June 1982).

Dube ¢t al. (1981) have studied the effect of different
pressure and wind profiles on storm surges. However,
in the absence of adequate observations, in the presen
study the wind field is simulated by applying following
empirically-based formula suggested by Jelesnianski
(1965)

¢ Vo (r/RY2 forr < R }

V =
i Vo (RIF)V2 forr > R (46)

where, F, is the maximum sustained wind, R the radius
of maximum wind and r is the distance from the centre
of the cyclone. Using reports from the India Meteorologi-
cal Department, we take V=50 m s~ and R=40 km.

In this study, we have taken m=10, n=49, €=0.04;
£,=0.001. Thus, 9, ~1.27 and An ~ 0.14,

[t may be seen that with the above selection of para-
meters, the first off-shore grid-point at which the eleva-
tion is computed is, on average, about 7 km from the
coastline and Ay ~ 36.5 km.
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Fig. 5. Time variation of the predicted sea-surface elevation at
coastal stations. The symbol @ on the time-scale indi-
cates the time of landfall

In our numerical experiments, we prescribed an
initial state of rest and integrated the governing equa-
tions ahead in time upto a total of 30 hours. A time-step
of 3 min. was found to be consistent with computa-
tional stability. We also considered the sea surface
response during the 19 hours after landfall when the
system starts to enter the resurgence phase.

7. Results and discussions

In Fig. 4, contours of equal sea-surface clevation
are given for coastal regions of Orissa and north
Andhra Pradesh. This spatial distribution of surge
correspond to about 30 min, after the landfall, that is,
at 2200 IST. It may be seen from the figure that a
positive surge of more than 4.5 m occurs to the right
of the track (north Orissa coast), while a strong nega-
tive surge (in excess of 4 m) develops to the left of
the storm (south Orissa coast). This is consistent with
the local evidence of surge all along the north Orissa
coast, while there was no trace of any surge to the
south of Paradip. These results also confirm the earlier
findings of Dube et al. (1982) that along the Orissa
coast, which does not have significant curvature, the
peak surge occurs always to the right of the landfall.

Fig. 5 depicts the time variation of storm surge at
five points along the north Orissa coast. All the three
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Fig. 6. Maximum sea-surface elevation and time of cccurrence
along north Orissa coast

stages of the surge-forerunner, the main surge, and
resurgence phase may clearly be seen from the temporal
variation of the coastal surface elevations, The maxi-
mum surge height of 4.8 m is predicted at a place
about 35 km north of Dhamra harbour. The peak
occurred at 2200 IST on the night of 3 June. This
main surge remains for a very short period (less than
30 min.) and is followed by the resurgence phase.
During resurgence the sea-surface clevation falls
rapidly from its maximum value and becomes negative
after the next 10 hours period and a sea-surface depres-
sion of about 35 cm is predicted at 1630 IST on
4 June.

The predicted time history of surge at Paradip
indicate a maximum sea-surface elevation of 1 m in
the afternoon of 3 June at about 1600 IST. This main
surge persists for about one hour before falling rapidly
and becoming negative at 1900 IST. At Paradip, a
maximum sca-surface depression of about 2 m is pre-
dicted at 2300 IST (3 Junc) with a subsequent
increase in the water height leading to a depression
of about 50 ¢m in the afternoon of 4 June.

About 35 km to the northeast of Paradip (20 km
to the NE of landfall), the predicted surge height is
about 3 m which occurs at 2000 IST on 3 June, Here
again the main surge is very short-lived (less than
30 min.) and the surge becomes negative within two
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and half hours of the occurrence of its peak value. A
sea-surface depression of 80 cm is predicted at 0030
IST on 4 June.

At Dhamra harbour, the sea-surface elevation rises
gradually to attain its peak value of 3.5 m at 2030
hours IST on 3 June. This high sea-surface elevation is
again short-lived and it falls rapidly to become negative
in the early morning of 4 June. A negative surge of
about 67 cm is predicted at 0700 IST after which the
elevation changes in the form of a damped free oscil-
lation.

In the extreme northeast of Orissa at Chandipur,
the maximum predicted surge elevation of about 1.5 m
occurs at 2230 IST on 3 June, The main surge conti-
nues for a period of about 2 hours after which it falls
gradually during the resurgence phase and becomes
10 cm after the 30 hours of integration.

It is interesting to note from Fig. 5 that a positive
surge responsc is predicted along the entire coast of
north Orissa, where heavy inland flooding with high
surge was reported to occur during the night of 3
June.

In Fig. 6 we give the distribution of the predicted
maximum sea-surface elevation (peak surge envelope),
observed surge and its time of occurrence along the
north Orissa coast. This provides an idea of the coastal
stretch upto which the significant surge may be ex-
pected. Along this portion of the Indian coast there are
two tide gauge stations. The one at Paradip port is an
automatic tide gauge which provides continuous record
of precise tidal observations while at Dhamra port
hourly tidal observations are made with the help of a
graduated pole. The observation at these tidal stations
indicate the elevation due to the simultaneous pre-
sence of both surge and tide. If we assume that the
total sea-surface elevation is the result of purely lincar
superposition of surge and tide, the contribution due
to the storm generated surge may be obtained by sub-
tracting the predicted values of astronomical tides
(available in the Tide Table) from the actually ob-
served sea-surface elevations.

It may be seen from the figure that the maximum
surge height of 4.8 m is predicted at a place which
is about 90 km to the right of landfall point. The time
of occurrence of this peak surge coincides with the
time at which high sea-surface elevations (surge and
tide) of 6-7 m were reported from the region.

A maximum surge of about 3.5 m is predicted at
Dhamra port (about 55 km to the right of landfall)
at 2030 IST on 3 June. A peak elevation of 6.7 m was

observed at this tidal station on the night of 3 June
at 2200 IST while according to tide table the predicted
astronomical tide was 2.8 m at about the same time.
Thus the observed sea-surface elevation was in excess
by 3.9 m over the usual high tide. Hence it may be
seen that our predicted surge (3.5 m) and the observed
maximum surge (3.9 m) at Dhamra are in good agree-
ment, although the model appears to produce the peak
elevation about one and half hours in advance of the
observed time. It may be noted here that cur model
predicts the surge height at the coastal boundary from
where the flood wave would presumably take an addi-
tional period of time to reach the Dhamra port tidal
station which is situated at the mouth of Baitarini river
about 15 km from the sea-shore.

At Paradip, which is about 17 km to the left of
the landfall point the maximum predicted surge eleva-
tion of about 1 m occurs at 1615 IST on 3 June. This
is in good agreement with the observed surge of 1 m,
which is obtained by subtracting the predicted tide of
2.2 m (tide table value) from the actually observed
sea-surface elevation of 3.2 m. It may again, however,
be noted that the model predicts the peak surge about
3 hours before the recorded time of high sea-surface
elevation at Paradip. We may like to give the same
reasoning to this phase discrepancy between the pre-
dicted and observed surge, as given earlier in the case
of surge at Dhamra port, because the tide recorder
is not situated in the open sea.

8. Concluding remarks

A coastal zone numerical model has been used to
simulate the surge generated by June 1982 Orissa
cyclone, On the basis of the above results following
general conclusions may be made :

(i) The predicted maximum surge clevation and
its time of occurrence along the north Orissa
coast compares well with the actual obser-
vations,

(i) Thirty-hour of simulation of the surge takes
about 5 minutes of computer time on an ICL
2960 computer for a grid of 10 by 49 points.
The model can be used for simulating the
surge generated by the cyclone of any speed
or intensity. It may also be used for estimat-
ing the surge on real time basis.
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